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Abstract

| have analyzed the interactions between SR pretana splicing components that are
bound at the 5’ or 3’ splice site using fluoresenesonance energy transfer (FRET)
microscopy. The SR proteins interact with the URNP-associated 70 kDa protein
(U170K) at the 5’splice site and with the small soib of the U2 snRNP auxiliary
factor (U2AF35) at the 3’ splice site. These intdians have been extensively
characterized biochemically in the past, and aopgsed to play roles in both intron
and exon definition. We employed FRET acceptor phletaching and fluorescence
lifetime imaging microscopy (FLIM) to identify argpatially localise sites of direct
interactions of SF2/ASF, and other SR proteinshWwi2AF35 and U1-70K in live
cell nuclei. These interactions were shown to ocoare strongly in interchromatin
granule clusters (IGCs). They also occur in thesgmee of the RNA polymerase Il
inhibitor, DRB, demonstrating that they are notlagiely co-transcriptional. FLIM
data have also revealed a novel interaction betw#e@1, a factor highly related to
the large subunit of the U2AF splicing factor, withth subunits of U2AF that occur
in discrete domains within the nucleoplasm but methin IGCs. These data
demonstrate that the interactions defining introd exon definition do occur in living

cells in a transcription-independent manner
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Introduction

1.1 Gene Expression

The expression of eukaryotic protein-encoding gebegins in the nucleus with
transcription by RNA polymerase 1l (pol Il) to makeRNA precursors (pre-mRNAS).
Rather than a simple linear pathway of gene exjmessumerous studies have
demonstrated extensive coupling between the stafggsne expression (reviewed by
(Maniatis and Reed, 2002)). During transcriptidig hascent pre-mRNA is capped at
the 5’ end, noncoding intervening sequences catiedns are removed by splicing
and the 3’ end is cleaved and polyadenylated. Theura mRNA is then released
from the site of transcription and exported to ¢iiplasm for translation. In addition
to this pathway, an RNA surveillance system elirtesaaberrantly processed or
mutant pre-mRNAs and mRNASs. Distinct multi-companeeallular complexes carry
out each stage of the gene expression pathway.eThmsti-component cellular
complexes interact physically and functionally widhe another. In the nucleus the
carboxy-terminal domain (CTD) of pol Il coordinatesmny RNA processing events
by providing a platform for factors involved in flifent steps of RNA processing.
The importance of the CTD is illustrated by theeeffof certain CTD deletions that
do not inactivate transcription but significantlgadease the efficiency of capping,
splicing and polyadenylation (Cho et al., 1997; Matken et al., 1997a; McCracken
et al., 1997b). In addition pol Il CTD stimulatgdising in human cells independently

of its effects on capping or 3’ end formation (F@mg Bentley, 2001).
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1.2 Pre-mRNA splicing

A ubiquitous feature of eukaryotes is the preseokcéntervening sequences that
interrupt coding regions of genes. Nuclear pre-mRdficing is the process by

which these noncoding intervening sequences (igjran messenger RNAs are
precisely removed and the functional coding segeer(exons) ligated to generate
mature, translatable mRNAs. The complexity of thhecpss and the number of
spliced genes increases with the complexity of trganism. Saccharomyces

cerevisiaehave introns in only about 250 of more than 50@0e3, and they are

largely devoid of alternative splicing. However, mothan 25% of mRNAs are

spliced because many highly expressed genes, maidgding ribosomal proteins,

contain introns (Ares, Jr. et al., 1999). The ragah of splicing is important to

several aspects of yeast biology including meiasimsome biogenesis and mRNA
export (Dabeva et al., 1986; Nandabalan and Ro&86h; Rodriguez-Navarro et al.,
2002; Preker and Guthrie, 2006). Components ofydeest spliceosome have also
been shown to play an important role in regulatogdl cycle progression (Ben

Yehuda et al., 2000; Russell et al., 2000). In husmaore than 99% of genes contain
introns.

Splicing proceeds via two transesterification tiess (Figure 1.1). In the first
reaction, the 2’ hydroxyl group of an intron adenesesidue attacks the 5’ splice site
phosphodiester bond, producing a branched lariatnrediate structure and a free 5’
exon. In the second reaction, the 3’ hydroxyl grofithe 5’ exon attacks the 3’ splice

site phosphodiester bond, producing ligated exodsaa excised intron lariat.

13
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Figure 1.1: (A) Conserved sequences in nuclear praRNA introns. The 5’ and
3’ splice site and the branch-site consensus seggeare shown (R: purines; Y:
pyrimidines). The extremely conserved terminal sattles and the branch
nucleotide of introns are indicated by enlargetktest Mammalian introns (m) usually
contain a stretch of pyrimidine residues, callegl plolypyrimidine tract, near the 3’
splice site, whereas not all yeast (y) introns hsweh a sequence (Tarn and Steitz,
1997).(B) Two-step chemical mechanism for pre-mRNA spling. Splicing takes
place in two transesterification steps. The firsépsresults in two reaction
intermediates: the detached 5 exon and an inttoeX®n fragmentin a lariat
structure. The second step ligates the two exodselrases the lariat intron (Black,
2000).
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1.3 Alternative splicing

In violation of the ‘one gene, one polypeptide’ enulalternative splicing allows
individual genes to produce multiple protein isofer— thereby playing a central part
in generating proteomic diversity (reviewed by @a2000; Matlin et al., 2005)).
The Drosophila Dscam gene exemplifies the extreme structural rditye that is
achievable by alternative splicing. Dscam is a seiface protein that is involved in
axon guidance in the developing brain, and cannpiadey generate up to 38,016
alternatively spliced isoforms (Celotto and Graye@001; Schmucker and Flanagan,
2004).

Alternative splicing has assumed a high profileergly owing to the dual
realisation that there are fewer human genes thieginally anticipated, and that
alternative splicing is more the rule than the etom. Analyses of expressed
sequence tag (EST) and cDNA datasets conservatgtinated that about 40-60%
of human genes are alternatively spliced and thisber increased to 73% when
alternative splicing microarray data was combinéth ®STs (Johnson et al., 2003).

The mechanisms of splice-site selection in altéraaind constitutive splicing
appear to be closely related because componettie gplicing apparatus essential for
the constitutive splicing reaction, also have arol the regulation of alternative
splicing (reviewed by (Horowitz and Krainer, 1994})ternative exons often have
suboptimal splice sites and/or a suboptimal lenghien compared to constitutive
exons. Splicing of regulated exons is modulatedrdénys-acting factors that recognise
an arrangement of positive (splicing enhancersyangegative (splicing silencers)
cis-acting RNA elements, which can be either examidntronic. These auxiliary

elements are involved in defining both constituéwel alternative exons.
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The importance of accurate splicing is illustrabgdthe fact that at least 15%
(Krawczak et al., 1992), and perhaps as many as (B@fgani and Baralle, 2004), of
human genetic diseases arise from mutations aith@nsensus splice site sequences
or in the more variable auxiliary elements known esn and intron splicing
enhancers (ESEs and ISEs) and silencers (ESSsS&%) (Blencowe, 2000; Philips

and Cooper, 2000; Caceres and Kornblihtt, 2002).

1.4 Co-transcriptional splicing

Pre-mRNA splicing often occurs co-transcriptionalieviewed by (Bentley, 2002;
Neugebauer, 2002; Kornblihtt et al.,, 2004)) but mhbhg completed post-
transcriptionally, as demonstrated by electron asicopy studies of the Balbiani ring
genes ofChironomus tentansin which a high proportion of nascent RNAs lack
introns at their 5’ ends but still contain terminatrons (Bauren and Wieslander,
1994; Wetterberg et al., 1996). Co-transcriptiagyaicing has also been documented
in Drosophila(Osheim et al., 1985; Beyer and Osheim, 1988; lisdvend Thummel,
1990) and humans (Wuarin and Schibler, 1994; Teamgs al., 1995). In yeast pre-
MRNA splicing is predominantly post-transcriptior(@ardiff et al., 2006). Recent
evidence demonstrates that transcription promopdisirsgy and, reciprocally, that
splicing promotes transcription (Ghosh and GardamBo, 2000; Fong and Bentley,
2001; Kwek et al., 2002; Hicks et al., 2006; Daslet2006; 2007). Spliceosomal U
small ribonucleoproteins (U snRNPs) form a compleih the elongation factor
TAT-SF1 and this complex stimulates bathvitro transcriptional elongation and

splicing (Fong and Zhou, 2001). Splicing can oquost-transcriptionallyn vivo and

16



in vitro, but linking splicing to transcription is thougtat maximize its fidelity and
efficiency (Howe et al., 2003).

Numerous studies have been carried out to iderdflcing factors that
interact with pol I, the CTD, or other componeifsthe transcription machinery.
Splicing factors or splicing related proteins reapdrto interact with pol Il include SR-
related-CTD-associated factors (SCAFs), PSF/p54bib,snRNP auxiliary factor
(U2AF), members of the serine- arginine-rich pn$g(SR proteins), and one or more
of the five spliceosomal U snRNPs (Mortillaro et, d996; Yuryev et al., 1996;
Corden and Patturajan, 1997; Kim et al., 1997;UPan et al., 1998; Morris and
Greenleaf, 2000; Robert et al., 2002; Emili et 2002; Kameoka et al., 2004; Ujvari
and Luse, 2004). A proteomic analysis of factorsoamted with immunopurified
human pol Il identified the SR protein family oflispng factors and all of the
components of U1 snRNP, but no other snRNPs ocisglifactors (Das et al., 2007).
The association of SR proteins with pol Il posiidhese splicing factors close to the
nascent pre-mRNA. Thus, these factors out-competébitory hnRNP proteins,
resulting in efficient spliceosome assembly on aascpol Il transcripts. The
cotranscriptional recruitment of SR proteins and $hRNP would be expected to
increase the fidelity of the earliest recognitidntlee 5’ splice site in nascent pre-

MRNAS.
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1.5 Spliceosome assembly

Pre-mRNA splicing occurs in the spliceosome, adardponucleoprotein complex
consisting of five small ribonucleoproteins (U1, ,U24/U6 and U5 snRNPs) and
numerous non-snRNP splicing factors (reviewed magker, 1996)).

The spliceosome assembles de novo on the pre-mRN&A ¢oordinated series of
intricate movements by binding sequences locatettheats’ and 3’ ends of introns
(Figure 1.1). For most introns the 5’ and 3’ splates are defined by the consensus
AG/GURAGU (R = purine) and Y/AG (where / denoths £xon/intron boundary, Y
= pyrimidine) respectively (reviewed by (HorowitachKrainer, 1994)). The presence
of a 10- to 20-nucleotide polypyrimidine tract betm the branch point (consensus
sequence YNYURAC) and the AG dinucleotide aidsrémgnition of the 3’ splice
site. In contrast to the degenerate nature of mdimamaplice site signals yeast have
highly conserved splice sites and branchpointsic8mites are recognised as pairs
either across exons or introns, depending on wtistance is shorter. For example,
yeast genes have very small introns and recognitioexons seems to occur by
interactions mediated across the intron itselfa iprocess known as intron definition
(Abovich and Rosbash, 1997; Romfo et al., 2000; land Burge, 2001). Intron
definition is also the predominant mechanism incgpy of smallDrosophilaintrons
(Talerico and Berget, 1994). In contrast, the adridentification of exons is a
complex problem in vertebrate genes, which havellsexans separated by large
introns (Black, 1995). In this case, exon defimtis facilitated by interactions
between the upstream 3’ splice site and the doeastr5’ splice site (Robberson et

al., 1990; Berget, 1995).

18



Pre-spliceosome assembly is initiated by the stasdeciations of (i) U1 snRNP with
the 5’ splice site (ii) branchpoint-binding protedi1 with the branchpoint, and (iii)
U2 snRNP auxiliary factor (U2AF) with the polypyhdme tract (E complex)
(reviewed by (Reed, 2000)) (Figure 1.2). BindingS#l to the branchpoint is weak
but the affinity is increased by a simultaneousnattion with U2AF65 (Berglund et
al., 1998). These early events are ATP-indepenaethttcommit the pre-mRNA to the
splicing pathway. ATP hydrolysis then leads to themation of the A complex,
which is characterised by the stable associatidd28nRNP at the branchpoint. U2-
snRNP binding to the branch point requires auxili@actors SF1 and U2AF (Guth
and Valcarcel, 2000). U2AF is a heterodimer of 88 &5-kDa subunits (Ruskin et
al., 1988; Zamore and Green, 1989). U2AF65 bindght polypyrimidine tract
through its RNA recognition motifs (RRMs) and cangathe branch point via its RS
domain (Zamore et al., 1992; Gaur et al., 1995;c¥a&el et al., 1996) whereas
U2AF35 binds to the AG dinucleotide at the 3’ splisite (Zhang et al., 1992;
Merendino et al.,, 1999b; Wu et al., 1999; Zorio aBhimenthal, 1999). The
interaction between U2AF35 and the AG dinucleottd@ stabilise the binding of
U2AF65 to weak polypyrimidine tract characteristit AG-dependent pre-mRNAs
(Guth et al., 1999a). U2AF35 also mediates argisgrne (RS) domain dependent
bridging interactions with SR proteins (Wu and Mais, 1993).

The B complex is formed by the incorporation of 14/U6 U5 tri-snRNP.
Subsequently, dramatic structural rearrangementisirwthe spliceosome driven by
several ATP-dependent RNA helicases occur. The edupletween U4 and U6
snRNAs is unwound, and U1l snRNA base pairing attheplice site is replaced by
base pairing of the U6 snRNA. These rearrangemametshought to be critical for

formation of the catalytically active spliceosom@ complex. These spatial
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rearrangements are necessary to reposition tha@rgpintermediates generated in the
first catalytic step so that the reactive group®ived in the second catalytic step are
brought closer together (reviewed by (Will and Lmann, 2001; Nilsen, 2003).
Following the second catalytic step ATP-dependeitARhelicases mediate the
release of the spliced mRNA from the spliceosomsultig in spliceosome
disassembly (Arenas and Abelson, 1997; Schwer ands31998).

Like many mRNA processing factors, the spliceosameecruited during
transcription. Chromatin immunopreciptation (Ch&periments in both mammalian
and yeast systems have shown that spliceosome cemzoassemblen vivo on
intron- containing genes in a stepwise manner sters within vitro studies of
splicing complexes (Kotovic et al., 2003; Gornemagtnal., 2005; Lacadie and
Rosbash, 2005; Lacadie et al., 2006; Listermanl.e2806; Tardiff and Rosbash,
2006). The elongation rate of pol Il has been shewvinfluence cotranscriptional
splicosome assembly (Listerman et al., 2006). lasyespliceosomal assembly
completes posttranscriptionally in most cases (Matral., 2006).

This model of spliceosome assembly in which spkoesal ShnRNAs associate
with the pre-mRNA in a stepwise, ordered manner clgllenged by the
holospliceosome model, in which all splicecosom&NRs preassemble into a penta-
SNnRNP complex (Stevens et al., 2002). Evidence this model comes from
observations of an early interaction between théUB84U5 tri-snRNP and the 5’
splice site that occurs prior to stable bindingtleé U2-snRNP to the pre-mRNA
branch point (Konforti et al., 1993; Konforti ancbiarska, 1994; 1995; Maroney et
al., 2000; Johnson and Abelson, 2001). Severalredgens suggest that the Ul
and/or U2snRNPs interact with the U4/WlK tri-snRNP prior to engaging the pre-

MRNA (Konarska and Sharp, 1988; Hausner et al.0l®9assarman and Steitz,
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1992). More recent studies revealed that a lar@S2@mplex containing the Ul, U2,
U4, U5, and U6 snRNPs can assembly onto a short B#aining a 5’ splice site in
HeLa cell nuclear extracts, consistent with thesixice of a human penta-snRNP
(Malca et al., 2003). Iibaccharomyces cerevisiae pre-formed penta-snRNP was
shown to function as an intact entity imvitro splicing assays when supplemented
with micrococcal nuclease-treated extract (Stevensl., 2002). Based on this
evidence it is proposed that the holospliceosomgages the pre-mRNA. In
subsequent remodelling steps, initial weak contbeta/een the spliceosome and the
pre-mRNA are progressively stabilised and a catally active spliceosome is
formed. It is proposed that due to the relativedysh conditions used to investigate
spliceosome assembiy vitro the various assembly intermediates that are obderv
simply reflect the stepwise stabilisation of snRpiEEmMRNA interactions, rather than
a stepwise recruitment of snRNPs. Thus accordinthéoholospliceosome model,
spliceosomal complexes such as the A complex dmgedisassociaton of the
holospliceosome. However it has been demonstratadhblosplicesome formation is
not a prerequisite for generating catalyticallyacthhuman spliceosomes and that, at
leastin vitro, the Ul and U2 snRNPs can functionally associatie tive pre-mRNA,

prior to and independent of the tri-snRNP (Behzadhtial., 2006).

21



Pre-mRMNA

(B Jou—"" e A—rrrrryvrivac Fioiz]

E Complex

U1 snRMP

B Complex U&fUG-U3 tri-snRMP

U2 sofna
Py Fry

@y

"ﬁ.—;-.;.‘;‘

Figure 1.2: Spliceosome assembly pathwaysee text for description (Hertel and
Graveley, 2005)
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1.6 Spliceosome composition

Biochemical purifications from yeast and Hela nacleextracts have been
instrumental in defining the protein composition tbe spliceosome (reviewed by
(Jurica and Moore, 2003)). Much has been learnedtaihe protein components of
the spliceosome from analysis of individual pudfmnall nuclear ribonucleoproteins
(reviewed by (Will and Luhrmann, 2001)) and sadtkd¢ spliceosome particles
(Bennett et al., 1992; Neubauer et al., 1998). dtheent of pre-mRNAsS containing
aptamer sequences (e.g., tobramycin) or bindirgs divr an affinity-tagged RNA
binding protein (e.g., viral MS2-MBP) has made ibspible to elute splicing
complexes under nondenaturing conditions (Wang BRaddo, 1995; Das et al.,
2000). This has lead to the purification and magscsanalysis of individual
subcomplexes (Hartmuth et al., 2002; Jurica et28Q2; Makarov et al., 2002). A
proteomic analysis of the human spliceosome idedtifabout 145 distinct
spliceosomal proteins, making the spliceosome tbhst momplex cellular machine so
far characterised (Zhou et al., 2002a). While thenRNPs are at the heart of this
complex machinery, a myriad of non-snRNP-associap#iding factors, such as SR
proteins and DexD/H box ATPases interact sequéntiaith the pre-mRNA. The
human spliceosome contains at least 30 proteiris putative or known roles in steps
of gene expression other than splicing (Rappsidteal., 2002; Zhou et al., 2002a).
These factors may be required for mediating therestve coupling between splicing
and other steps in gene expression.

The size and three-dimensional structure of theerinédiate stages of
spliceosome assembly and the small nuclear ribenpobteins have been visualised

by cryo-electron microscopy (Reed et al., 1988rks¢h al., 2001; Zhou et al., 2002b;
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Azubel et al., 2004; Boehringer et al., 2004; Juet al., 2004; Deckert et al., 2006;

Sander et al., 2006; Cohen-Krausz et al., 2007).

1.7 SR proteins

The SR proteins are a highly conserved family nfctturally and functionally related
non-snRNP splicing factors present in all metazoémesiewed by (Fu, 1995;
Graveley, 2000; Sanford et al., 2003)). Biochemggderiments have provided strong
evidence that SR proteins play essential rolesemeral, or constitutive splicing. But
they seem to be equally important in splicing ragah, being able to modulate
selection of alternative splice sites in a con@mn-dependent manner and to
contribute to activation (or repression) of splgcitnrough interactions with exon and
intron splicing enhancers (ESEs and ISEs) (or sden(ESSs or ISSs) (Lavigueur et
al., 1993; Sun et al.,, 1993; Tian and Maniatis, 3}9%iven their crucial role in
constitutive splicing, it is somewhat surprisingattfSR proteins appear not to be
conserved in Saccharomyces cerevisiaealthough they are present in
Schizosaccharomyces pomfeviewed by (Kaufer and Potashkin, 2000)). Thet fa
that branchpoints and 5’ splice sites strongly méatee consensus iS.cerevisiae
could alleviate the requirement for SR proteinthis organism.

SR proteins were independently discovered by rabmun of groups taking
very different approaches. Splicing factor 2/alédive splicing factor (SF2/ASF) was
the first SR protein to be identified. SF2 and ASHich are identical, were
independently isolated. SF2 was isolated from He&lh nuclear extract as a factor

required to reconstitute splicing in an S100 spbedeficient HeLa cell extract
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(Krainer and Maniatis, 1985; Krainer et al., 1990891). ASF was isolated based on
an activity that switched SV40 T/t 5’ splice sitgagein vitro (Fu and Manley, 1987,
Ge and Manley, 1990; Ge et al., 1991). In anoipgEroach, monoclonal antibodies
that inhibit the splicing reaction led to the idéoation of SC35 and 9G8 (Fu and
Maniatis, 1990) (Cavaloc et al., 1994). The humdh @otein family currently
contains 11 known members. They each share th@nolty characteristics: (1) They
contain a shared phosphoepitope recognised by theoctonal antibody mAb104
(Roth et al., 1991). (2) They copurify in a twogstsalt precipitation procedure
(soluble in 65% ammonium sulfate and precipitate@@mM MgC}) (Zahler et al.,
1992). (3) They can complement splicing-deficienttoplasmic S100 extracts
indicating a degree of overlapping function in siplg. (4) Their sizes on SDS-PAGE
are conserved fronbrosophilato man. (5) They are characterised by a modular
domain structure, comprising one or two RNA-rectignimotifs (RRMs) at their N-
termini and a variable-length arginine/serine-rdthmain at their C-termini (the RS

domain).

1.8 The structural organisation of SR proteins

The RNA-recognition motifs (RRMs)

The RNA recognition motif (RRM) is a conserved, miad RNA binding domain of

approximately 80 amino acids in length and contams small highly conserved
sequence elements, the RNP-1 octamer and the RiNR&ner (Nagai et al., 1990;
Hoffman et al., 1991). The RRM motif is presentone or more copies in many

RNA-binding proteins involved in pre-mRNA and pRMNA processing (Kenan et
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al., 1991; Birney et al., 1993). SR proteins cantane or two RRMs, however, in
those SR proteins that contain two RRMs, the sed®RM is atypical and always
contains a heptapeptide motif, SWQDLKD, that isgmature of this domain (Birney

et al., 1993). Mutation of the RNP-2 or RNP-1 n®otf SF2/ASF inhibits binding to
RNA and results in decreased activityinrvitro splicing assays (Caceres and Krainer,
1993). The RRMs can bind RNA in a sequence speaifioner in the absence of the
RS domain (Zuo and Manley, 1993; Tacke and Marll@é95b; 1999; van der Houven
van Oordt et al., 2000). SR proteins recognise & aaray of RNA sequences.
Although SR proteins do display specificities, tomsensus sequences they recognise
are degenerate and the binding site of one SRiprotay also act as the binding site

for another (Tacke and Manley, 1995a; 1999; Lialgt1998; Cavaloc et al., 1999).

The RS domain

The RS domain consists of simple repeats of argirand serine, occasionally
interrupted by other amino acids, and its lengtth sgequence are highly conserved for
individual SR proteins in different species (Zahétral.,, 1992; Birney et al., 1993).
The RS domain is also present in a family of relaelicing factors called SR-like or
SR-related proteins (reviewed by (Blencowe et #99)). The RS domain can be
functionally exchanged between SR proteins and faaction when fused to a
heterologous RNA-binding domain (Chandler et a@97; Graveley and Maniatis,
1998; Wang et al., 1998b).

The RS domains of SR proteins function as a prgieitein interaction
domain. SR proteins were initially shown to intéradth one another, with the

splicing regulators Tra and Tra2, and with othemponents of the splicing
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machinery that contain RS domains such as Ul sn&ds$Beiated 70 kDa protein
(U170K) and U2AF35 (Amrein et al., 1994; Wu and Nsis, 1993; Kohtz et al.,

1994). While the RS domains have been shown toulfecisnt to mediate certain

protein interactions, the RS domain of SF2/ASF a¢ sufficient to interact with

U170K (Xiao and Manley, 1997). In addition, wherifamally tethered to the pre-

MRNA, the RS domains of several human SR proteressafficient to activate

enhancer-dependent splicing, an activity that predaly requires protein interactions
(Graveley and Maniatis, 1998).

The RS domain contacts the pre-mRNA at severakstdgring spliceosome
assembly suggesting an additional role to mediapngtein-protein interactions.
RNA-protein cross-linking procedures demonstrate tlRS domains, one from
U2AF65 (Valcarcel et al., 1996) and a second franS& protein, are required for
prespliceosome assembly (Shen et al., 2004). TivvseRS domains contact the
branchpoint sequentially: first the RS domain frdme polypyrimidine-tract bound
U2AF65 contacts the branchpoint in the E complex subsequently, the RS domain
from the SR protein contacts the branchpoint inghespliceosomal A complex. A
third RS domain, provided by another SR proteingguired for mature spliceosome
assembly and contacts the 5’ splice site in theoBpiex (Shen and Green, 2004).
The RS domain-splicing signal interactions may poten(or stabilise) base-pairing
between the U snRNA and pre-mRNA substrate, therebfiancing splicing
(Valcarcel et al., 1996; Shen et al., 2004; ShehGreen, 2004; Hertel and Graveley,
2005).

The RS domain of SF2/ASF is not required iforvitro splicing of all pre-
MRNAs. Specifically the RS domain is dispensable tfee processing of several

constitutively spliced and enhancer dependent fR&As with strong splice sites
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(Zhu and Krainer, 2000). In contrast the RS domaimnequired for splicing of an
intron with a weakened polypyrimidine tract thaalequires U2AF35. This suggests

the existence of both RS domain-dependent and emtlmt activities of SR proteins.

1.9 Role of SR proteins in constitutive splicing

In cellular extracts lacking SR proteins, such a805cytosolic extracts (Krainer et al.,
1990b) no specific splicing complex could be detdcindicating that SR proteins act
early in spliceosome assembly. In addition SR jmmetean commit pre-mRNA to the
splicing pathway (Fu, 1993). The binding of SR pmas to pre-mRNA clearly
provides a kinetic advantage for assembly into ehearliest detectable splicing
complexes. SF2/ASF has been shown to bind RNAsagong wild-type, but not
mutant 5’ splice sites (Zuo and Manley, 1994). kemnore, SF2/ASF cooperates
with U1 snRNP in binding to and defining a functbi’ splice site by interacting
with the U1l snRNP-associated 70 kDa protein (U17@feron et al., 1993; Wu and
Maniatis, 1993; Kohtz et al., 1994; Jamison et95). The binding of SF2/ASF to
the 5 splice site before Ul snRNP addition is ggeiisite for complex formation.
The observation that SR proteins and Ul snRNP &dsowith pol 1l led to the
proposal that SR proteins promote cotranscriptispateosome assembly (Das et al.,

2007).
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Exon Definition

Intron Definition

Figure 1.3: The exon-dependent and —independent fations of SR proteins in
pre-spliceosome assembl\SR proteins can promote both the recognition cérid
3’ splice sites as well as communication betweditessites by exon definition or
intron bridging interactions. Arrows indicate RSwhin-mediated interactions.
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Bridging 5’ and 3’ splice sites

SR proteins directly promote E complex formationshbgbilising U1 snRNP bound at
the 5’ splice site (Kohtz et al., 1994) and U2AFRubd to the polypyrimidine tract
(Staknis and Reed, 1994). The SR proteins als@éride 5’ and 3’ splice sites by
promoting RS-mediated interactions with U170K a& isplice site and with the
small subunit of the U2 snRNP auxiliary factor (UZ3¥5) at the 3’ splice site (Wu
and Maniatis, 1993; Kohtz et al., 1994) (Figure)1Athough not all SR proteins
have been tested for this interaction, at least erf@Rp54 — does not interact with
U2AF35 but instead U2AF65 (Zhang and Wu, 1996). sThai network of protein-

protein interactions builds a bridge between thea®d 3’ splice sites, effectively
looping out the intron during prespliceosomal adsgnthis is thought to play a key
role in intron definition. This network of interamhs provides a mechanistic
explanation for earlier observations that SC35eguired to mediate interactions
between Ul and U2 snRNP at the 3’ splice site ¢kl Maniatis, 1992). This model
is also supported by bimolecular splicing experiteasemonstrating that 5 and 3’
splice site complexes on separate transcripts @nramsspliced, and that SR

proteins appear to play an important role in maagasplice site interactions tnans

(Bruzik and Maniatis, 1995; Chiara and Reed, 1995)

Network interactions across the exon

SR proteins and SR related proteins assemble ametbssequences within exons,
termed exonic splicing enhancers (ESESs), to prorote constitutive and alternative

splicing by forming networks of interactions witaah other, as well as with ShnRNP-
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associated, SR related proteins (reviewed by (Bwec 2000)). The bound SR
proteins can interact with U2AF35 to stimulate andtabilise recruitment of U2AF
recruitment to the polypyrimidine tract and actevatdjacent 3’ splice sites (U2AF
recruitment model) (Wang et al., 1995; Zuo and Masj 1996; Graveley et al.,
2001). The recruitment model does not seem to beergly applicable to all

enhancer-dependent splice sites (Kan and Greel,; 19@nd Blencowe, 1999). For
certain pre-mRNA substrates, the presence of anlisiBd SR protein does not act
to promote recruitment of U2AF to the polypyrimidirtract, rather it helps to
antagonise the negative activity of hnRNP proteiasognising exonic splicing

silencer (ESS) elements (Eperon et al., 2000). |& for two SR-related nuclear
matrix proteins (SRm160/300) in promoting enhangependent splicing has also
been proposed (Eldridge et al., 1999). ESE boungrSERins might interact with the
splicing coactivator SRm160 and establish a seintgractions with one or more
SnRNP components.

Downstream 5’ splice sites are able to stimulaee d$plicing efficiency of
upstream introns (Robberson et al., 1990; Kuo.efl8P1) and even promote splicing
in trans (Chiara and Reed, 1995). It was demonstrated that efffect of the
downstream 5’ splice site is due to a network dénactions spanning the exon
involving U1 snRNP binding to the downstream 5’igplsite and U2AF65 binding to
the polypyrimidine tract in the upstream intron {fitan and Grabowski, 1992).

The exon definition model (Berget, 1995) proposesd tnteractions between
components bound to the 5’ and 3’ splice siteskilagn an exon serve to distinguish
exons from introns. SR proteins have been propésgoarticipate in this process
where they simultaneously interact with U2AF35 badtm the upstream 3’ splice site

and U170K bound to the downsteam 5’ splice site (&#d Maniatis, 1993). It is
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thought that the majority of constitutively splicegkons are defined by this
mechanism (Reed, 1996). In support of this modetumber of SR protein binding
sites that function as constitutive splicing enleachave been identified in
constitutive exons (Mayeda et al., 1999; SchaalMadiatis, 1999).

In summary, SR proteins are involved in three psses during the early stage
of spliceosome assembly (Figure 1.3). (1) SR pnsteoboperate with U1 snRNP in
defining a functional 5’ splice site. (2) SR proieinteract with the U2AF hetrodimer
to promote and/or stabilise complex assembly at3thsplice site. (3) SR proteins
bridge factors assembled on both 5 and 3’ splitesg0 form stable commitment
complexes. These complexes assemble both acrossnttum and the exon.
Additionally, SR proteins function at later stagégsthe splicing reaction facilitating
the recruitment of the U4/U6.U5 tri-snRNP compl@&og$cigno and Garcia-Blanco,

1995).

1.10 Actions of SR proteins and hnRNP A/B proteinsn splice site

selection

The first SR proteins to be identified had simidfects on 5’ splice site selection.
Increased concentrations of the proteins resuttdde selection of intron-proximal 5’
splice sites in pre-mRNAs that contain two or malternative 5’ splice sites (Fu and
Manley, 1987; Krainer et al., 1990c; Ge and Manl&90). An excess of hnRNP A/B
proteins had the opposite effect, promoting thed®n of intron-distal 5 splice
sites. These effects have been observed with diffgore-mRNA substrates boaittn
vitro andin vivo (Mayeda and Krainer, 1992; Mayeda et al., 1993;e@ss et al.,

1994; Yang et al.,, 1994; Wang and Manley, 1995yividual SR proteins can
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sometimes have opposite effects on alternativeespgiite selection, as in the case of
the antagonistic effects of SF2/ASF and SC35 inrdgulation ofb-tropomyosin
(Gallego et al., 1997) and of SF2/ASF and SRp2@henregulation of SRp20 pre-
MRNA alternative splicing (Jumaa and Nielsen, 1997k relative abundance of SR
and hnRNP A/B proteins could be important in regintathe patterns of alternative
splicing in a tissue specific or developmentallgulated manner. There are tissue-
specific variations in the total and relative amsuof SR proteins (Zahler et al.,
1993). The molar ratio of SF2/ASF to its antagohrgRNP Al varies considerably in
different rat tissues (Hanamura et al., 1998). 3R genes have alternative spliced
forms that are expected to be degraded by nonseedmted mRNA decay due to the
alternative splicing of highly or ultraconserve@rakents. Thus SR proteins can auto
regulate their own expression by coupling altesgasplicing with decay (Lareau et

al., 2007)

1.11 Functional redundancy among SR proteins

SR proteins are functionally redundant in the smdjcof some introns. However,
several differences in the ability of these prateio regulate alternative splicing, as
well as the ability of individual SR proteins tonemit different pre-mRNAs to the

splicing pathway suggested that individual SR pnstehave unique functions in
splicing regulation (Fu, 1993; Caceres et al., 1994ng and Manley, 1995; Chandler
et al.,, 1997). Genetic analyses of SR proteins hdamonstrated that not all SR
proteins are functionally redundant. SF2/ASF iseesal for cell viability in the

DT40 chicken cell line, and its depletion cannotrbscued by over expression of

other SR proteins (Wang et al., 1998b). Furtherm8f2/ASF has been shown to
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play an essential role in regulating an alternasipkcing pathway that is crucial for
postnatal heart remodelling in the mouse (Xu et 2005). SRp20 is essential for
mouse development (Jumaa et al., 1999) and conditieletions of the SR protein
SC35 in the thymus causes a defect in T cell maturgWang et al., 2001). RNA
interference (RNAI) experiments witGaenorhabditis eleganSR proteins showed
that, whereas the ortholog of the mammalian SF2/&#SF2/ASF) is an essential
gene, functional knockouts of other SR genes reguilh no obvious phenotype,
which is indicative of functional redundancy. Iredelethality was only seen when
combinations of these SR proteins were targetedlt@ameously (Kawano et al., 2000;
Longman et al., 2000). IBrosophilg the B52 gene, a homolog of human SRp55, is
essential for development, although several gelnes proper pre-mRNA splicing in
the arrested larvae (Ring and Lis, 1994; Peng andnY] 1995). It was later found
that other SR proteins complement the loss of B52ost tissues (Hoffman and Lis,
2000). However in the brain, where B52 is the prei@ant SR protein, the levels of
SR proteins are not sufficient to compensate fss laf B52 in the null mutant. These
results further indicate that the requirement fgragticular SR protein may be due to
specific functions in the tissue or developmentalgs in which a particular SR

protein is predominant.

1.12 Transcriptional regulation of alternative splcing

The regulation of alternative splicing depends el on the interaction of splicing
factors with splicing regulatory elements in the-ptRNA, but also on promoter type

and the recruitment of transcription factors andctwators (Cramer et al., 1997;
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Cramer et al., 1999; Kadener et al., 2001; Nogues. e2002; Auboeuf et al., 2004;
Kornblihtt, 2005). The impact of steroid hormonediated transcription on RNA

processing was investigated with reporter genegsuto alternative splicing driven

by steroid-sensitive promoters (Auboeuf et al.,208ctivated steroid receptors may
bind to target DNA response elements and promatergébruitment of coregulators
that are involved in both transcription and splicibbepending on the promoter and
cellular context, the same transcriptional factould recruit different coregulators,

thereby mediating different effects on transcriptand splicing regulation.

The rate and pausing of transcription elongatios hko been shown to
regulate alternative splicing (Roberts et al., 1388la Mata et al., 2003; Howe et al.,
2003). For instance, a slow pol I, and/or the pnee of internal transcription pause
sites, results in inclusion of the alternative exambouring a weak 3’ splice site. By
contrast, when the same pre-mRNA is transcribed byghly processive pol Il, the
weak alternative 3’ splice site is unable to corapeith the stronger downstream 3’
splice site, which results in skipping of the altive exon.

Changes in chromatin structure have also been showaffect splicing. For
example, trichostatin A, an inhibitor of histoneadetylation, favours exon skipping
of alternative exons, presumably because hypeiatiety of core histones facilitates
the passage of the transcribing polymerase (Nogtuesl., 2002). SWI/SNF is a
chromatin-remodelling factor that plays a role ltermative splicing (Batsche et al.,
2006) but, surprisingly, the mechanism of actionindependent of its role in
chromatin remodelling. Instead it forms macromolacicomplexes with pol Il at
sites of variable exons resulting in the stallifigpal 11 that could favour the inclusion

of variable exons in the mature mRNA.
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1.13 HCC1

U2AF65 contains an N-terminal RS domain and thrB&/B, all of which have been
implicated in high-affinity binding to the polypynidine tract (Zamore et al., 1992).
RRMs 1 and 2 of U2AF65 exhibit a canonical RRM-faldd bind RNAIn vitro (Ito

et al.,, 1999). The N-terminal amino acids 85-112U#AF65 (which does not
comprise its RS domain) are required for the irtigwa with U2AF35 (Zhang et al.,
1992). The atypical third RRM mediates the inteoactwith SF1 and could have a
dual function in both RNA and protein binding (Blenmd et al., 1998; Rain et al.,
1998). This unusual RRM-like domain, called UHM 102AF homology motif, is
present in many other splicing proteins (Kielkopélk, 2004).

PUF60 (poly (U)-binding protein factor-60 kDa) wiarst isolated as a protein
closely related to U2AF65 that was required forceght reconstitution of splicing
vitro (Page-McCaw et al., 1999). The homology betweerFG@Uand U2AF65
extends across their entire length, except forNkherminus where PUF60 lacks a
recognisable RS domain. CAPERalso called HCC1.3) and CAPBERire the most
recently characterised proteins related to U2ARB®&athan et al., 2005). Both have a
domain structure similar to U2AF65, except for the¢erminus of CAPER, which

lacks the UHM domain (reviewed by (Mollet et al00B)) (Figure 1.4).
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(HCC1.3)

(HCC1.3)

Figure 1.4: (A) Domain organisation of U2AF65 and BAF65-related proteins.
The gene names have been includBj.A schematic alignment of human proteins
related to U2AF65.The putative functional domains in each proteinaigned with
U2AF65, and the similarity (% identity) of thesend@ins in relation to U2AF65 is
indicated (Mollet et al., 2006)
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Although it remains to be determined whether U2Ap@sforms other functions in
the cell in addition to its fundamental role in PRNA splicing, the U2AF65-related
proteins are clearly implicated in both splicingldaranscription. HCC1 was originally
identified and cloned as an autoantigen from aepatith hepatocellular carcinoma
(Imai et al.,, 1993). It comprises two related pirtde most likely generated by
alternative splicing termed, HCC1.3 and HCC1.4, cwhdiffer by 6 amino acids.
CAPER (HCCL1.3) was independently identified as @tgin that interacts with the
estrogen receptor and stimulates its transcriptiaci@vity, and was also purified as a
spliceosome component capable of affecting thecisglireaction (Hartmuth et al.,
2002; Jung et al., 2002; Rappsilber et al., 200 oeuf et al., 2004). More recently,
an additional related protein was identified andned CAPER. Both CAPER
(renamed CAPER) and CAPER were shown to regulate transcription and
alternative splicing in a steroid hormone-dependeanner (Dowhan et al., 2005). In
response to steroid hormones CAPER (HCCL1) prot®iag interact with promoter-
bound transcription factors resulting in the stiatidn of transcription and its
incorporation into the pre-initiation complex. CARPproteins would then have direct
access to the nascent RNA transcript allowing feractions with splicing factors
required for the early recognition of the 3’ splagi&e thus influencing commitment to
splicing (Dowhan et al., 2005). In support of tkisw HCC1.4 has been shown to
interact with the SR-related protein, SRrp53, whielgulates alternative splicing,

possibly through activating weak 3’ splice sites£@lla et al., 2005).
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1.14 Nuclear organisation

Biochemical, genetic and molecular experiments hbkg to an overwhelming
amount of information about the molecular mechasisrh transcription and pre-
MRNA splicing. In contrast little is known aboutvindhese processes are integrated
into the structural framework of the cell nucleusdahow they are spatially and
temporally co-ordinated within the three-dimensiomm@nfines of the nucleus
(reviewed by (Lamond and Earnshaw, 1998; Mistetl &pector, 1998; Dundr and
Misteli, 2001a)).

Genetically encoded fluorescent proteins have foamed studies in cell
biology. The extensive mutagenesis of green flummes protein, from the jellyfish
Aequorea Victoria(Chalfie et al., 1994), combined with the clonindg wew
fluorescent protein variants from corals, has wdldluorescent proteins that emit
light from the blue to the red end of the visibfgestrum (Matz et al., 1999; 2002;
Patterson et al., 2001; Zhang et al., 2002)) Thergance of these genetically
encoded fluorescent tags allows the visualizationl @uantitative analysis of
chromatin, mRNA and proteins in living cells (Miste2001a; 2007; Lanctot et al.,
2007; Rodriguez et al., 2007). These studies haveated two fundamental aspects
of nuclear architecture: first, time-resolved expents revealed that the nucleus is a
highly dynamic organelle and secondly, many nuclaetors are localised in distinct
structures, such as speckles, paraspeckles, nuclemal bodies, gems and
promyelocytic leukaemia bodies (Lamond and Sleer@63; Handwerger and Gall,
2006). In this thesis | will focus on the specklalso referred to as SC35 domain or

splicing factor compartments (SFCs).
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Evidence suggests that self-organisation playsuaialr role in generating nuclear
architecture (Misteli, 2001b; 2007). Photobleachexgeriments demonstrated that
the steady-state accumulation of mobile nuclear pmrants in compartments is
produced by their transient interaction with logathmobilized binding sites (Misteli,
2001a). Furthermore the local concentration ofdiectreated in these compartments,
and the flux of components between compartments k@g roles in regulating gene

expression (Carmo-Fonseca, 2002).

1.15 Cell biology of splicing factors

Virtually all proteins involved in splicing are eched in nuclear speckles, in addition
to their diffuse distribution throughout the nugkasm (Spector et al., 1983; Lamond
and Spector, 2003). These domains were describetherbasis of their distinct
morphology long before the discovery of pre-mRNAicpg (Beck, 1961). The
domains can be resolved by electron microscopy twto distinct structures. One is
composed of clusters of electron-dense granulesbofit 20nm in diameter situated
between chromatin regions and, therefore, termésfadnromaatin granule clusters
(IGCs) (Swift, 1959). The second is composed oficheomatin fibrils (PFs) that
radiate from the periphery of the clusters of IG&@&l are also found distributed
throughput the nucleoplasmic space (Monneron amdied, 1969).

Several lines of evidence point to speckles famitig as
storage/assembly/modification compartments thatscgply splicing factors to active
transcription sites (Misteli, 2000). Speckles aftero observed close to highly active
transcription sites and specific highly active gerfeave been shown to localise

preferentially with the periphery of speckles (Hgand Spector, 1991; Xing et al.,
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1993; Xing et al., 1995; Smith et al., 1999; Jomso al., 2000; Moen, Jr. et al.,
2004). Nucleotide incorporation experiments denmatst that active sites of

transcription are associated with PF rather thaiwilGCs (Fakan and Bernhard,
1971; Fakan and Nobis, 1978; Cmarko et al., 1998) cell studies show the

recruitment of splicing factors from speckles ttiacsites of transcription (Misteli et

al., 1997) and conversely, speckles become roundeahd enlarged upon disruption
of transcription or splicing (Spector et al., 1983Keefe et al., 1994). Furthermore,
upon expression of intron-containing genes or vgahes, splicing factors are
redistributed from speckles to the new transcriptgites (Jimenez-Garcia and
Spector, 1993; Bridge et al., 1995; Huang and ®petB96; Misteli et al., 1997).

While these observations suggest that splicingpfaggenerally move towards a gene,
it is likely that pre-mRNA also moves towards sdeskXing et al., 1993; Melcak et

al., 2000).

The fact that individual splicing factors undergedistribution upon gene
activation implies that their subnuclear distribuatiis regulated. In th®rosophila
melanogasterTra protein the RS domain is both necessary arfticisat for
localisation to nuclear speckles (Li and Bingha®91). However the RS domain is
not necessary in SF2/ASF and U2AF65 for a speckiedlisation (Caceres et al.,
1997; Gama-Carvalho et al., 1997). Although thed@®ain of SF2/ASF is a nuclear
localisation signal, subcellular targeting to thpeckles requires at least two of the
three domains of SF2/ASF, which contain additiveemlundant signals. In contrast,
in two SR proteins that have a single RRM, SRp20 8&35, the RS domain is

necessary and sufficient for proper localisatioag€es et al., 1997).
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1.16 Composition of speckles

Many pre-mRNA splicing factors — including snRNAR&l&SR proteins — have been
localised to nuclear speckles. In addition, sevkirsdses (Colwill et al., 1996; Ko et
al., 2001; Kojima et al., 2001; Sacco-Bubulya apeécor, 2002; Brede et al., 2002)
and phosphatases (Trinkle-Mulcahy et al., 1999; 1»00that can
phosphorylate/dephosphorylate components of theisglmachinery have also been
localised to nuclear speckles. In an attempt toradtarise in detail the protein
composition of speckles, proteomic analysis of mmcbed IGC fraction purified from
mouse liver nuclei has been carried out — 136 knprateins, as well as humerous
uncharacterised proteins have been identified @@ttal., 1999). In addition to pre-
MRNA splicing factors, several other proteins sashRNA export factors (Zhou et
al., 2000; Le Hir et al., 2001; Degot et al., 20@énscription factors (Larsson et al.,
1995; Zeng et al., 1997), subunits of pol Il (Mibatio et al., 1996), 3’-end RNA
processing factors (Krause et al., 1994; Schul.etL898), translation factors (Li et
al., 1999; Dostie et al., 2000), and structuraltgires (Nakayasu and Ueda, 1984;
Jagatheesan et al., 1999), such as lamin A and Bn&d¥ociated actin, have been
localised to nuclear speckles. In addition to thi@stors, a population of poly (A)
RNA has been found associated with nuclear spe¢klager et al., 1991, Visa et al.,
1993; Huang et al., 1994). These RNAs may repregegtties with a specific nuclear
function. For example they may act as structuraPRMNvolved in the organisation of

speckles.
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1.17 Nuclear speckles and the cell cycle

At the onset of mitosis, mammalian cell nuclei wgdedramatic structural and
functional alteration such as chromatin condensaiitactivation of the transcription
machinery, nuclear envelope break down, and disdsgeof nuclear compartments.
Nuclear speckles disassemble during mitosis, aed ttonstituents are diffusely
distributed throughout the cytoplasm, later orgagisinto cytoplasmic structures
called mitotic interchromatin granules (MIGs) (Reut al., 1985; Spector and Smith,
1986; Verheijen et al., 1986; Leser et al., 198&r&ira et al., 1994; Thiry, 1995).
Early studies on the behaviour of nuclear specttiesugh the cell cycle described
MIGs as the mitotic equivalent of interphase nuckgzeckles based on their similar
granular structure and composition. MIGs disapmesrcomitant with nuclear entry
of pre-mRNA processing factors at telophase, shgwhat these factors are recycled
from the cytoplasm into daughter nuclei (Prasanthl.e 2003). Splicing factors are
competent for pre-mRNA processing immediately aftegir entry into daughter
nuclei (Prasanth et al., 2003), supporting the ipdgg that MIGs might be
responsible for splicing-factor modification, allmg for the immediate targeting of
pre-mRNA processing factors to transcription sitegelophase nuclei. Telophase
splicing factors do not immediately localise to leac speckles upon nuclear entry.
SR proteins factors initially localise around nwtée organising regions before the
establishment of nuclear speckles, whereas snRN&aide in polar regions of
daughter nuclei (Bubulya et al., 2004). The conegioin of SR proteins in a region of
the nucleus away from other splicing factors coulctease the probability of RS-
domain mediated interactions, thus facilitating theermolecular associations

important for subsequent association with transiompsites and nuclear speckles.
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1.18 Nucleo-cytoplasmic shuttling of SR proteins

Whereas some human SR proteins are confined tatlekeus, three of them —
SF2/ASF, SRp20, and 9G8 - shuttle rapidly and oowtiisly between the nucleus and
the cytoplasm (Caceres et al., 1998) an activitmimescent of hnRNP family
members (Pinol-Roma and Dreyfuss, 1992). Chimasitstucts between a shuttling
protein SF2/ASF, and two non-shuttling proteinsp&®Rand SC35, demonstrated that
the RS domain of SF2/ASF is required for nuclempldsmic shuttling. The RS
domain of SF2/ASF conferred the ability to shutdea nonshuttling protein, SC35,
when substituted for the natural RS domain of pingtein. Conversely, replacing the
RS domain of SF2/ASF with the RS domain of SRp4@veded a shuttling protein
into one that remained confined to the nucleus &lazt al., 2002). The RS domain
also plays a role in nuclear localisation and isessary for their interaction with
transportin-SR, a nuclear import receptor spedibic SR proteins (Caceres et al.,
1997; Kataoka et al., 1999).

This subset of shuttling SR proteins are involvadseveral post-splicing
activities. Two shuttling SR proteins, SRp20 and89Gave been shown to promote
MRNA export of intronless RNAs and to act as adapteteins for TAP-dependent
MRNA export (Huang and Steitz, 2001; Huang et 2003). SF2/ASF has been
shown to control the cytoplasmic stability of acfie mRNA (Lemaire et al., 2002).
Furthermore, shuttling SR proteins associate wahdlating ribosomes and enhance
translation of reporter mRNAs both vivo andin vitro (Sanford et al., 2004). It has
also been demonstrated that SR proteins are indalvenonsense-mediated mMRNA
decay, although this activity does not correlatthwheir ability to shuttle (Zhang and

Krainer, 2004).
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1.19 Phosphorylation of SR proteins

RS domains are heavily phosphorylaieditro andin vivo and several kinase
activities have been reported to phosphorylate &Rems (Woppmann et al., 1993;
Gui et al., 1994; Colwill et al., 1996; Nikolakadi al., 1996; Rossi et al., 1996; Wang
et al., 1998a). Functionally, phosphorylation of RS domain contributes to RNA-
binding specificity (Tacke et al., 1997), modifipeotein-protein interactions (Xiao
and Manley, 1997; Wang et al.,, 1998a) and playsla in regulating alternative
splicing, nuclear import and export, and transtatiGaceres et al., 1998; Lai et al.,
2001; Blaustein et al., 2005; Sanford et al., 2005Yitro studies demonstrate that a
cycle of phosphorylation and dephosphorylationsseatial for the splicing reaction
to take place (Mermoud et al., 1992; 1994; Taalegt1993; Cao et al., 1997). It has
been observed that certain pre-mRNA splicing factoust be phosphorylated before
they can be incorporated into functional spliceossnand that dephosphorlation
occurs as the splicing reaction takes place.

The effect of phosphorylation on splicing factondtion is mirrored by its
effects on their localisation. Three splicing faetpecific kinases, SRPK-1, SRPK-2
and CIlk/Sty cause the release of splicing factamsfnuclear speckles (Gui et al.,
1994; Colwill et al., 1996; Wang et al., 1998a)k/Sty may also be involved in the
release of SR proteins from nucleolar organisirggores in telophase cells (Bubulya
et al., 2004). On the other hand, a serine/threophotein phophatase 1 activity has
been identified which has the opposite effect dicisg factor distribution (Misteli
and Spector, 1996).

These observations have led to the following mdalethe control of splicing

factor distribution in the nucleus. Functionallyaative pre-mRNA splicing factors
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localise in IGCs. Phosphorylation of the factotewas them to be released from IGCs
and to be recruited, possibly in a complex witheotprocessing components, to
transcription sites, where the spliceosome formaastent RNAs. During splicing or
after the splicing reaction, the factors are dephosylated and the spliceosomes are
eventually disassembled. The dephosphorylated ac@n now reassociate with the
IGCs or travel to the cytoplasm and enter a newndoaof phosphorylation and

dephosphorylaion.
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Figure 1.5: Role of phosphorylation in regulating he nuclear properties of

splicing factors. The phosphorylation of SR proteins is a pre-ratpifsr their

release from nuclear speckles. Numerous kinasesottalize to nuclear speckles and
potentially mediate release of splicing factorsénhbeen identified. Progression
through the splicing reaction, resoltion of thasgsome and reassociation of
splicing factors with nuclear speckles requirestipld dephosphorylation steps
(Misteli,2000).
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1.20 Fluorescent Resonance Energy Transfer (FRET)

Light microscopy has initiated our understanding a&fllular structure and the
associated function. Approaches are being used dnitan the co-localisation of
proteins with different subcellular compartmentsviding critical information about
cell physiology. The problem is that the detectminprotein co-localisation alone
cannot distinguish proteins with overlapping dsition from those proteins that are
interacting in significant ways. Molecular biologyudies over the past few decades
have shown that cellular events, such as signakdtction and gene expression,
require the assembly of proteins into specific mawlecular complexes. Traditional
biochemical methods did not provide information atbthe interactions of these
protein partners in their natural environment. Spobgress has now been made in
fluorescence microscopy in both the development nefv methods and the
engineering of fluorescent probes that the biolofythe cell can now be investigated
at macromolecular levels in biological space anteti

Fluorescence resonance energy transfer (FRET) dgiaamtum mechanical
phenomenon that occurs between a fluorescent dormba fluorescent acceptor that
are in molecular proximity of each other if the saidn spectrum of the donor
overlaps the excitation spectrum of the acceptevi¢gwed by (Day et al., 2001a;
Wouters et al., 2001; Chen et al., 2003)). Undesé¢hconditions, energy is transferred
non-radiatively from the donor to the acceptor (ifgg1.5). The efficiency of energy
transfer is dependent on the distance between wibefluorophores, the relative
orientation of the donor and acceptor and the ifvacof interacting fluorophores

(Patterson et al., 2000). Thus, FRET can be appbebiological systems to glean
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information about molecular structure, and the ntage and dynamics of

interactions between donor- and acceptor-labellelonles (Hoppe et al., 2002).
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Figure 1.6: Principles of fluorescence resonance ergy transfer (FRET). (A) An
intermolecular FRET-based reporter consists of dffie@rent proteins (X and Y) that
are labelled with cyan fluorescent protein (CFPY amllow fluorescent protein
(YFP), respectively, which interact and bring th&fophores into close proximity,
thereby increasing FRET efficiency (Zhang et @02). (B) Excitation and emission
of a commonly used FRET pair. The schematic demtyplified absorbance and
emission spectrum of CFP (donor; D) and YFP (acsepY). Overlap between CFP
emission and YFP absorbtion (shaded region) iseaequisite for FRET. Donor
absorbance (B9, Donor emission (B,), Acceptor emission (&), Acceptor
absorbance (49 (Bhat et al., 2006).
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Excitation of a donor fluorophore in a FRET paiads to quenching of the donor
emission and to an increased, sensitised, acceptgssion. Intensity-based FRET
detection methods include monitoring the donornstiy (with or without acceptor
photobleaching), the sensitised acceptor emissidheoratio between the donor and
acceptor intensity. Methods that are based on dkmant-decay kinetics include
determining the rate of donor photobleaching, thpearance of new components in
the acceptor decay kinetics or the decrease of rdfimorescent lifetime. When a
fluorophore absorbs a photon it enters an excit&@ sind returns to the ground state
by emitting a lower energy photon, with the enedgference between absorbed and
emitted photon transferred to the environment. Tihee taken for the energised
electron to return to the ground state occurs @ rtanosecond time scale and is
referred to as the fluorescent lifetime (Figure)lM®uorescent Lifetime Imaging
Microscopy (FLIM) allows the population of interawj protein species to be
determined on a point-by-point basis at each resbioxel in the cell (Becker et al.,
2001).

There are two complementary techniques of lifetimeasurement: the time
domain and the frequency domain. In the time domeishort pulse of light excites
the sample, and the subsequent fluorescence emissiecorded as a function of
time. This usually occurs on the nanosecond tinlesta the frequency domain, the
sample is excited by a modulated source of lighe Tluorescence emited by the
sample has a similar waveform, but is modulated phdse-shifted from the
excitation curve. The lifetime can be calculateanfrthe observed modulation and

phase-shift.
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Figure 1.7: Principles of fluorescenceWithin femtoseconds after light excites the
fluorophore at an appropriate wavelength, its ebecjump from the ground state to a
higher vibrational state. Within picoseconds thelsetrons decay back to the lowest
excited state, and then decay more slowly (nanosEgdack to the ground state with
the emission of a photon whose wavelength is lotiggar the exciting wavelength
(mekentosj.com/science/fret/fluorescence.html).
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1.21 Applications of FRET

The earliest FRET reporters utilised in living setlonsisted of BFP and GFP fused
with a protease-sensitive linker. Proteolysis ¢gissUFRET by separating the donor
and acceptor units (Mitra et al., 1996). FRET r&grsrhave been applied to a range of
cell biological phenomena. CAMeleons are FRET regsrused to measure changes
in intracellular C&' concentration (Miyawaki et al., 1997). The bindfgCa* results
in conformational changes leading to a large irs@ea FRET. Beyond intracellular
ion sensing, FRET constructs have been used taligsuthe behaviour of many other
signalling molecules and proteins in cells. Formegke, indicators for kinase activity
(Kurokawa et al., 2001; Ting et al., 2001; Zhanglet2001; Sato et al., 2002), cGMP
(Sato et al., 2000; Honda et al., 2001), Ras arpd Rativity (Mochizuki et al., 2001),
and Ran activity (Kalab et al., 2002) have beerstranted. FRET imaging can also
be used to observe interactions between GFP fugroteins and fluorescently
labelled antibodies. For example, FLIM has beem useshow autophophorylation of
GFP-tagged PKC or ErbB1 by detecting FRET betwher@FP-tagged protein and a
fluorescently labelled phosphorylation-site-spec#ntibody (Ng et al., 1999; Verveer
et al., 2000b; Wouters and Bastiaens, 1999). A FB&Sedreporter of membrane
potential has also been developed (Sakai et @1)20

The attachment of donor and acceptor fluorophdoegteracting protein
partners allows interactions to be monitored irl-t@ae in live cells. This technique
has been applied to study a wide range of intemastihowever, at this point in time
there are relatively few studies of interactiongwleen RNA processing factors.
FRET has been utilised to address a proposedaplfal bodies in ShRNP assembly

(Stanek and Neugebauer, 2004). The distributicsn&NP intermediates required for
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U4/U6 snRNP assembly demonstrated that U4/U6 snRd$Bembly occurs
preferentially in cajal bodies. FRET has also bapplied to study the interactions
between U2AF35 and U2AF65 and revealed a novel B&ABelf-interaction
(Chusainow et al., 2005).

Protein-protein interactions can also be imagedivim cells by bimolecular
fluorescence complementation (BiFC) assays, in lwkhe potential partner proteins
are fused to complementary fragments of fluorogesjorters. The interaction of the
protein partners allows the two fragments to rettuis the fluorescence. The BiFC
assay was applied to study complex formation batwhe splicing factor Y14 and
nuclear export factor 1 (NXF1), which are functittypaassociated with nuclear
MRNA (Schmidt et al., 2006and showed that fluorescence accumulated in and
around speckles. This led to the conclusion tHaaection of RNA, which remains in
the nucleus for several hours despite its assoaiatith splicing and export factors,

accumulates in speckles.
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1.22 Conclusions

In vitro experiments have led to an overwhelming amounhfoirmation about the
molecular mechanisms of transcription and pre- mRdgpAcing. In contrast little is
known about how these processes are integratedhatetructural framework of the
cell nucleus and how they are spatially and temnijyoca-ordinated within the three-
dimensional confines of the nucleus. Colocalisataperiments have been used to
determine which factors reside in the different caubpartments of the nucleus
leading to insights into their function. HoweveREET assays can be employed to
determine whether direct protein-protein interawdiooccur in subcompartments
allowing the visualisation of protein complexesdiuing cells.

Here | have employed FRET acceptor photobleachiagFLIM to map with
nanometer resolution interactions between splitaafors within living human cells.
This approach allows the study of interactionshatgingle cell level complementing
previous biochemical data. | have utilised thisrapph to investigate the interactions
of SR proteins with U2AF35 and U170K. These inteoars have been extensively
characterisedn vitro and are proposed to play a crucial role in intesrd exon
definition. This provides a well defined model test by FRET acceptor
photobleaching and FLIM. The aims of this thesi® @& determine whether
interactions previously describ&d vitro occur within the nucleus of living cells and
to map the locations of these interactions.

Splicing frequently occurs cotranscriptionally, rfere by inhibiting
transcription for 2 hours the number of spliceabdascripts remaining in the cell is
expected to decrease. Therefore by carrying outTF®Eperiments in the presence

and absence of the transcription inhibitor DRB had to determine whether the
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interactions between splicing factors are dependansplicing. The interactions of
SR proteins with U170K and U2AF35 have been spatrabpped within live cell
nuclei and occur in the presence of the pol Ilbitbr, DRB, demonstrating that they
are not exclusively cotranscriptional.

In addition | have characterized novel interactiah HCC1, a factor related
to U2AF65, with both U2AF35 and U2AF65 suggestingle for HCC1 in 3’ splice
site selection. FLIM microscopy showed the intacact between HCC1 and U2AF65
occurred more strongly in discrete domains witlina hucleoplasm. In conclusion |
have demonstrated different complexes of splicenxgdrs show different patterns of

interactions within live cell nuclei.
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Materials and Methods

2.1 Plasmid Constructs

Human U170K and Luc7A were cloned by reverse tnapison (RT-PCR) from total
RNA from HelLa cells. Total RNA was prepared usingREagent (Sigma) according
to the manufacturer’s specificationsi$ of total RNA was used for synthesis of first-
strand cDNA with SuperScripfll RNase H reverse transcriptase (Invitrogen),
following manufacturer’s protocol. Oligo dT primengere used for the RT reaction
and 10% of the cDNA obtained in each case was deedPCR amplification.
Fragments corresponding to full length coding seqaeof human U170K or Luc7A
were amplified using specific primers that introduécoR1 and BamHL1 restriction
sites, ligated into the corresponding sites of EXCAPor EYFP-C1 (clonetech).
Alternatively Xbal and BamH1 restriction sites wengroduced for ligation of
U170K into the mammalian expression vector pCG-Hldman HCC1.4, SRp20,
SC35 and SF2/AIBRS were cloned by using the cDNA cloned into thenmalian
expression vector pCG-T7 as a template for PCRcip@rimers introduced Bglll
and BamH1 restriction sites for subsequent ligambrHCC1 into ECFP-C1 and
EYFP-C1 (Clonetech). EcoR1 and BamH1 sites weteduced for the ligation of
the other constructs. SF2/ASF EGFP-C1 and SF2/A8R EGFP-C1 were a gift
from Giuseppe Biamonti (Pavia) and were subsequentbicloned into ECFP-C1 and
EYFP-C1. SRp53 was previously cloned into EGFP-€Dbmian Cazalla, a former
PhD student in the lab, and was subsequently snédlonto ECFP-C1 and EYFP-C1.

U2AF35 and U2AF65 in ECFP-C1 and EYFP-C1 were &fgdm Angus Lamond
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(Dundee). All constructs generated in ECFP-C1 and EYFP-Cltorsc were

subcloned into EGFP-C1 (Clonetech) and mCherryS2ager et al., 2004).

Primer

Seguence

SRp20-F(EcoR1)

TCGGAATTC TCATCGTGATTCCTGTCCATTGGACT

SRp20-R(BamH1)

TCGGGATCCTTTCCTTTCATTTGACCTAGATCGA

SC35-F(EcoR1)

TCGGAATTC TAGCTACGGCCGCCCCCCTCCCGAT

SC35-R(BamH1)

TCGGGATCCAGAGGACACCGCTCCTTCCTCTTCAGGA

SF2/ASRS-F(EcoR1)

TCGGAATTC TTCGGGAGGTGGTGTGATT

SF2/ASRS-R(BamH1)

TCGGGATCCGCCATAGCTCGGGCTACG

Luc7A-F(EcoR1)

TCGGAATTC TATTTCGGCCGCGCAGTTGTTGGAT

Luc7A-R(BamH1)

TCGGGATCCATTGGACTGAGTGTCACCTTCAGA

U1-70K-F(EcoR1)

TCGGAATTC TACCCAGTTCCTGCCGCCCA

U1-70K-R(BamH1)

TCGGGATCCCTCCGGCGCAGCCTCCATCAA

T7-U170K-F(Xbal)

TCGICTAGA ACCCAGTTCCTGCCGCCCA

T7-U170K-R(BamH1)

TCGGGATCCTCACTCCGGCGCAGCCTCCATCAA

HCC1.4-F(Bglll)

TCGAGATCT GCAGACGATATTGATATTGAAGCA

HCC1.4-R(BamH1)

TCGGGATCCTCGTCTACTTGGAACCAGTAGCT

Table 2.1:Primers used for cloning the constructs used mttiesis. Restriction sites
are shown in bold ,underlined.

2.2 Cell culture and transfections

HelLa and 293T HEK cell lines were grown in Dulbésamodified Eagle’s medium

(Invitrogen) supplemented with 10% fetal calf seriand incubated at 3C in the

presence of 5% COHelLa and 293T HEK cells were transfected withafgztamine

2000 (Invitrogen) according to manufacture’s instians.
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2.3 Cell fixation and immunofluorescence microscopy

HelLa cells grown on glass coverslips were fixed %omin in freshly prepared
PBS/3.7% paraformaldehyde at RT. Permeabilisatias performed with PBS /1%
triton x100 for 10 min at RT. Afteextensive washing, samples were blocked with
0.05% Tween20/PBS containing 1% goat serum (Sigidaeh) for at least 30 min at
RT, and then incubated for 1h with the primary-&rmU antibody (B2531; 1:500) or
monoclonal SC35 (1:500). Secondary antibodies uss@ AMCA-conjugated goat
anti-mouse (1:500; Jackson ImmunoResedmboratories) or TxRed anti-mouse
(1:100) for 45 min incubation at RT. Then, coverslivere mounted in Vectashield
medium (VectorLaboratories). The samples were observed on a Zeigsskop
microscope and the images were acquired with adrietics CH250 cooled CCD
camera using Digital Scientific Smartcapture extams in software from IP Lab

spectrum.

2.4 Fluorouracil (5-FU) incorporation assay

24 h after transfection, HelLa cells, either modated or treated with DRB for the
indicated length of time, were incubated wdtmM 5-FU (F5130) for 30 min at 37°C.
Subsequently, cellsere fixed, permeabilized, and incubated with pryrenti-BrdU
antibody (B2531; 1:500). Immunofluorescence micopgc was performedas

indicated (see section 2.3).
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2.5 Western blot analysis

Samples were separated by SDS-PAGE and electrethlofProtan BAS85
NitroCellulose (Schleicher and Schuell) in 25mMstibase, 40mM glycine and 20 %
methanol in a Genie Blotter unit (Idea Scientifion@any), at 12 volts for one hour.
The membranes were blocked with 1:10 Western Bigtteagent (Roche) in TBST
(20 mM Tris pH7.5, 137 mM NaCl and 0.1% Tween 20) ébne hour at room
temperature or overnight at@. Incubations with primary and secondary antibedie
were carried out for one hour at room temperatmréBST containing 1:20 Western
Blotting reagent (Roche). Four washes with TBSTenmdone after incubations with
each antibody, and immunoreactive bands were @etewsith SuperSignal system
(Pierce) according to the manufacturer’s instrudio The following primary
antibodies were used: mouse anti-GFP at 1:1000 h@&®omouse anti-U1-70K at
1:1000 (Synaptic Sciences), rabbit anti-HCC1 a0Q®b(Bethyl Laboratories), mouse
anti-U2AF65 at 1:200 (a gift from Juan Valcarcet\b 96 at 1:500 (for detection of
SF2/ASF), sheep anti-U2AF35 at 1:500. The apprtprisecondary antibodies

(horseradish peroxidase conjugated to IgG) werd asé:10,000.

2.6 Immunoprecipitation

For Immunoprecipitation (IP) 293T cells that weransfected with a construct
expressing the protein of interest or mock trartsitevere resuspended in 4060Dof
lysis buffer (50 mM Tris [pH 7.5], 250 mM NaCl, SNmEDTA, 0.5% Triton X-100,

0.3% NP40, 1ImM PMSF) and incubated for 10 min AC.4The extract was
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centrifuged at 12,000 x g for 20 min &4 after which the pellet was discarded. The
extract was incubated with the antibody of choicard to 20nL of protein A
(Amersham) at 4C for 2 h with continuous rotations. The IP reaatiovere then
washed four times with lysis buffer. In some cdseads were treated with B®/ml

of RNase A/T1 cocktail (Ambion) for 10 min at@. After RNase treatment, beads
were resuspended in 3@ of loading buffer (50 mM Tris [pH7.5], 10% glyasy
0.05% SDS, 2.5%-mercaptoethanol) and boiled for 3 min. For Westdaot analysis

of immunoprecipitated proteins, b of sample was used.

2.7 FRET Acceptor Photobleaching

HelLa cells grown on glass coverslips were cotrastewith an ECFP and EYFP
construct of choice. Eight to 12 h post-transfettiocells were mounted in HEPES
buffered Phenol red—free medium (Invitrogen Lifeciieologies) in a closed, heated
chamber (Bachofer). Measurements were conductexd@eltaVision Spectris Image
Restoration Microscope (Applied Precision) fittedhna Quantifiable Laser Module
(QLM) including a 20-mW 532-nm CW laser, suitabler fphotobleaching YFP
without cobleaching CFP. Images were collectedguam Olympus 60x NA 1.4 Plan-
Apochromat lens, a Photometrics CoolSnap HQ coGl€é®d camera and SoftWorx
(Applied Precision) imaging software. The followirspecific CFP/YFP filter sets
were used to resolve the ECFP and EYFP signalgaéro 436/10 nm and emission
480/40 nm for ECFP; excitation 525/20 nm and erois&80/70 nm for EYFP. The
dichroics used were custom-built by Applied Prexisand Chroma Technology. The

set is modified from the normal CFP/YFP JP4 sehdbat the dichroic reflects and
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the emission filter rejects light at 532 nm, allagithis wavelength to be used for
selectively photobleaching YFP. After obtainingefipre-bleach images, a defined
region of the cell nucleus was spot photobleachigd avsingle 150-msec stationary
pulse at 90% laser power. The first image was aedW® msec after the bleach event.
For the first sec, images were acquired approxipateery 200 msec; for the
following 1.7 sec, every 335 msec; and then at®3@c intervals in the following 5
sec, after which images were acquired every 1.6 feecthe remainder of the
experiment. A total of 20 images were acquiredratte bleach event. Images of
donor (ECFP) and acceptor (EYFP) were taken inraggpaubsequent measurements,
bleaching exactly the same spot before collectiogf-pleach images. Obtained data
were analyzed using the image analysis tools imclud the SoftWorx software and
the biostatistics program GraphPad Prism. In anldito the bleached region, a similar
nonbleached nuclear region in the same cell wdsided in the data analysis as a
control. A region of background fluorescence wasingd outside the cell and
subtracted from both the bleached and control regi@he data were normalised
against the mean intensity of the whole image owere to account for any
fluctuations and normal photobleaching that occwrind) image acquisition
throughout the course of the experiment. FRET iefficy was calculated by the

following formula:
FR ET EffIClency = (b(post)_ ID(Pre)/ |D(p05t9

where bprey and bposy are donor intensity before and after photobleaghin
respectively. A FRET efficiency of greater than 5%b6considered a significant

protein-protein interaction based on the negatorgrols using YFP-NLS.

For inhibition of transcriptional activity, cellsese treated for 2 h with 25

ng/mL DRB before carrying out FRET analyses by atmephotobleaching.
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2.8 Fluorescence lifetime measurements by time-cailated single-

photon counting (TCSPC) for FRET experiments

Cells were prepared as described for acceptor pleatohing assays except EGFP
and mCherry fluophores were used. Fluorescencéimigée Imaging Microscopy
(FLIM) was performed using an inverted laser scagnmultiphoton microscope
(Nikon TE2000/Bio-Rad Radiance 2100MP) with a 63k immersion (NA 1.4).
Two-photon excitation was achieved using a Charméed/erdi pumped ultrafast
tunable (720-930 nm) laser (Coherent Inc.), to pumpnode-locked frequency-
doubled Ti:Sapphire laser (Coherent) that provigeb-200 femtosecond pulses at a
90 Mhz repetition rate with an output power of apgmately 1.4W at the peak of the
tuning curve (800 nm). Enhanced detection of tlatered component of the emitted
(fluorescence) photons was afforded by the useast tingle-photon response
(Hammamatsu 5783P) direct detectors. The fluorescéfetime imaging capability
was provided by time-correlated single photon cmgnelectronics (SPC-830; Becker
& Hickl GmbH). The optimal two-photon excitation welength to excite the donor
(EGFP) was determined to be 890 nm. Fluorescendssim of EGFP- fusion
proteins was collected using a bandpass filter (625 nm) to limit detection to only
the donor fluorophore (EGFP) and prevent contanunatfrom the acceptor

(mCherry) emission. Laser power was adjusted te giimean photon count rate of
the order 18to 10 photons/s, and fluorescence lifetime images wecgliged over

120 sec. Fluorescence lifetimes were calculate@lfquixels in the field of view (256
x 256 pixels) using SPCIimage software. A bi-exptiaéfiluorescence decay model
is applied to the data to determine the fluoresediietime of non-interacting and

interacting subpopulations.
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Measurements of FRET based on analysis of thedboence lifetime of the donor
can distinguish between FRET efficiency (i.e., douypefficiency) and an increase in
FRET population (concentration of FRET species).e Téssumption that non-
interacting and interacting fractions are presdidws us to determine both the
efficiency of interaction and the fraction of ireeting proteins. Such a FLIM analysis
can be enhanced by extending from a pixel to paxallysis to a global analysis (i.e.,
assumption of globally invariant fluorescence iifet components and calculation
over all pixels throughout the measured cell) (\éervet al., 2000a). By fixing the
non-interacting species lifetime using data obthifrem control experiments (in the
absence of (FRET)), more accurate estimationseofémaining free parameters may
be made. Furthermore, by assuming invariance in dfiieiency of interaction
between pixels throughout the measured cell onedetgrmine the % of interacting
species (al) by summation of data throughout thieace thereby fix both lifetime
parameters. Mean FRET efficiency images were caledl such that the FRET
efficiency, BEret= 1 -tpal/tp Wheretpa is the mean fluorescence lifetime of the donor
in the presence of the acceptor apds the mean fluorescence lifetime of the donor
in the absence of acceptor for all the cells imadedorder to calculate the mean
FRET efficiency the non-interacting species lifetiwas fixed using data obtained
from control experiments. A FRET efficiency of gierathan 5% is considered a
significant protein-protein interaction based oa BRET efficiencies measured using

mCherry-C1 as a negative control.

64



Results

3.1 Choice of fluorphores for FRET analysis

This thesis characterises interactions betweerrisglifactors in living human cells
using two techniques: FRET acceptor photobleactang Fluorescent Lifetime
Imaging Microscopy (FLIM). For FRET acceptor phagaching analyses enhanced
cyan fluorescent protein (ECFP) and enhanced yefloarescent protein (EYFP)
fusions of the splicing factor of interest were geted. For FLIM analyses, enhanced
green fluorescent protein (EGFP) and mCherry fugBraner et al., 2004) of splicing
factors were constructed.

GFP is a 27-kDa monomer consisting of 238 amindsa¢Prasher et al.,
1992). The peak emission for GFP is 509 nm ang#ak excitation is 488 nm. The
extensive mutagenesis of GFP has yielded fluorégmertein variants with different
excitation and emission properties, providing salvegrotein tags with suitable
spectral overlap for FRET studies (Heim and Tsi&96; Tsien, 1998; Zhang et al.,
2002). Early FRET studies used blue fluorescenteprdBFP) as a donor fluorophore
and either YFP or GFP as an acceptor fluorophorigrdMet al., 1996; Day et al.,
2001b). However, the quantum yield of BFP is vey,land it is very susceptible to
photobleaching (Rizzuto et al., 1996). Some ofitliensic problems of using BFP
were overcome when CFP was identified (Heim and;s1996). The peak emission
for CFP is 476 nm and the peak excitation is 434 Tine YFP variant (Heim et al.,
1995; Tsien, 1998) is the most red shifted of thetamt variants of GFP yet
generated, with a peak emission at 527 nm and eeeikation at 514 nm. CFP and

YFP have become a popular FRET pair due to the gpedtral overlap, with CFP
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acting as a donor and YFP an acceptor (Miyawakalet1997). YFP has a high
guantum vyield and its susceptibility to photobleaghis an advantage in FRET
acceptor photobleaching studies (Tsien, 1998).

Red fluorescent protein (RFP) was cloned fromstrge anemone Discosoma
striata (Matz et al., 1999). RFP is a 28-kDa protbat shares about 25% sequence
identity with GFP. RFP is a very slow maturing giotthat has a strong tendency to
form tetramersn vivo andin vitro (Baird et al., 2000). The first true monomer was
MRFP1, derived from the Dicosoma sp. fluoresceuoitem DsRed (Bevis and Glick,
2002; Campbell et al., 2002). Subsequent mutageheasi yielded monomers (Shaner
et al., 2004), such as mCherry (Excitation maxini8v nm, Emission maximum 610
nm) that mature more completely, are more tolesdh-terminal fusions and are
more photostable than mRFP1. The spectral ovedapden GFP and mCherry make
them suitable for FRET analysis with GFP actinghasdonor and mCherry the

acceptor (Tramier et al., 2006).

3.2 Development of FLIM methods

During the early stages of this thesis a numbérimie-correlated single-photon
counting (TCSPC) FLIM experiments were carriedusihg ECFP and EYFP as the
donor and acceptor pair. However, there are nunsguoablems with analysing the
data from FLIM experiments performed using ECFP BM&P. Previously it has
been shown that CFP alone may exhibit bi-exponletieay kinetics when observed
in a cellular environment (Tramier et al., 200®)odels predict that there is a short

lifetime associated with ECFP of 1.18ns and a lotiggtime of 2.58ns.
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A Experimental Fitting Data: Single-exponential decay model

2.2ns

Intensity Pixel Lifetime decay k? spatial distribution k2 distribution

Experimental Fitting Data: Double-exponential decay model

28% 1.18ns

I 72% 2.58ns

Intensity Pixel Lifetime decay k? spatial distribution k2 distribution

Experimental Fitting Data: Single-exponential decay model

2.18ns

/

Intensity Pixel Lifetime decay k2 spatial distribution k2 distribution (ROI)

47% 1.96ns

/ 53% 2.3ns

Intensity Pixel Lifetime decay k2 spatial distribution k2 distribution (ROI)

Figure 3.1: ECFP has two lifetimes and EGFP only an (A) Lifetime decay graphs and
KZ distributions are shown for ECFP fitted to a single or a do@xponential decay model.
(B) Lifetime decay graphs and?Kiistributions are shown for EGFP fitted to a single or a

double exponential decay model.
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Figure 3.1 shows the pixels lifetime decay curved & distribution for ECFP and
EGFP. The lifetime decays can be fitted to eithegle or double exponential decay
models which assume there are either one or twarnies present respectively. The
K? distributions are a measure of how well the datth& model. The closer the value
is to one the better the fit. Importantly it wasetved that when a double exponential
decay model is applied for the fluorescent decag®FP the Kis reduced from 1.09
in the single exponential decay model to 1.00. Hexewhen a double-exponential
decay model is applied for the fluorescent decag®FP no improvement in the?i6
observed. Therefore, while the double-exponentedagt model can determine two
lifetimes for EGFP this is less accurate than assgnthat there is one lifetime
present. In summary, by fitting the data to the eidd give the best kvalue, there
are two fluorescent lifetimes associated with E@RE only one with EGFP.

The double-exponential decay model shows thatethera short lifetime
associated with ECFP of 1.18ns and a loger lifetiofie2.58ns. This leads to
complications when analysing the data from FRETeexpents. In experimental
FRET situations free donors co-exists with donavana to acceptors. This means
that the fluorescent decay curves for FRET expertmeill contain two components.
Therefore the mean fluorescent lifetime can beasgmted by the equation: tm =
arrrettirreT T &2, Where tis the short lifetime of the binding donor fractianand ¢
is the long lifetime of the free donor fractiop &owever, it has been demonstrated
that ECFP has a double exponential decay therefmeshort fluorescent lifetime
observed in experimental situation is due to bdREF and the short lifetime of

ECFP making quantification difficult.
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CFP-HCC1 YFP CFP-HCC1 (2P) Lifetime (ns)  FRET (%)

1.7ns 2.3ns 5 0
CFP-HCC1 YFP-U2AF65 CFP-HCC1 (2P) Lifetime (ns) FRET (%)

1.7ns 2.3ns 10 5 0

Figure 3.2: FRET between ECFP-HCC1 and EYFP-U2AF6%letected by FLIM.
HelLa cells were transfected with ECFP-HCC1 and aosfiected with EYFP-
U2AF65. Confocal image of transfected cells andMFlimage of same cells, in
which mean fluorescent lifetime is shown in falsdoar. The colour scale with the
respective lifetimes (in picoseconds) is indicated.
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Figure 3.2 shows that FRET can be detected betvi@RP-HCC1 and EYFP-
U2AF65 in FLIM experiments. Interestingly, the sapegtern of interactions were
observed using either ECFP and EYFP FRET pairs @FFE and mCherry FRET
pairs (see section 3.16). However, due to the probldescribed above with the bi-
exponential decay of ECFP, FRET between ECFP anBPEM considered more
qualitative than quantitative. Further doubts altbetaccuracy of FLIM experiments
using ECFP and EYFP have been cast due to the gghtibivity properties of ECFP
under the mercury lamp which can influence fluoeesdifetimes in unpredictable
ways (Tramier et al., 2006). Due to these limitagioof using ECFP and EYFP, |
considered EGFP and mCherry to be a more suitaBETFpair for the FLIM

experiments described in this thesis.
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3.3 Fluorescently tagged proteins colocalise witmdogenous SC35 in

speckles

Some concerns have previously been expressecthéidion of the 27-kDa GFP tag
to a protein can affect its function within the Icélowever, there is mounting

evidence that fluorescently tagged proteins arectional such as the case of
fluorescently tagged snRNP proteins that have Iseéemwn to assemble into sSnRNPs
(Stanek and Neugebauer, 2004). Furthermore, GFPASIF2has been shown to be
functional inin vivo splicing assays (Misteli et al., 1997). To deterenwhether the

presence of the fluorescent protein tag affected sihbcellular distribution of the

splicing factors cloned for FRET analysis indireaimunofluorescence was carried
out in HelLa cells. Cells were transiently transéelctvith the N-terminal GFP tagged
protein, fixed and stained with an antibody spedifir SC35, a marker of speckles.
The merged images in Figure 3.1 demonstrate thathel EGFP-tagged proteins
colocalise with SC35 and show a typical speckletiepa The other fluorescently
tagged proteins (ECFP, EYFP, mCherry) showed alainpiattern upon transient
transfection (data not shown). This led to the amion that the presence of the
fluorescent protein tag does not affect the sublzelldistribution of any of the

proteins analysed (Misteli et al., 1997).
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Figure 3.3: EGFP-tagged proteins colocalise in nuear speckles with endogenous
SC35.Hela cells transiently expressing EGFP tagged isglitactors were fixed 12
hours post transfection. Endogenous SC35 was @dtecby indirect

immunoflouscence with an anti-SC35 monoclonal amtyb
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A further aim of this thesis was to analyse whetietations in SF2/ASF affect its
protein interactions in living cells. In order teetdrmine this, mutant versions of
SF2/ASF were constructed that either had a pointatimn in the second RRM
(SF2/ASF AAA) or lacked the RS domain (SF2/A¥S) (See section 3.14 for
details). Previous indirect immunofluorescencenwi? epitope-tagged SF2/ABRS
(T7-SF2/ASIPRS) has demonstrated that deletion of the RS doroki8F2/ASF
results in a weak cytoplasmic accumulation althatighstill recruited to the speckles
(Caceres et al., 1997). It has also been repoltatd goint mutations in RRM2 of
SF2/ASF do not affect its subcellular localisati@hiodi et al., 2004). Figure 3.2
demonstrates that fluorescently tagged SF2[8F and SF2/ASFAAA localised as
would be expected based on previous studies whesiéntly transfected into HelLa
cells. EGFP-SF2/ASPRS showed a weak cytoplasmic staining in addition t
colocalising with SC35 in speckles whereas the tiartan EGFP-SF2/ASFAAA did

not affect its localisation.
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Figure 3.4: EGFP-tagged SF2/ASBRS and SF2/ASF AAA show the expected
localisation patterns. HeLa cells transiently expressing EGFP-tagged SEE/A
mutants were fixed 12 hours post transfection. lgedous SC35 was detected by
indirect immunoflouscence with an aniti-SC35 mooaoél antibody.
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3.4 Expression levels of full-length fluorescent mteins

To determine the expression level of the fluoredgedagged proteins and to confirm
that they are expressed as full-length proteingemeslot analysis was carried out.
293T cells were transiently transfected with theFPGQagged constructs and 12 hours
post transfection the lysates were analysed by BBSE. Where available western
blots were carried out with antibodies raised agfathe endogenous protein, when
this was not available anti-GFP was used. Figu® shows that the antibodies
recognised the endogenous protein and the GFPdaggéeein shifted by 27 kDa and
no degradation bands were visible. Therefore, its wvencluded that all the
fluorescently tagged proteins are full length. EBahd ran at the expected molecular
weight but due to different constructs being rundifferent gels a comparison been
individual gels cannot be made. Figure 3.3 alsavshibat the expression levels of the
tagged proteins are similar to that of the endogsmwotein when averaged out over a

population of 293T cells.
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EGFP-HCCL EGFP-U2AF65—»
HCCl— U2AF65 —» EGFP-U2AF35 —»

U2AF35—»

EGFP-SF2/ASF—»

EGFP-SF2/ASF RS —» EGFP-SF2/ASF RS—»
SF2/ASF—»
SF2/ASF —»
SF2/ASF—»
] EYFP-Luc7 —»
EGFP-U170K — EGFP-SC35—»
U170K—»

QuickTime™ and a

EYFP-SszO TIFF (Uncompressjd) d;cpclcnmeessor

Figure 3.5: Characterisation of the expression leve of transiently transfected
flourescently tagged proteins in 293T cellsl2 hours post transfection total lysates
were prepared from 293T cells. Extracts were sépdreon an SDS 12%
polyacrylamide gel and analysed by Western blottwigh the appropriate
endogenous antibody or with anti-GFP for the dedsacof EGFP-SC35, EYFP-
SRp20 and EYFP-Luc?.

76



3.5 FRET acceptor photobleaching demonstrates theateraction of

SF2/ASF with U170K in live cells

Ul snRNP is the earliest snRNP to assemble on gEAs (Mount et al., 1983;
Ruby and Abelson, 1988) defining the 5’ splice site RNA-RNA and RNA-protein
interactions (Zhuang and Weiner, 1986; Zhuang et #987). It has been
demonstrated that SR proteins collaborate with WRNP in 5 splice site
recognition: purified U1 snRNP and SF2/ASF formeanary complex with pre-
MRNA, which is dependent on a functional 5 splsie (Kohtz et al., 1994).
Additionally, SF2/ASF has been shown to enhanceattfi@ity of U1 snRNP for
5’'splice sites (Eperon et al., 2000). This effectriediated directly by an interaction
between SR proteins and U170K (Wu and Maniatis,3L9Breviously it has been
demonstrated that recombinant SC35 and SF2/ASHntaract with U170K when
immobilised on a nitrocellulose filter or in solomi. This interaction has also been
demonstrated in yeast two-hybrid assays (Wu anda#ian1993).

The FRET acceptor photobleaching assay was witisestudy this interaction
in living HelLa cells. This allowed the interactiottsbe studied while preserving the
natural salt concentrations and dynamic structéitbeonucleus.

In these experiments ECFP and EYFP serve as tha dod acceptor pair for
FRET, respectively. If the donor (ECFP) and acae(YFP) are in close proximity
(<10 nm) and in the appropriate relative orientatio each other, excitation of the
donor molecule leads to transfer of energy to tteeptor. This energy transfer results
in a decrease in fluorescence emission from th@rdand an increase in emission of

the acceptor. To measure FRET by acceptor phedobing the donor fluorescent
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emission is measured, comparing the quenched ihubhquenched donor emission
after specific photobleaching of the acceptor ftyatrore. In the case of FRET
occurring, photobleaching of the acceptor resulta transient enhancement in donor
emission. This dequenching effect indicates an islhwlent of FRET due to
photobleaching of the acceptor fluorophore, and thonfirms that the two proteins
interact directlyin vivo.

ECFP-U170K and EYFP-SF2/ASF were transiently fiected into HelLa
cells. Images were acquired before and after pledching the acceptor with a single
150-msec stationary laser pulse (Figure 3.4(A)ecBfes were chosen as the region
of interest in all the photobleaching experimergsalibed. The post-bleach images,
collected 2 msec after the laser pulse, clearlywstite dequenching effect of the
donor as a result of bleaching of the acceptor. Duethe rapid diffusion of
unbleached acceptor into the bleached area dequgnchthe donor was detectable
only for a short time period. Dequenching was amiigerved in the area that had been
photobleached. Figure 3.4(B) shows donor (bleacret unbleached) and acceptor
mean signal intensities plotted over time.

In order to calculate a FRET efficiency for thigeraction the following
formula was used:

FRET Efficiency = (bposty— Ippre)/ Ibpost)
Where bpre) and bposyy are mean donor intensity before and after photmbieg,
respectively. In order to account for variationgriean signal intensity 5 pre-bleached
images were taken and the average donor intensisycaiculated. A FRET efficiency
of greater than 5 % is considered significant. FégB8.4(C) shows that significant

FRET is observed between ECFP-U170K and EYFP-SH2/AS
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Figure 3.6: (A) In vivo detection of protein-protein interactions betweerECFP-
U170K and EYFP-SF2/ASF by FRET acceptor photobleachg microscopy.Live
HelLa cells transiently coexpressing ECFP-U170K BW&P-SF2/ASF were analysed
on a wide-field fluorescent microscope equippedwitquantifiable laser module as
described in Materials and Methods. Images wereuised) before and after
phobleaching with a single 150-msec stationaryrlgs#se. A nonbleached region
similar to the bleached region (arrow) was includedthe data analysis for
comparison (B) Donor and acceptor mean signal intensities mmitored in the
bleached and nonbleached regions were plotted oveéme. (C) FRET efficiencies
for the interaction between ECFP-U170K and EYFP-SHASF. Plot of FRET
efficiencies (average for 8 to 27 cells) betweePGFYFP pairs measured by FRET
acceptor photobleaching. FRET efficiency was calmd from CFP fluorescence
before and after bleaching: FR&ifiency [%0] = 100((CFRser — CFRetord / CFRister) A
FRET efficiency of greater than 5% is taken asifigant. Error bars show standard
deviations.
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It was important to demonstrate that the fluorege¢agged proteins show specificity
for their interaction partners. Figure 3.4(C) shdhat ECFP-U170K does not interact
with an EYFP- tagged version of the second stejpisglfactor SRrp53 as previously
reported by yeast two-hybrid analysis (Cazallalet2905). In addition significant
FRET was not observed between ECFP-U170K and anPH#§ged nuclear
localisation signal (EYFP-NLS). Luc7p has previguséen shown to be a component
of the U1 snRNP with a role in 5’ splice site rectign in yeast (Fortes et al., 1999).
To determine if human Luc7A plays a similar role nmammalian cells | tested
whether it interacts with U170K. Significant FRETasv not observed for this
interaction however, FRET cannot confirm a negaititeraction and it could simply
be that the fluorescent tags are not in a favorablkntation for energy transfer to
occur. In conclusion | have employed FRET accephmtobleaching to demonstrate
the interaction between U170K and SF2/ASF that pradiously been characterized

by in vitro techniques occurs in living HelLa cells.
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3.6 The interaction between U170K and SF2/ASF is hexclusively
co-transcriptional

Splicing frequently occurs co-transcriptionally aitdhas been demonstrated that
coupling transcription and splicing increases tigelity and efficiency of splicing
(reviewed by(Neugebauer, 2002)). In addition, e of pol 1l elongation has been
shown to affect spliceosome assembly (Listermaat. £2006) and alternative splicing
(de la Mata et al., 2003).

The adenosine analogue 5,6-dichloro-1-b-d-ribofasgtbenzimidazole
(DRB) interrupts the elongation step of pol Il tsaription by promoting premature
termination (Tamm et al., 1976; Fraser et al., 19&8b et al., 1980; Chodosh et al.,
1989). Phosphorylation of the pol Il C-terminal doam(CTD) has been suggested to
accompany the transition from initiation to elongatsteps of transcription. The
blocking of transcription mediated by DRB may rédtdm its ability to inhibit one
or more protein kinases that phosphorylate the @Tpol Il (Dubois et al., 1994;
Yankulov et al., 1995; Zandomeni et al., 1986). Pbsitive transcription-elongation
factor b (P-TEFb) has been implicated in mediathng inhibitory effects of DRB on
transcriptional elongation (Marshall and Price, 209

To determine whether the interaction between U174 SF2/ASF is
dependent on splicing activity, live HelLa cells expressing ECFP-U170K and
EYFP-SF2/ASF were treated with DRB to inhibit tramgtion, and hence splicing
activity, before analysing the protein-protein mieions by acceptor photobleaching.
DRB treatment resulted in a nuclear localisatiotigpa typical for splicing factors in
transcriptional inhibited cells; i.e. the speckblEtome enlarged and rounded. As in

transcriptionally active cells, photobleaching tlaeceptor led to a transient
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enhancement in donor emission (Figure 3.5(A)). HRET efficiency for the
interaction between ECFP-U170K and EYFP-SF2/ASRas significantly affected
by treatment with DRB (Figure 3.6) as confirmed d&ywo-tailed homoscedastic t-
test. To confirm that DRB treatment was havingghedicted effects on transcription
| carried out fluorouracil (5-Fu) labeling to vidis® ongoing transcription before and
after treatment with DRB. Figure 3.7 clearly shawat DRB treatment results in a
reduction in the levels of nascent transcripts Hredspeckles become enlarged and
rounded. Consistent with previous reports the &ffexf DRB were shown to be
reversible by 5-Fu labeling in cells that had basubated in normal media for 1
hour after DRB treatment. A recovery in the levietranscription can be seen and the
speckles revert back to their normal morphologycdnclusion this data shows that
U170K and SF2/ASF interaction still exist when samption and therefore splicing

is inhibited.
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Figure 3.7: In vivo detection of protein-protein interactions betweenECFP-
U170K and EYFP-SF2/ASF by FRET acceptor photobleachg microscopy in
the presence of DRBExperiments were performed exactly as describedidoire
3.4 except cells were treated with @8/ml of DRB for 2 hours before images were
taken.(B) Donor and acceptor mean signal intensities matored in the bleached
and nonbleached regions of cells treated with DRB ave plotted over time.
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Figure 3.8: FRET efficiencies for the interaction letween ECFP-U170K and
EYFP-SF2/ASF in the presence and absence of DRBIot of FRET efficiencies
(average for 8 to 27 cells) between CFP + YFP paiessured by FRET acceptor
photobleaching before and after treatment witmgbnl of DRB for 2 hours. FRET
efficiency was calculated from CFP fluorescenceoteefand after bleaching:
FRETefficiency [%0] = 100((CFRfter — CFReford / CFRite) A FRET efficiency of greater
than 5% is taken as significant. Error bars sh@mdrd deviations.
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Images were taken by David Lleres (Dundee)

Figure 3.9: DRB treatment inhibits transcription. HeLa cells were pulse labeled
for 30 minutes with 5-FU and immunofluorescence weasied out with anti-BrdU to
visualise nascent transcripts. DRB treatment wasgeckhout for two hours with 25

ng/ml of DRB.
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3.7 Mapping the interaction between U170K and SF2/3F using

FLIM microscopy

FRET acceptor photobleaching only gives a FRETiefficy for the specific area that
is being photobleached within the cell. In ordemptecisely map the localisation of
the U170K-SF2/ASF interaction within the nucleudioé HeLa cells | utilised FLIM
microscopy.

In these experiments EGFP and mCherry serve esldthor and acceptor
FRET pair. FLIM relies on the fact that in the abse of FRET EGFP has a stable
fluorescent lifetime of approximately 2.3 ns in talular environment providing a
standard reference point. As demonstrated with #oeeptor photobleaching
technique, FRET is a very powerful fluorescent aqen. Thus, a decrease in the
fluorescent lifetime of the donor can be used t@soee a FRET interaction with the
acceptor flurophore.

FLIM was performed by the Time-correlated singlefoim counting
(TCSPC). This technique gives the picosecond tieselved fluorescent decay
directly for each pixel within the cell by by stttcal analysis of the arrival times of
photons with respect to the excitation pulse (O'@orand Phillips, 1984).

The fluorescent lifetime of EGFP-U170K in translgritansfected live HelLa
cells was measured either in the presence of m@r (negative control) or
mCherry-SF2/ASF. The donor decay curves were fitbeal double exponential decay
model, providing information on the donor lifetimetboth the interacting (t1) and
non-interacting populations (t2) within a cell. igke 3.8(A) demonstrates that

cotransfection of EGFP-U170K and mCherry-SF2/AS$ults in a reduction of the
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mean donor lifetime indicative of FRET. The imades/e been false coloured to
show the mean fluorescent lifetime for each pixghin the cell.
In order to calculate the mean FRET efficiency tfug interaction of EGFP-U170K
with mCherry-SF2/ASF the following equation wasdise

Errer= 1 -tpaltp
Where tpa is the mean fluorescence lifetime of the donoitha presence of the
acceptor andp is the mean fluorescence lifetime of the donothia presence of
mCherry-C1 for all the cells imaged. A FRET effioagy of greater than 5% is
considered significant. Figure 3.9 shows that sicgmt FRET is observed between
EGFP-U170K and mCherry-SF2/ASF. In figure 3.8(A8 tmages are false coloured
in either continuous or discrete colour to show FREficiency and as expected this
correlates with the changes in mean donor lifetithean clearly be seen that FRET
between EGFP-U170K and mCherry-SF2/ASF occurs tgremter extent in the
speckles compared to the nucleoplasm.

The total decrease in donor fluorescent lifetimpesiels on both the distance
between the donor and acceptor and the fractiahenfinteracting donor molecules
(Hoppe et al.,, 2002). The distance between the damal acceptor (r) can be
calculated from the equation:

r=Ro((1 - Emren) - 1)°
Where E is the energy transfer efficiency andsRhe Forster distance — that is, the
distance between the donor and acceptor at whitfhthea excitation energy of the
donor is transferred to the acceptor.

The fraction of interacting donor molecules can daculated from the
equation:

Donor decay: f (t) = a X €grer+ b x €'y
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Where &'rerand x &' are the interacting and non-interacting donor mdees
decay and a and b are the intensity factors ofirlkeracting and non-interacting
components. A more accurate calculation of theracteng and non-interacting
protein populations can be obtained by assuminginteraction distances to be
constant throughout the cell (Peter et al., 20Bfure 3.8(A) shows the variation in
the interacting donor population throughout thé @l%).

It was important to demonstrate that the abundafplicing factors in the
speckles did not lead to false positives. Previptisere has been no biochemical
evidence to suggest a direct interaction betweenOWland U2AF35, instead it is
proposed that SR proteins bridge these factors @id Maniatis, 1993). This
provided a negative control that could be analybgdFLIM. As expected the
cotransfection of EGFP-U170K and mCherry-U2AF35 dat result in significant
FRET being observed (Figure 3.8(B)). These dataotsinate that U170K shows
specificity for the factors that it interacts witihthe speckles and that the abundance

of fluorescently tagged proteins in the specklesoissufficient to induce FRET.
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Images in panel B were taken by David Lleres (Dundee)

Figure 3.10: (A) FRET between EGFP-U170K and mChely-SF2/ASF measured
by FLIM. HelLa cells were transfected with EGFP-U170K andarwdfected with
either mCherry-C1 or mCherry-SF2/ASF. Confocal imay transfected cells and
FLIM image of same cells, in which mean fluoreschigtime is shown in false
colour. The colour scale with the respective lifegs (in picoseconds) is indicated.
The FRET Efficiencies were calculated by fixing tt# lifetime to the average
lifetime value for EGFP-U170K cotransfected with he@y-Cl. The FRET
efficiencies are shown in either continuous or mite false colour. The colour scale
with the respective efficiencies (%) is indicatétie % of interacting population (al)
was calculated by fixing both the t1 and t2 popafs. (B) Non-significant FRET is
observed between EGFP-U170K and mCherry-U2AF35.HeLa cells were
transfected with EGFP-U170K and cotransfected witbherry-U2AF35. Cells were
analysed exactly as described for panel (A)
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3.8 Localisation of the U170K-SF2/ASF interaction n

transcriptionally repressed cells

Several lines of evidence point to speckles fumatip as
storage/assembly/modification compartments thatscgply splicing factors to active
transcription sites (Misteli, 2000). Therefore, dtekmined whether treatment with
DRB affected the localisation of the interactiontvien EGFP-U170K and mCherry-
SF2/ASF.

Figure 3.10(A) shows the images captured by FLIMrascopy following
treatment with DRB. This treatment was shown noaftect the fluorescent lifetime
of donor fluorophore. The false colour images shioat FRET can be observed upon
cotransfection of EGFP-U170K and mCherry-SF2/ASFe Tstrongest FRET
efficiencies were observed in the enlarged roungeuh speckles and certain regions
of the nucleoplasm showed non-significant FRET. sEheariations between the
speckles and nucleoplasm were analysed for a piquulaf cells and compared to
untreated cells. Figure 3.10(B) shows that the FRHficiency between EGFP-
U170K and mCherry-SF2/ASF is not altered by DRB mbegery pixel in the cell is
analysed. However, while there is increased FRETh@nspeckles compared to the
nucleoplasm in untreated cells this distributiormere pronounced upon treatment
with DRB. A t-test has been applied to demonstthtd a significant decrease is

observed in the nucleoplasm, but not the specujes) treatment with DRB.
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Figure 3.11: FRET between EGFP-U170K and mCherry-B2/ASF, in the
presence of DRB, measured by FLIM. Experiments were performed exactly as
described for figure 3.8 except cells were treatdtt 25 ng/ml of DRB for 2 hours
before images were takerfB) FRET efficiencies determined by FLIM for
interaction of SF2/ASF with U170K in the presencerad absence of DRBFRET
efficiencies between the EGFP and mCherry taggéed peere determined by fixing
the t2 to the mean lifetime for the donor cotraotdd with mCherry-C1. Plot of mean
FRET efficiencies +/- SD for 9 to 20 cells. To e the FRET efficiency in the
speckles and nucleoplasm a region characteriseact was selected for each cell.
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3.9 U170K and SF2/ASF interact in immunoprecipitaibn assays

It has previously been shown that recombinant ULl&Dld SF2/ASF expressed in
baculovirus can interact in GST-pull-down assaysu(@&hd Maniatis, 1993). To
confirm that the endogenous proteins can interact cdrried out co-
immunoprecipitation (Co-IP) experiments using hur@88T cells extracts that were
immunoprecipitated with a monoclonal antibody agkinU170K. The
immunoprecipitated proteins were separated on SBSE? blotted and detected with
an anti-SF2/ASF antibody. Figure 3.10(A) shows tha70K was able to pull down
SF2/ASF and that this interaction is not mediatg@RNA.

To add further evidence that the interaction betwd170K and SF2/ASF is
not abolished by DRB treatment the Co-IP experisaemtre repeated but the cells
were treated with DRB prior to making the lysategure 3.10(B) shows that DRB
has no effect on the ability of T7-U170K to pullvdo SF2/ASF. This Co-IP
experiment was performed using an epitope taggesioreof U170K to increase the
efficiency of the immunoprecipitation. This adds vitro data to confirm the
interactions observed by FRET microscopy.

In conclusion | have shown that U170K and SF2/ASEract in the speckles
and the nucleoplasm even in transcriptionally regped cells. The fact that the
interaction in speckles becomes more pronounced treatment with DRB supports
the view that speckles act as storage or asserntbly for splicing factors. The data
also suggest that U170K and SF2/ASF form a compleke speckles before being

recruited to the spliceosome.
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Figure 3.12: (A) U170K interacts with SF2/ASF in cliured mammalian cells.
Extracts prepared from 293T were incubated withegianti-U170K antibody bound
to sepharose beads (lanes 2 and 3) or sepharods aleme (lanes 4 and 5). The
bound proteins were analysed by Western blottinth wnAb96 for detection of
SF2/ASF. Alternatively the immunoprecipitate wasated with RNase (lanes 3 and
5). Lane 1 was loaded with 2% of the amount ofaxttused for each IFB)The
interaction between T7-U170K and SF2/ASF is not paurbed by DRB in
cultured mammalian cells. Extracts prepared from 293T cells either trangent
transfected with pCG-T7-U170K (lanes 4 to 7) or mtansfected (lanes 8 and 9)
were incubated with anti-T7 antibody bound to sepba beads. 24 hours post
transfection cells were treated for 2 hours withBEDRanes 6 and 7). The bound
proteins were analysed by Western blotting with i-8F2/ASF antibody.
Alternatively immunoprecipitates were treated wRNase (Lanes 5, 7 and 9). Lanes
1 to 3 were loaded with 2% of the amount of extresetd for each IP.
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3.10 FRET acceptor photobleaching demonstrates thateraction of

SF2/ASF with U2AF35 in live cells

U2AF35 binds to the AG dinucleotide at the 3’ splisite (Zhang et al., 1992;
Merendino et al., 1999a; Wu et al., 1999; Zorio &hdmenthal, 1999) and plays a
role in stabilising the binding of U2AF65 to thelymyrimidine tract (Guth et al.,
1999b). In addition it has been demonstrated WI2AF35 is capable of interacting
with SR proteins by the sani vitro approaches used to demonstrate the interaction
between U170K and SR proteins (Wu and Maniatis319%he interaction between
U2AF35 and SR proteins is proposed to play two irtgmd roles in the cell. Firstly,
SR proteins bound to exonic splicing enhancers @ Sfieract with U2AF35 to
promote complex assembly at the 3’ splice site (§vetnal., 1995; Zuo and Maniatis,
1996; Graveley et al., 2001). Secondly, it is psggbthat SR proteins can interact
simultaneously with U2AF35 and U170K thereby bridgfactors assembled on both
5" and 3’ splice sites (Wu and Maniatis, 1993).sThridging can occur either across
the exon or the intron and is therefore propose@lay a role in exon and intron
definition.

| have already confirmed that U170K and SF2/ASFE icderact together in
live HelLa cells. To determine whether the intex@tdi involved in exon and intron
definition occur in living HelLa cells, | analysedktinteraction between U2AF35 and
SF2/ASF by FRET acceptor photobleaching. HelLa oelise cotransfected with
ECFP-U2AF35 and EYFP-SF2/ASF and the donor intsswere monitored before
and after photobleaching of the acceptor to caleul FRET efficiency for this
interaction. Figure 3.11 shows that there is sigaift FRET between ECFP-U2AF35

and EYFP-SF2/ASF and this FRET efficiency is vemilar to that observed

95



between ECFP-U170K and EYFP-SF2/ASF. Figure 3.ldwshthat the FRET
efficiency between ECFP-U2AF35 and EYFP-SF2/ASRas significantly affected
by DRB treatment, as confirmed by a t-test.

FLIM microscopy demonstrated that significant FRES not observed
between EGFP-U170K and mCherry-U2AF35 (Figure 3)8(Bnis can be confirmed
by acceptor photobleaching analysis as non-sigmfi¢RET is observed between
ECFP-U170K and EYFP-U2AF35 (Figure 3.11). In addhtineither ECFP-U2AF35
nor ECFP-SF2/ASF showed significant FRET upon osfiection with EYFP_NLS

(Figure 3.11).
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Figure 3.13: Effect of DRB on interaction between EFP-U2AF35 and EYFP-
SF2/ASF. Plot of FRET efficiencies (average for 7 to 27 selbetween ECFP +
EYFP pairs measured by FRET acceptor photobleaciMegn +/- SD.
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3.11 FLIM demonstrates the interaction between U2AB5 and

SF2/ASF occurs predominantly in speckles

The precise distribution of the interactions betwé&ssFP-U2AF35 and mCherry-
SF2/ASF were mapped using FLIM microscopy. Cofiesteon of EGFP-U2AF35
and mCherry-SF2/ASF results in a shortening ofdbeor fluorescent lifetime. The
false colour images shown in figure 3.12 depicting FRET efficiencies in either
continuous or discrete colour show mCherry-SF2/A8€racts with EGFP-U2AF35
in a similar pattern to that observed for its iat#ion with EGFP-U170K. Significant
FRET is observed in the nucleoplasm but the strstnggions of FRET are observed
in the speckles. This is true of both DRB treated antreated cells (Figure 3.12
middle and lower panels).

These differences in FRET efficiency were quagtifior a population of cells.
As was previously described for the interaction EEBFP-U170K and mCherry-
SF2/ASF, a t-test has been applied to demonstratatsignificant decrease in FRET
efficiency is observed in the nucleoplasm but & $peckles upon treatment with

DRB (Figure 3.13).

98



GFP- U2AF35 mCherry-C1 FRET % FRET %

| 1
5 250 5 15
GFP- U2AF35 mCherry-SF2/ASF ~ FRET % FRET %
a0
e
(@]
@)
Z
| — 1
5 250 5 15
GFP- U2AF35 mCherry-SF2/ASF  FRET % FRET %
=
(Q\
o
0
O
| 1
5 200 5 12.5

Figure 3.14: FRET between U2AF35 and SF2/ASF measd by FLIM. Hela
cells were transfected with EGFP-U2AF35 and coferted with either mCherry-C1
or mCherry-SF2/ASF. Confocal images of transfedelts and FLIM images of the
same cells, in which FRET Efficiency is shown itséacolour. The colour scale with
the respective efficiency (%) is indicated. The HReficiencies were calculated by
fixing the t2 lifetime to the average lifetime valdior EGFP-U2AF35 cotransfected
with mCherry-C1. The FRET efficiencies are showreither continuous or discrete
false colour. (Top) EGFP-U2AF35 + mCherry-C1 (MigldIEGFP-U2AF35 +
mCherry-SF2/ASF (Bottom) EGFP-U2AF35 + mCherry-3¥S¥#, cells treated with
25 ng/ml DRB for two hours before imaging.
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Figure 3.15: FRET efficiencies determined by FLIM br interaction of SF2/ASF
with U2AF35 in the presence and absence of DRBRET efficiencies between the
EGFP and mCherry tagged pairs were determined iggfithe t2 to the mean
lifetime for the donor cotransfected with mCherry:CPlot of mean FRET
efficiencies +/- SD for 7 to 12 cells. To meastire FRET efficiency in the speckles
and nucleoplasm a region characteristic of eachseksted for each cell.

100



3.12 U2AF35 and SF2/ASF interact in immunoprecipithon assays

The interaction between U2AF35 and SF2/ASF wasicoetl by Co-IP assays. 293T
cells were either transfected with EGFP-U2AF35 arckntransfected. Cell lysates
were immunoprecipitated with an anti-GFP antibodjhe immunoprecipitated
proteins were then separated on SDS-PAGE, blottetl detected with an anti-
SF2/ASF antibody. Figure 3.14 shows that endoger®le®/ASF interacts with
EGFP-U2AF35. Treatment with RNaseA demonstrates RINA does not mediate
this interaction.

In conclusion | have used FRET acceptor photobiegc and FLIM
microscopy to demonstrate the interactions involuesxon and intron definition
occur in living HelLa cells. The inhibition of tracrgtion and therefore splicing did
not affect the observed interactions demonstratthgy are not exclusively

cotranscriptional.
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Figure 3.16: EGFP-U2AF35 interacts with SF2/ASF incultured mammalian
cells. IP assays with EGFP-U2AF35. Extracts prepared f2@3T cells either
transiently transfected with EGFP-U2AF35 (lane8 4) or mock-transfected (lanes
5 and 6) were incubated with anti-GFP antibody hioiansepharose beads. The bound
proteins were separated on an SDS 12% polyacrytagetiand analysed by Western
blotting with mAb96. Lanes 1 and 2 were loaded v@®#h of the amount of extract
used for each IP. Alternatively the immunoprecigitaas treated with RNAase (lanes
4 and 6). NTC = Non-transfected cells.
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3.13 Several SR proteins interact with U170K and U35

SR proteins are functionally redundant in the spdjcof some introns. However,
several differences in the ability of these pradeio regulate alternative splicing, as
well as the ability of individual SR proteins tonsmit different pre-mRNAs to the
splicing pathway suggested that individual SR pnstehave unique functions in
splicing regulation (Caceres et al., 1994; Chandteal., 1997; Fu, 1993; Wang and
Manley, 1995).

In vitro experiments have previously shown both SF2/ASF 80685 are
capable of interacting with U170K and U2AF35 (Wuwavaniatis, 1993). Here, |
have extended this study to show that both SC35&muR0 also interact with U170K
and U2AF35 in live HelLa cells. The FRET efficierxiebtained from the acceptor
photobleaching analysis of these interactions hosva in figure 3.15(A). The FRET
efficiencies for the interaction of individual SRogeins with components of the 5’
(U170K) or 3 (U2AF35) splice site were shown te Isimilar. It was also
demonstrated that DRB does not affect the FRETIeficies for the interaction of
SC35 with U2AF35. Interestingly, a significant iease in FRET efficiency is
observed for the interaction of U170K with SC35 mpgoeatment with DRB. The
FRET efficiencies in FRET acceptor photobleachirgegiments were measured in
the speckles therefore this may reflect the faeat tehen transcription is blocked
splicing factors are not recruited to active sitdssplicing in the nucleoplasm,
resulting in a higher FRET efficiency in the speskiThe increased FRET efficiency
upon treatment with DRB may not have been obseirvéd.IM experiments due the

fact that the FRET efficiencies are measured fer whole cell and not just the
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speckles. The interaction of SRp20 with U170K &&RAF35 has not been tested in
the presence of DRB as | have demonstrated thatdhatttling (SF2/ASF) and non-
shuttling SR-proteins (SC35) form complexes with704 and U2AF35 in the
absence of ongoing transcription.

FLIM microscopy was employed to map the proteint@iro interaction sites
of mCherry-SC35 with EGFP-U170K and EGFP-U2AF35urés 3.16 and 3.17
show that at least in certain cells the highest FRHiciencies do not correspond
with regions of speckles, as was the case with A5/ but are instead observed in
areas of the nucleoplasm. A similar pattern wasesl upon treatment with DRB
making it unlikely that these regions of high FREdrrespond to regions of active
transcription and splicing. By measuring the averBRET efficiencies for a number
of cells it was shown that the FRET efficienciesasaed by acceptor photobleaching
or FLIM are very similar (Figure 3.15). The intetiao of SC35 with U170K and
U2AF35 has also been confirmed by Co-IP experim@fitgire 3.18).

In conclusion | have shown that the ability of $Rteins to interact with
components at the 5’ and 3’ splice site in live Halells is not confined to SF2/ASF.
The interactions patterns of a shuttling, SF2/A8#& aonshuttling SR protein, SC35
have been compared. While neither are sensitiRB treatment there appears to be

differences in the localisation of their proteiteractions within the nucleus.
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Figure 3.17: (A) SRp20 and SC35 interact with U170Kand U2AF35. Plot of
FRET efficiencies (average for 7 to 14 cells) bew€FP + YFP pairs measured by
FRET acceptor photobleaching. Mean +/- @B). FRET efficiencies determined by
FLIM for interaction of SC35 with U170K and U2AF35 in the presence and
absence of DRB.FRET efficiencies between the EGFP and mCherrgddgpairs
were determined by fixing the t2 to the mean Iifegifor the donor cotransfected with
mCherry C1. Plot of mean FRET efficiencies +/- ®ID8 to 18 cells.
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Figure 3.18: FRET between U170K and SC35 measuredy &-LIM. Hela cells
were transfected with EGFP-U170K and cotransfeet@td either mCherry-C1 or
mCherry-SC35. Confocal image of transfected celts BLIM image of same cells, in
which FRET Efficiency is shown in false colour. Té@our scale with the respective
efficiency (%) is indicated. The FRET efficiencie®gre calculated by fixing the t2
lifetime to the average lifetime value for EGFP-0K7cotransfected with mCherry-
Cl. The FRET efficiencies are shown in either cardus or discrete false colour.
(Top) EGFP-U170K + mCherry-C1 (Middle) EGFP-U170K mCherry-SC35
(Bottom) EGFP-U170K + mCherry-SC35, cells treatath\25 ng/ml DRB for two
hours before imaging
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Figure 3.19: FRET between U2AF35 and SC35 measurdry FLIM. Hela cells
were transfected with EGFP-U2AF35 and cotransfewtgld either mCherry-C1 or
mCherry-SC35. Confocal image of transfected celts BLIM image of same cells, in
which FRET Efficiency is shown in false colour. Té@our scale with the respective
efficiency (%) is indicated. The FRET efficiencie®gre calculated by fixing the t2
lifetime to the average lifetime value for EGFP-UB5 cotransfected with mCherry-
Cl. The FRET efficiencies are shown in either camdus or discrete false colour.
(Top) EGFP-U2AF35 + mCherry-C1 (Middle) EGFP-U2AF35 mCherry-SC35
(Bottom) EGFP-U2AF35 + mCherry-SC35, cells treatgith 25 ng/ml DRB for two

hours before imaging
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Figure 3.20: (A) EGFP-U2AF35 interacts with T7-SC35n cultured mammalian
cells. IP assays with EGFP-U2AF35. Extracts prepared 23T cells either
transiently transfected with EGFP-U2AF35 and pCGSIZ35 (lanes 3 and 4) or
pCG-T7-SC35 (lanes 5 and 6) were incubated with-@RP antibody bound to
sepharose beads. The bound proteins were analysé&tiestern blotting with T7
antibody. Alternatively the immunoprecipitate wasated with RNAase (lanes 4 and
6). Lanes 1 and 2 were loaded with 2% of the amotiektract used for each IHB)
EGFP-SC35 interacts with T7-U170K in cultured mammdéan cells. Extracts
prepared from 293T cells either transiently tractefd with EGFP-SC35 and pCG-
T7-U170K (lanes 3 and 4) or EGFP-SC35 (lanes 56neere incubated with anti-T7
antibody bound to sepharose beads. The bound psoteere analysed by Western
blotting with anti-GFP antibody. Alternatively thenmunoprecipitate was treated
with RNAase (lanes 4 and 6). Lanes 1 and 2 wergeldavith 2% of the amount of
extract used for each IP.
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3.14 Self-interactions of SR proteins

Previously,in vitro data and yeast two-hybrid analysis have shown 885 is
capable of interacting with itself and with SF2/A$Fu and Maniatis, 1993). In
addition, the Drosophila SR-related proteins Tramser (Tra) and Transformer-2
(Tra-2) have been shown to interact with each otegh themselves, and with SC35
and SF2/ASF (Amrein et al., 1994; Wu and Maniati893). | have studied the
interactions between SR proteins using acceptortopleaching and FLIM
microscopy to confirm SC35 interacts with SF2/ASkd adentify a novel self-
interaction of SF2/ASF.

Figure 3.19(A) shows cotransfection of ECFP-SFEHA&th either EYFP-
SF2/ASF or EYFP-SC35 resulted in significant FR&ith similar FRET efficiencies
being measured by acceptor photobleaching for dénactions. FLIM microscopy
revealed the distribution of these interactionshimitthe nucleus are similar to those
observed for the interaction of SF2/ASF with EGFPZOK and EGFP-U2AF35 with
the highest FRET efficiencies occurring in the &pes (Figure 3.20). The FRET
efficiencies measured by FLIM were quantified fomamber of cells to confirm
significant FRET could be measured by both acceptwtobleaching and FLIM
microscopy for the interaction of SF2/ASF with SG8f with itself (Figure 3.19).

This novel self-interaction of SF2/ASF has beemficmed by Co-IP
experiments in 293T cells. Figure 3.21 shows thmamunoprecipitated EGFP-

SF2/ASF is capable of pulling down endogenous SEE/A
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Figure 3.21: (A) SF2/ASF interacts with SC35 and isapable of interacting with
itself. Plot of FRET efficiencies (average for 10-12 cebisjween CFP + YFP pairs
measured by FRET acceptor photobleaching. MearSB/-(B) FRET efficiencies
determined by FLIM for interaction of SF2/ASF with SC35 itself. FRET
efficiencies between the EGFP and mCherry tagged peere determined by fixing
the t2 to the mean lifetime for the donor cotraatdd with mCherry-C1. Plot of mean
FRET efficiencies +/- SD for 11-12 cells.
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Images were taken by David Lleres (Dundee)

Figure 3.22: (A) FRET between SF2/ASF and SF2/ASF easured by FLIM.
HelLa cells were transfected with EGFP-SF2/ASF otracsfected mCherry-
SF2/ASF. Confocal image of transfected cells andMFimage of same cells, in
which FRET Efficiency is shown in false colour. Té@our scale with the respective
efficiency (%) is indicated. The FRET efficiencie®gre calculated by fixing the t2
lifetime to the average lifetime value for EGFP-S%&F cotransfected with
mCherry-C1. The FRET efficiencies are shown inegitbontinuous or discrete false
colour. (Top) EGFP-SF2/ASF (Bottom) EGFP-SF2/ASEm€herry-SF2/ASHB)
FRET between SF2/ASF and SC35 measured by FLIMExperiments were
performed as described in panel (A) except cellsewstransfected with EGFP-
SF2/ASF and mCherry-SC35.
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Figure 3.23: EGFP-SF2/ASF interacts with endogenouSF2/ASF in cultured
mammalian cells.IP assays with EGFP-SF2/ASF. Extracts prepared #0871 cells
either transiently transfected with EGFP-SF2/A%hél 3 and 4) or EGFP-C1 (lanes
5 and 6) were incubated with EGFP antibody boundefgharose beads. The bound
proteins were separated on an SDS 12% polyacryagetiand analysed by Western
blotting with mAb96. Alternatively the immunopredgte was treated with RNAase
(lanes 4 and 6). Lanes 1 and 2 were loaded witloR&e amount of extract used for
each IP.
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In conclusion | have employed FRET microscopy tafem existingin vitro and

yeast two-hybrid data on the interaction of SF2/A8th SC35 and identified a novel
ability of SF2/ASF to interact with itself. Thesateractions are important in
determining how SR proteins can simultaneouslyradewith U170K and U2AF35
and contact the pre-mRNA through their RS domaihsseveral stages during

spliceosome assembly.

3.15 Mutational analysis of domains of SF2/ASF reqred for the

interactions with U170K and SF2/ASF

Previous studies have suggested that RS domaingipatie in protein-protein
interactions with other RS domain containing prageiThe RS domain of U2AF35 is
required for interactions with Tra, Tra2 and SRtgires and U2ABRS is inactive in
enhancer-dependent splicing (Zuo and Maniatis, 19%&irthermore, a serine-
arginine rich domain of U170K has been shown tonbeessary and sufficient for
SF2/ASF binding by yeast-two hybrid and far westaralysis (Cao and Garcia-
Blanco, 1998). The RS domain of SF2/ASF has beewsto be necessary but not
sufficient for binding to U170Kin vitro (Xiao and Manley, 1997; Jamison et al.,
1995). | have used FRET microscopy to study thdepweprotein interactions of a
mutant of SF2/ASF lacking the C-terminal RS dom@R2/ASHORS) in live HelLa
cells. Significant FRET was observed by acceptatgbleaching and FLIM for the
interaction of SF2/ASBRS with U2AF35 and U170K and the FRET efficiencies

were similar to those measured for the wild typatgin (Figure 3.22).
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Figure 3.24: (A) FRET efficiencies for interactionof SF2/ASHDRS with U170K
and U2AF35. Plot of FRET efficiencies (average for 8 cells)viie¢n CFP + YFP
pairs measured by FRET acceptor photobleaching.nMea SD. (B) FRET
efficiencies determined by FLIM for interaction of SF2DRS with U170K and
U2AF35. FRET efficiencies between the EGFP and mCherry edggairs were
determined by fixing the t2 to the mean lifetime fbe donor cotransfected with
mCherry C1. Plot of mean FRET efficiencies +/- D7 cells.
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Figure 3.25: (A) FRET measured by FLIM for interaction of SF2/ASHDRS with
U170K. HelLa cells were transfected with EGFP-SF2/BRE and cotransfected with
either mCherry-C1 or mCherry-U170K. Confocal imagfetransfected cells and
FLIM image of same cells, in which FRET Efficienisyshown in false colour. The
colour scale with the respective efficiency (%)ndicated. The FRET efficiencies are
shown in either continuous or discrete false colgliop) EGFP- SF2/ASPRS +
mCherry-C1 (Bottom) EGFP- SF2/ABRS + mCherry-U170K (B) FRET
measured by FLIM for interaction of U2AF35 with SFZASFDRS. Experiments
were performed as described in panel (A) exceps eadre cotransfected with EGFP-
SF2/ASF and mCherry-SF2/ASF.
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Based onin vitro data the ability of SF2/AIPDRS to interact with U170K and
U2AF35 is unexpected. The presence of RNA and esumgs proteins within the
cell may stabilise the complexes containing SF2/B8% to such an extent that
FRET is observed.

Following the observation that deletion of the &#nain of SF2/ASF did not
abolish the interactions with U170K and U2AF35 ivelcells, it was investigated
whether point mutations in the second RRM (RRM2)S#12/ASF would perturb
these interactions. The mutant, WQD-AAA (hereireredd to as SF2/ASF AAA) was
generated by Giuseppe Biamonti’s lab (Chiodi et2004) by replacing three surface
residues in the heptapeptide, SWQDLKD, that compdise firsta-helix of RRM2
and is conserved in all the SR proteins containgatypical RRM (Birney et al.,
1993). According to the RRM model, this extendetielix is not involved in RNA
binding but has a structural function and could awailable for protein-protein
interactions (Dauksaite and Akusjarvi, 2002; Gealet 1998; Petersen-Mahrt et al.,
1999). Mutations in this heptapeptide have beerwshtw affect the function of
SF2/ASF in translation (Sanford et al., 2005) ahdrative splicing (Chiodi et al.,
2004).

| have tested the ability of SF2/ASF AAA to intetrawith U170K and
U2AF35 by acceptor photobleaching. Figure 3.24(B9ves that point mutations in
the second RRM are not sufficient to abolish theraction with U170K or U2AF35
in live cells. Furthermore, U170K was shown to kapable of interacting with
SF2/ASF AAA in Co-IP experiments (Figure 3.24(B)his interaction appears to be

reduced by treatment with RNase (compare lanesi4an
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Figure 3.26: (A) FRET efficiencies for interactionof SF2/ASF AAA with U170K
and U2AF35. Plot of FRET efficiencies (average for 7 to 9 deietween CFP +
YFP pairs measured by FRET acceptor photobleacivtegan +/- SD.(B) EGFP-
SF2AAA interacts with T7-U170K in cultured mammalian cells.Extracts prepared
from 293T cells either transiently transfected Wwi#BFP-SF2/ASF AAA and pCG-
T7-U170K (lanes 4 and 5) EGFP-C1 and pCG-T7-U17R@Kgs 8 and 9) or EGFP-
SF2/ASF AAA (lanes 6 and 7) were incubated withi-a@t antibody bound to
sepharose beads. The bound proteins were analys&@stern blotting with anti-SF2
antibody. Alternatively the immunoprecipitate wasated with RNAase (lanes 5, 7
and 9). Lanes 1,2 and 3 were loaded with 2% ofatheunt of extract used for each
IP.
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3.16 HCC1 interacts with both U2AF35 and U2AF65

A gene-trap screen carried out in our laboratorsigieed to identify novel proteins
located in nuclear speckels isolated a novel S&edlprotein, SRrp53, required for
the second step of splicing (Cazalla et al., 200&ast two-hybrid and Co-IP
experiments identified HCC1 as interacting partoeSRp53 (Cazalla et al., 2005).
HCCL1 is highly related to U2AF65 (Imai et al., B99although a role in constitutive
splicing is unclear (Dowhan et al., 2005). It hae proposed that HCC1 interacts
with components at the 3 splice site possibly aeplg U2AF65 at the
polypyrimidine tract and forming a U2AF-like compleiith U2AF35. The formation
of this complex may be facilitated by interactiomsh SRrp53 (Cazalla et al., 2005).
Moreover, several factors related to U2AF35 havenbeharacterized in mammalian
cells suggesting the existence of multiple U2ARlikomplexes (Tronchere et al.,
1997; Shepard et al., 2002).

| have characterised the protein interaction mastnof HCC1 by Co-IP
experiments and subsequently by FRET microscopyurgi 3.25(A) shows EGFP-
U2AF35 is capable of pulling down T7-epitope-taggd@C1.4 in Co-IP assays
carried out in 293T cells. The hypothesis that HOGHy form an alternative U2AF-
like complex with U2AF35 was challenged by the obaton that endogenous HCC1
can pull down both U2AF35 and U2AF65 in Co-IP asséyigure 3.25). This data
suggests that HCCL1 interacts with the U2AF hetenediin an RNA-independent
manner, although it is possible that HCC1-U2AF38 &CC1-U2AF65 complexes

exist within the cell.
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Figure 3.27: (A) EGFP-U2AF35 interacts with T7-HCC14 in cultured
mammalian cells. IP assays with T7-HCC1.4. Extracts prepared fror8T28ells
either transiently transfected with EGFP-U2AF35 a@-T7-HCC1.4 (lanes 3 and
4) or EGFP-U2AF35 (lanes 5 and 6) were incubatdd amti-T7 antibody bound to
sepharose beads. The bound proteins analysed bteMvdsotting with anti-GFP
antibody. Alternatively the immunoprecipitate wasated with RNAase (lanes 4 and
6). Lanes 1 and 2 were loaded with 2% of the amotiektract used for each IHB)
U2AF65 interacts with HCC1 in cultured mammalian cdls. IP assays with
endogenous HCCL1. Extracts prepared from 293T warabated with either anti-
HCCL1 antibody bound to sepharose beads (lanes 2)aod sepharose beads alone
(lanes 3 and 5). The bound proteins were analyseWestern blotting with anti-
U2AF65 antibody. Alternatively the immunoprecipgatvas treated with RNAase
(lanes 4 and 5). Lane 1 was loaded with 2% of theumt of extract used for each IP.
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| have further characterised the protein-proteiteractions of HCC1 by acceptor
photobleaching. Cotransfection of ECFP-HCC1 atliteeiEYFP-U2AF35 or EYFP-

U2AF65 resulted in significant FRET being obserwbdt was not significantly

altered upon DRB treatment (Figure 3.26(A)). Impotly as previously

demonstrated by acceptor photobleachingiandtro assays | can confirm U2AF65
does not interact with itself by acceptor photobheag (Chusainow et al., 2005).

The subnuclear localisation of protein-proteinerattions between EGFP-
HCC1 and mCherry-U2AF35, and mCherry-U2AF65 hasnbempped by FLIM
microscopy. The highest regions of FRET for thesnattion of EGFP-HCC1 with
mCherry-U2AF35 were not confined to the specklesvas previously observed for
the interactions involving SF2/ASF, instead theppears to be variations between
individual speckles within the cell (Figure 3.2Fpr the interaction of EGFP-HCC1
with mCherry-U2AF65 it is very clear that the higheegions of FRET occur within
discrete domains within the nucleoplasm and nohiwithe speckles (Figure 3.28).
Similar results have been observed with ECFP-HC@L &Y FP-U2AF65 by FLIM
microscopy (data not shown). Figure 3.28 (lowerghashows that these regions of
high FRET persist in the nucleoplasm upon treatmeétit DRB. A t-test has been
applied to demonstrate that a significant increaseFRET efficiency for the
interaction of HCC1 with U2AF35 or U2AF65 is obsedvupon treatment with DRB.
This may reflect the formation of complexes that mot disassembled upon inhibition
of transcription. Further analysis will be requiredl check that the level of the
acceptor fluorophore is equal in treated and uteckaamples as the ratio of donor to
acceptor has been shown to affect FRET efficienckegure 3.26 shows that

significant FRET is not observed between EGFP-UZARBBd mCherry-U2AF65.
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Therefore | have confirmed by both acceptor phaathing and FLIM that this
interaction does not result in significant FRET

Taken together these results show that HCC1 danaict with both subunits
of the U2AF heterodimer and demonstrate that diffecomplexes of splicing factors

are distributed in different regions within the haus.
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Figure 3.28: (A) Effect of DRB on interactions of HLC1 with U2AF35 and
U2AF65. Plot of FRET efficiencies (average for 8 to 18)dbetween ECFP + EYFP
pairs measured by FRET acceptor photobleaching.nMea SD. (B) FRET
efficiencies determined by FLIM for interaction of HCC1 with U2AF35 and
U2AF65 in the presence and absence of DREERET efficiencies between the
EGFP and mCherry tagged pairs were determined iggfithe t2 to the mean
lifetime for the donor cotransfected with mCherry-:CPlot of mean FRET
efficiencies +/- SD for 6 to 12 cells.
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Figure 3.29: FRET between HCC1 and U2AF35 measureoy FLIM. Hela cells
were transfected with EGFP-HCC1 and cotransfectdéd aither mCherry-C1 or
mCherry-U2AF35. Confocal image of transfected celtsl FLIM image of same
cells, in which FRET Efficiency is shown in falsel@ur. The colour scale with the
respective efficiency (%) is indicated. The FRETice#ncies were calculated by
fixing the t2 lifetime to the average lifetime valior EGFP-HCC1 cotransfected with
mCherry-C1. The FRET efficiencies are shown inegitbontinuous or discrete false
colour. (Top) EGFP-HCC1 + mCherry-C1 (Middle) EGARC1 + U2AF35-
mCherry (Bottom) EGFP-HCC1 + U2AF35-mCherry, cdlisated with 25ng/ml
DRB for two hours before imaging
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Figure 3.31: (A) FRET between HCC1 and U2AF65 meased by FLIM. Hela
cells were transfected with EGFP-HCC1 and cotratsfewith either mCherry-C1 or
mCherry-U2AF65. Confocal image of transfected celtel FLIM image of same
cells, in which FRET Efficiency is shown in falselaur. The colour scale with the
respective efficiency (%) is indicated. The FRETicgncies are shown in either
continuous or discrete false colour. (Top) EGFP-HCE mCherry-C1 (Middle)
EGFP-HCC1 + U2AF65-mCherry (Bottom) EGFP-HCC1 + BBA-mCherry, cells
treated with 25m/ml DRB for two hours before imagin(B) Non-significant FRET

is observed between EGFP-U170K and mCherry-U2AF35HeLa cells were
transfected with EGFP-U2AF65 and cotransfected witG@herry-U2AF65. Cells
were analysed exactly as described for panel (A)
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Discussion

Protein-protein interactions involved in spliceosorassembly have been studied
extensively in the past usinip vitro techniques and yeast two-hybrid analysis.
However, the advent of FRET microscopy has mad@ossible to study the
interactions between splicing factors in real-timdive cells, without perturbing the
highly structured dynamic nature of the nucleus imroducing artificial salt
concentrations. The importance of studying profeiiein interactions in live cells is
demonstrated by previous work that shows that #sea@ation of the RNA-binding
protein HUR with its target mMRNA, c-fos, as detdchy co-immunoprecipitatation,
results largely from the reassociation of molecuelssequent to cell lysis (Mili and
Steitz, 2004). The existence of such post-lysisrasgements thus demonstrates that
co-immunoprecipitation does not always recapituldtee in vivo state of
ribonucleoprotein complexes.

The role of different subnuclear compartments mitthe nucleus has been
investigated by studying the colocalisation of éastwith a variety of nuclear bodies.
However, by FRET microscopy it is possible to digtiish between those factors that
simply reside in the same compartments and thaseftimctionally associate with
each other. Furthermore, biochemical isolation wél@ar bodies only captures their
composition at a particular moment in time and duo&sallow the rapid trafficking of
molecules to and from nuclear bodies to be stufliedewed by (Dundr and Misteli,
2001b)). To further investigate the function of leac bodies, assays capable of
localising specific molecular complexes are neededthis end, | have used FRET
microscopy to study a variety of splicing factomguexes. Firstly, FRET acceptor

photobleaching was used to confirm that the fluoealy tagged proteins can interact
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within a localised area within the cell and subssdly FLIM microscopy was
employed to precisely map the distribution of gpticcomplexes throughout the cell.
The existence of splicing complexes previouslyassdin vitro has been confirmed

in living cells and the technique has been useadentify novel splicing complexes.

4.1 The protein-protein interactions involved in eon and intron

definition occur in living HelLa cells

Because the detection of FRET between two fluordstmlecules depends strongly
on their proximity (Patterson et al., 2000), tl@shnique can provide strong evidence
that two proteins interact within a cell. HowevaRET alone cannot confirm a direct
protein-protein interaction. Additional componentisat may be proteins or RNA,
may be required to stabilise the complexes comtgirthe fluorescently tagged
proteins. Under these circumstances, FRET wouldbdserved as long as the donor
and acceptor fluorophores are in an optimal oriertaand are brought to within 1
and 10 nm of each other. Therefore, initially 1di$ERET microscopy to study the
interactions between splicing factors that hadaalyebeen shown to directly interact
with each othem vitro.

The SR proteins, SF2/ASF and SC35, have previduestyn shown to interact
with U170K and with U2AF35 byn vitro approaches (Wu and Maniatis, 1993; Kohtz
et al., 1994). Furthermore, yeast two-hybrid arnalysas demonstrated that SR
proteins can interact simultaneously with U170K as@AF35 (Wu and Maniatis,
1993). Therefore it was proposed that SR proteiag p role in exon and intron

definition by interacting with U170K bound at thesplice site and U2AF35 bound at
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the 3’ splice site. | have used FRET microscopgemonstrate that the SR proteins
SF2/ASF and SC35 interact with both U170K and U23H3ave also extended the
original in vitro studies to show that another SR protein family toem SRp20,
interacts with U170K and U2AF35.

The ability of each individual SR protein to cdempent an inactive S100
cytosolic extract suggests SR proteins have redunfienction in the constitutive
splicing of certain introns. However, several diffieces in the ability of these proteins
to regulate alternative splicing suggested thatviddal SR proteins have unique
functions in splicing regulation (Caceres et ab94; Wang and Manley, 1995;
Chandler et al., 1997). In addition genetic anayseSR proteins demonstrates that
particular SR proteins have specific functions ert@in tissues or at particular
developmental stages (Wang et al., 1998b; Jumah, €999; Wang et al., 2001; Xu
et al., 2005).

The mechanism of splice-site selection in alteugatind constitutive splicing
are closely related (Horowitz and Krainer, 1994ré#fore the ability of numerous SR
proteins to interact with U170K and U2AF35 may lbeportant for their role in
regulating alternative splicing. At this point ime, SRp54 is the only SR protein that
does not interact with U170K and U2AF35 but insteddracts with U2AF65 (Zhang
and Wu, 1996). However, a role for SRp54 in theomtridging of smalDrosophila
introns has been suggested (Kennedy et al., 1998).

| have demonstrated that SR proteins interact WiktAOK and U2AF35 with
a similar FRET efficiency and that the protein-piot interactions between SR
proteins and U170K or U2AF35 have a similar disttibn within the nucleus.
However, it has not been demonstrated by FRET meoqoy that SR proteins interact

simultaneously with U170K and U2AF35. This could fesolved by carrying out
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three-chromophore FRET analysis that allows mudtgin complexes to be studied in

living cells (Galperin et al., 2004).

4.2 The interactions between splicing factors are at exclusively

cotranscriptional

The protein-protein interactions between U2AF35 BRAF65 have previously been
studied by FRET acceptor photobleaching in thegmes and absence of the pol Ii
inhibitor, DRB, to analyse the effect upon thisenaiction of inhibiting transcription
and therefore splicing (Chusainow et al., 2005).otJgreatment with DRB no
significant decrease in the FRET efficiency foistmteraction was observed. | have
studied numerous interactions between splicingofacand have shown that none of
them are abolished by treatment with DRB. This datggests that certain splicing
factors form complexes within the cell before benegruited cotranscriptionally to
the spliceosome.

Further evidence that SR proteins and U170K astowidh each other before
they are recruited cotranscriptionally to the shsome has come from studies of
factors associated with pol II. A comprehensive t@omic analysis of
immunopurified human pol Il identified over 100 spieally associated proteins (Das
et al.,, 2007). Among these are the SR proteins aihthe components of the Ul
snRNP, but no other snRNP or splicing factors. Ties led to a model being
proposed whereby the association of UL snRNP angdr8teins with pol Il results in
their cotranscriptional recruitment to nascent faipts to promote spliceosome

assembly. Further evidence for this model is preditdy the observation that splicing
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efficiency is strongly enhanced if SR proteins available during transcription but
not if they are added immediately after transaoiptiFRET microscopy could be
employed to study the association of splicing fectwith pol II. It would be
particularly interesting to determine whether tlssagiation of splicing factors with
pol Il requires ongoing transcription.

Chromatin immunoprecipitation assays that deteahstription-dependent
accumulation of splicing factors have demonstrated splicing factors are poorly
detected on intronless genes, a result that oppbsss recruitment by Pol Il or the
cap binding complein vivo (Gornemann et al., 2005; Listerman et al., 2006).

Currently only components of the Ul and U2 snRNP ron-snRNP-
associated splicing factors) have been studiedUSRET microscopy. Studying the
protein-protein interaction of U4, U5 or U6 asst&ihaproteins may enable us to
determine whether the snRNPs engage the pre-mRNAp&nta-snRNP (Stevens et
al., 2002) or whether they are recruited sequéntigbr example if the shRNPs are
recruited sequentially FRET between U2 and U5 aasmt proteins would be
expected to occur only after formation of the ggheomal B complex and therefore
should not occur in transcriptionally inactive sell

| was able to confirm that SR proteins interacthwid170K and U2AF35.
However, due to the fact that these interactions@oappear to occur exclusively in
the spliceosome it has not been possible to determhether these interactions occur
on the pre-mRNA or whether they play a role in exmd intron definition. To
address the question of whether FRET can be ddtdméveen splicing factors
interacting on a pre-mRNA the MS2-GFP system, #ilbdws transcription to be
visualised in live cells, could be employed (Janiekal., 2004). It has previously

been demonstrated that induction of a highly exqgésgyene leads to the recruitment
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of splicing factors to the site of transcription igk&li et al., 1997), this would be
expected to be accompanied by an increased FRETieaffy at the site of

transcription. Using a variety of reporters with tated binding sites or variable
lengths of exons or introns could lead to key ih8gnto whether SR proteins play a

role in bridging exons and introns in live cells.

4.3 The role of the RS domain in pre-mRNA splicing

The role of the RS domain in pre-mRNA splicing ivirlg cells was investigated by
studying the protein-protein interactions of a mutaf SF2/ASF that lacks the C-
terminal RS domain (SF2/A8RS) with U170K and U2AF35 using FRET
microscopy. The traditional view that SR and SRded proteins contact the pre-
MRNA through their RRMs and that the RS domain adsa protein-protein
interaction domain is now being challenged by sisdhat show that U2AF65 and SR
proteins contact the pre-mRNA through their RS domat several stages during
spliceosome assembly (Valcarcel et al.,, 1996; S#eal., 2004; Shen and Green,
2004; Hertel and Graveley, 2005). While some expenits have shown that SR
proteins bound to an enhancer promote the binding?@F to the 3’ splice site of a
regulated intron (Wang et al., 1995; Graveley gt2§101), through the RS domain of
U2AF35 (Zuo and Maniatis, 1996), other experimaexperiments failed to observe
changes in U2AF recruitment in the presence or rales®f an enhancer (Li and
Blencowe, 1999; Kan and Green, 1999). Genetic éxgats in Drosophila have
demonstrated that flies expressing a version of AREB (the homolog of U2AF35)
that lacks its RS domain — which, therefore shawtinteract with SR proteins — do

not display any defects in the splicing of doubkepee-mRNA, one of the model
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genes for which U2AF recruitment was shown vitro (Rudner et al., 1998).
Furthermore, in contrast to the essential role SURNP recruitmenh vitro, the RS
domain of the Drosophila large subunit homologud2ZAF50) was dispensable
vivo (Rudner et al., 1998). Therefore in contrast ® shparate roles assigned to the
U2AF RS domain vitro, they may have redundant functionivo.
The RS domain of SF2/ASF is dispensable for theeotmation-dependent effects on
alternative splice-site-selection and for splicin§ several substrates, including
constitutive and enhancer-dependent pre-mRNAs (@acaend Krainer, 1993; Zhu
and Krainer, 2000). Furthermore, the RS domain E2/8SF was found not to be
required for enhancing U1 snRNP binding to alteweab’ splice sites (Eperon et al.,
2000) and it is not sufficient for the interactiaith U170K (Xiao and Manley, 1997).
Therefore SR proteins have an RS domain-indeperfdaction in constitutive and
enhancer-dependent splicing that may include réigglgrotein-protein interactions
through their RRMs (Ge et al., 1998) or competinthwegative factors, such as
hnRNPs, for the nascent pre-mRNA. It has previousgn shown that SF2/ASF
lacking an RS domain can displace hnRNP Al frompieemRNA (Eperon et al.,
2000). Furthermore, the identity of the RS domannbt important inin vivo
alternative splicing assays, as RS domains aretitunadly interchangeable. In
contrast RRM2 of SF2/ASF has a dominant role amd @anfer specificity to a
heterologous protein (van der Houven van Oordt. g2@00).

| have demonstrated that both U2AF35 and U170Kictemact with SF2/ASF
lacking an RS domain (SF2/ABRS) by FRET microscopy. This suggests that other
domains of SF2/ASF may have roles in mediatinggbngprotein interactions vivo.
The observation that SF2/ASF can interact with 08 proteins (Wu and Maniatis,

1993) and with itself indicates that SF2/AFES may be incorporated into a complex

131



with the wild type endogenous SR proteins and theréscently tagged U170K or
U2AF35 resulting in significant FRET being observétie presence of RNA in the
cell may also be important for stabilising this qex. The fact that SF2/ASIRS
can function in the splicing of certain substratgbu and Krainer, 2000) and that
significant FRET is observed in the nucleoplasmictvitould correspond to active
sites of splicing, suggests that SF2/AKS can be incorporated into the spliceosome.
The fact that SR proteins can self-interact presidWu and Maniatis, 1993)
an explanation as to how SR proteins can be indolmecontacting the pre-mRNA
through their RS domain and simultaneously intevatt both U170K and U2AF35.
It could be proposed that for each molecule of UKL@a8d U2AF35 there are multiple

SR proteins leaving some RS domains free to cotttagbre-mRNA (Figure 4.1).
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Figure 4.1 Proposed model for the interactions of B proteins with U170K and
SF2/ASF. SR proteins have been observed to self-interadtrigao the proposal that
for each molecule of U170K and U2AF35 there aretiplel SR proteins. The
U170K-SR protein-U2AF35 complex is proposed to famdependent prior to it's
recruitment to the spliceosome.
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4.4 HCC1 interacts with both subunits of the U2AF kterodimer

The role of HCC1, a factor highly related to U2AF656 constitutive splicing is
poorly understood. An alternatively spliced isofoahHCC1, HCC1.3 (also called
CAPERa), was purified as a spliceosome component capdldéecting the splicing
reaction (Jung et al., 2002; Hartmuth et al., 20R&ppsilber et al., 2002; Auboeuf et
al., 2004) and has been shown to regulate trariggripnd alternative splicing in a
steroid hormone-dependent manner (Dowhan et aQi5)2@Previously it has been
shown that an alternative isoform of HCC1 contagnan additional 6 amino acids,
HCC1.4, interacts with an SR-related protein, SRrpfat can activate weak 3’ splice
sites (Cazalla et al., 2005). Furthermore, a sedd®®F65-like component, PUF60,
has been identified that binds to the polypyrimediract and regulates the alternative
splicing of a subset of exons (Page-McCaw et 8091 Hastings et al., 2007). Mass
spec analysis of PUF60 protein interaction partindeatified U2AF65 and HCC1 as
well as SR proteins and components of the U1 sn@Ni#Btings et al., 2007). Finally,
U2AF65, PUF60 and HCC1 have all been shown to actewith SRp54 which has
been implicated in early 3’ splice site recognitidhang and Wu, 1996; Page-
McCaw et al., 1999; Dowhan et al., 2005). This ledsto the proposal that U2AF65-
like factors can interact with components requii@dthe early recognition of the 3’
splice site and influence the commitment to spéicin

Due to the high degree of homology between HCC1W24F65 it could be
proposed that HCC1 can bind to the polypyrimidireett in place of U2AF65 and
interact with a U2AF35 to form a U2AF-like complékigure 4.2(A)). However,

FRET microscopy has demonstrated that HCC1 is ¢apzfbinteracting with both
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subunits of the U2AF heterodimer this has led t® pinoposal of two alternative
models. The ability of U2AF35 but not U2AF65 tofgateract (Chusainow et al.,
2005) may facilitate the formation of a complex @aning HCC1 and both subunits
of the U2AF heterodimer (Figure 4.2 (B)). This mbdssumes that the self-
interaction of U2AF35 does not prevent the intecactvith U2AF65. At this point in
time the domain responsible for the self-interactid U2AF35 has not been mapped.
In the second model HCC1 forms binary complexes weither U2AF35 or U2AF65
(Figure 4.2(C). However, it remains possible thathbsituations could exist within
the cell

There are several ways to distinguish betweerethgs models. It would be
interesting to carry out a FRET analysis with vasionutants of HCC1 to determine
the domains responsible for the interactions wiAB35 and U2AF65. If the model
presented in Figure 4.2 (B) is correct it is makely that different domains of HCC1
mediate the interactions with U2AF35 and U2AF65wdiuld also be interesting to
determine whether mutations affecting the selfratBon of U2AF35 affect the
interaction of HCC1 with the U2AF heterodimer.

Several biochemical approaches could be applielist;nguish between these
two models. Gel filtration assays could be utilised determine the size of the
complex in which HCC1 resides. GST-pull down assagiag recombinant proteins
could be applied to determine whether the intepacof HCC1 with the U2AF
heterodimer requires the presence of both subuhiCC1 is able to interact with

U2AF65 in the absence of U2AF35 it would favour thedel presented in Figure 4.2

(C).
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Figure 4.2: Proposed models for the role of HCC1 isplicing. (A) Based on the
homology between HCC1 and U2AF65 it was proposatHICC1 replaces U2AF65
at the polypyrimidine trac{B) FRET analysis shows that U2AF35 can self-interact
and HCC1 interacts with both subunits of the U2&fondimer. This has led to an
alterntive model whereby the self-interaction ofAF35 mediates the formation of a
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complex containing HCC1 and U2AFG&) HCC1 forms binary complexes with

both U2AF35 and U2AF65. These complexes may or meaexists on the pre-
MRNA. The models presented in (B) and (C) may motloitally exclusive.

There are several other approaches that could ken tib gain an insight into a
potential role for HCC1 in constitutive splicing.hile HCC1 has been shown to be
present in the human spliceosome (Rappsilber,e2@02) it has not been determined
at which stage it is recruited or whether it intésawith the polypyrimidine tract. It
would be interesting to determine the RNA-bindilaggets of HCC1 to determine
whether it is recruited to a subset of transcripigsally it would be interesting to
determine whether HCC1 is able to compensate foletden of U2AF65.

Previously, a U2AF35-related protein (Urp) has besatated and despite its
homology to U2AF35 their functions do not overldpgnchere et al., 1997). Urp
interacts with U2AF65 through a U2AF35 homologoegion and with SR proteins
through its RS domain, however co-immunodepletioomged that Urp is associated
with the U2AF heterodimer and does not form arraétive U2AF-like complex with
U2AF65. It has been proposed that Urp and U2AF3fependently position RS-
domain-containing factors within spliceosomes. Tdieservation that HCC1 can
interact with the U2AF heterodimer and with SR-tedhproteins suggests a similar
role for this protein in spliceosome assembly. iftteractions of Urp and HCC1 with
the U2AF heterodimer and the observation that UZAIEAn interact with itself
(Chusainow et al., 2005) offers an insight into HO2AF35 can mediate interactions
with other RS-domain-containing factors bound a # splice site, assembled in
splicing enhancer complexes, or associated wittud&)6.U5 snRNP.

A second U2AF35-like factor, U2AF26, has been idiex (Shepard et al.,
2002). The N-terminal amino-acids of U2AF35 and B2A are almost identical.

However, the C-terminal domain of U2AF26 lacks mattyaracteristics of the

U2AF35 RS domain. U2AF26 can associate with U2AR®E can functionally
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substitute for U2AF35 in both constitutive and emdex-dependent splicing, despite
the absence of an RS domain. Therefore distinct FJB& complexes can function
in pre-mRNA splicing. Further investigation will bequired to determine whether

HCC1 interacts directly with U2AF26 or Urp.

4.4 Subcellular distribution of splicing complexes

The subcellular distribution of protein-protein @rdactions has been mapped at
nanometer resolution using FLIM. Previously fluaest recovery after
photobleaching (FRAP) analysis has shown that isglitactors are highly dynamic
and shuttle rapidly between speckles and the npldem (Phair and Misteli, 2000;
Kruhlak et al., 2000). Therefore these highly dymammbundant factors may be
constantly associating and disassociating with eatter within the nucleus.
Interestingly, we found that these protein-proteteractions have a differential
distribution within the nucleus; whereas interagsianvolving SF2/ASF localized
preferentially to the nuclear speckles, those mwngl SC35 preferentially localized to
the nucleoplasm.

The protein-protein interactions involving HCCl@lmapped to discrete domains
within the nucleus. While the highest regions oftHRbetween HCC1 and U2AF35
were observed in some speckles but not othersetifiens of highest FRET between
HCC1 and U2AF65 were restricted to discrete domairtisin the nucleoplasm and
absent from the speckles. As these domains petsistéhe presence of DRB they
probably don’t correspond to active sites of tramgsion. However it remains to be

determined whether post-transcriptional splicingurs in these regions.
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In summary, FLIM data demonstrate that the fornmatd splicing factor complexes
is not exclusively regulated by the abundance dfividual components, as the
highest FRET efficiencies did not always occur @gions where splicing factors

concentrate.

4.5 Speckles act as storage or assembly sites fpligng factors

In certain cases the highest FRET efficiencies walserved in the speckles.
Numerous pieces of evidence suggest that specidasoa active sites of splicing but
act as storage or assembly sites for splicing factbherefore, this provides further
evidence that factors involved in intron and exaifirdtion associate together in a
complex before being recruited cotranscriptiontdlyhe spliceosome.

In this thesis | provide further evidence that $bex act as storage or
assembly sites for splicing factors. By comparihg tFRET efficiencies in the
nucleoplasm and the speckles in the presence amhed of DRB for the interaction
of SF2/ASF with U170K or U2AF35 it was observedttidRB treatment causes
FRET to decrease in the nucleoplasm relative teeat#d cells. This is probably due
to the fact that treatment with DRB causes spedkidseecome enlarged and rounded
up as splicing factors are no longer recruited dtiva sites of transcription and
therefore are not incorporated into the spliceosorhe changes in FRET efficiency
observed upon treatment with DRB are consistenth wihe idea that in
transcriptionally inhibited cells there are les®tpim-protein interactions between

splicing factors in spliceosomes but more in steragassembly sites.
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4.6 Phosphorylation regulates spliceosome assembly

It remains to be determined how the distributidnsplicing factor complexes are
regulated within the cell and how splicing factlmsate and interact with their correct
partners. In vitro experiments have shown thatpihesphorylation status of splicing
factors is important for regulating the assemblg disassembly of the spliceosome
(Mermoud et al., 1992; 1994; Tazi et al., 1993; Gdoal., 1997). Furthermore,
phosphorylation of SF2/ASF has been shown to iserés affinity for U170K (Xiao
and Manley, 1997). In the future it would be instieg to determine whether
modulating signalling pathways or kinase activisy important for regulating the
interactions between splicing factors in live cePfseviously it has been shown to be
possible to detect FRET between an EGFP-taggeeiprand fluorescently labelled
phosphorylation-site-specific antibody (Ng et al999; Verveer et al., 2000b;
Wouters and Bastiaens, 1999). This could be appbedtudy the protein-protein

interactions of phosphorylated and unphosphorylaptiding factors.

4.7 The advantages of FRET microscopy

A key advantage of FLIM microscopy is that it pdes quantitative information
about the distance between fluorophores and thepopion of interacting

fluorophores. This quantitative analysis can beiedrout in single cells and even
separate subnuclear compartments. Therefore thatidac and stoichiometry of
molecular interactions can be compared betweererdift cells and subnuclear
compartments. Recent advances in single-cell ligk imaging have led to the

realisation that nuclear constituents are constantbile, and that each molecule has
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unique kinetics. Thus, cells stochastically vamyplying that population analysis may
be misleading (reviewed by (Shav-Tal et al., 2008))s interesting to note that |
observe considerable variations in the FRET efficyefor each interaction when the
average FRET efficiency is measured for a populadiocells. To accurately analyse
the causes of these variations stable cell lindh wonstant ratios of donor and
acceptor molecules will be required. Future ardagsearch could include studying
how FRET efficiencies vary between different cétses and how they are regulated
as the cell cycle progresses.

A major disadvantage of FRET microscopy is thaaitnot be used to confirm
a negative protein-protein interaction. False nggatmay occur when the donor and
acceptor fluorescent proteins are: (1) perturbivgdroteins to which they are fused
(2) in close proximity but in the wrong orientatitor FRET to occur (3) too far away
from each other even when their fusion partnersiraezacting. Therefore it may be
useful to combine FRET microscopy with complimentachniques for imaging the
dynamics of protein interactions in living celleyrewed by (Day and Schaufele,
2005)). Fluorescent recovery after photobleachif®XP) and fluorescent correlation
spectroscopy (FCS) allow the dynamics of fluorestamelled molecules to be
measured in living cells. Importantly, the interaotof proteins changes their kinetic
properties therefore providing information aboute tlpresence of immobile
populations that are stably bound to structurekiwithe photobleached region, in the
case of FRAP (Kruhlak et al., 2000), or allowing tassembly and disassembly of
protein complexes to be studied.

Protein-protein interactions can also be imageliving cells by bimolecular
fluorescence complementation assays (Kerppola,)26G6vever, FRET has several

key advantages over protein complementation as$@ET is instantaneous, fully

141



reversible (that is, it monitors disassociationwas| as association) and has a well
characterised dependence on distance and orientatio contrast, protein
complementation takes from minutes to hours forftagments to fold, reversibility
is absent or uncertain and the requirements orcéhérmation and affinity of the
partner proteins are quantitatively ill-defined ept that they must bring the two
reporter fragments into the correct juxtaposition.

The well defined relationship between FRET ed#idy and distance could
lead to key insights into the structure of spliciogmplexes within living cells.
Furthermore, intramolecular FRET, in which the doaond acceptor fluorophores are
located in the same molecule, could be used to tmononformational changes in
splicing factors. It would be interesting to compéhe structures analysed by FRET
microscopy to those visualised by cryo-electronroscopy (Reed et al., 1988).

In summary, a platform is in place to study thenponents of the gene
expression machinery in single live cells. FRET noscopy will allow the structure
of gene expression factories to be determined haeddcation and stoichiometry of
molecular interactions to be studied within the @wc subcompartments of the
nucleus. The system can easily be adapted to deterthe effects of signalling
pathways, the cell cycle, or the knockout of indual components on these molecular

interactions.
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