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Abstract

Investigation of the Mechanisms of Action of Exonic splicing En-

hancers Using Single Molecule Methods - Alia Abdulaziz Alfi.

The main purpose of studying the state of binding SRm160 at sin-

gle molecule level is to extract fundamental information about this protein

(SRm160) and the mechanism of its involvement in splicing reactions.

Single molecule methods have been widely used in colocalisation ap-

plications due to their advantages in following the state of a specific molecule

(single molecule) of interest in real time. In the context of SRm160 protein, its

involvement in splicing reaction and its relationship with other snRNPs (fac-

tors) remain important issues that may be involved in the early complex E and

complex A, such that, it may induce a restructuring of the pre-mRNA com-

plexes. Very few research papers were published regarding what is SRm160.

Since then, it was believed that the binding of this protein to RNA is through

other SR proteins as SRm160 does not consist of RRM motif domain. It was

also believed that SRm160 binds as a bridge along side RNA. Regarding all

studies on SRm160, we found it interesting to study the state/ the behaviour

of this protein at single molecule level in order to elucidate its mechanism in

real time. This thesis identified new insight for how SRm160 protein interact

with RNA and how other snRNPs might affect this reaction. This identifica-
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tion is based on single molecule technique that depend on counting bleaching

steps of the attached fluorescent fluorophores (colocalisation measurements).

Additionally, the project was extended to initiate a FRET analysis in order to

investigate whether the bound-SRm160 affected the flexibility movement of a

substrate or not.

Two different approaches are pursued:

a. The fifth chapter proposes a novel single molecule technique which is in-

troduced as single molecule colocalization system. This system is using

a suitable microscope for excitation via total internal reflection (TIRF)

to obtain the single molecule data. Two different fluorophores (the cho-

sen fluorophores are mEGFP and Cy5) were implemented to allow the

investigation of the interaction between SRm160 molecules and the pre-

mRNA during splicing reaction. Multiple pre-mRNAs were used, such

as, GloC and SMN2 constructs. Multiple conditions were tested, such

as, the absence of ATP, the presence of ATP and the presence of other

factors (anti oligonucleotides) which might affect the complexes forma-

tion or even snRNPs binding. Following this, we can propose a new

paradigm for how SRm160 interacts with pre-mRNA. The obtained re-

sults demonstrate that the association of GFP-SRm160 with SMN2 sub-

strate is increased in the presence of the ESEs site. This association is

not affected in the presence of anti-U1 oligonucleotide. The distribution

of this association is significantly reduced with a single SRm160 protein

remaining on the substrate in the presence of anti-U2 snRNP. These re-

sults demonstrate various points; the association of SRm160 with SMN2

pre-mRNA is enhanced via ESE sites, and is highly dependent on U2

snRNP but not U1 snRNP. These results refute the speculation in the

literature that the association of SRm160 is highly dependent on U1
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snRNP and stabilized by U2 snRNP.

b. The sixth chapter of the thesis proposes FRET system in order to allow

deeper investigation regarding the relationship between pre-mRNA and

SRm160 in a real time, such as, the state of fluctuations of a molecule

of interest (forked DNA or double-labelled RNA) in the presence of

SRm160. This chapter is motivated by the previous contribution which

identified the state of binding of SRm160 during splicing reaction. The

obtained results showed that (1) No FRET signal was appears at the

condition supporting the formation of the early complex E. This sup-

ports the colocalisation results which indicates a multiple binding of

SRm160 molecules alongside the pre-mRNA substrate. This means that

the presence of a multiple number of the large molecule (SRm160) pre-

vents the energy transfer. Additionally, this result could be a conse-

quence of limited conformational fluctuations caused by the presence of

this rigid molecule. -(2) FRET signal was appeared at the condition

supporting the formation of complex A. This finding is also consistent

with the colocalisation results at the same condition. Phosphorylation

decreased the number of SRm160 proteins. This means that energy

transfer between the two flurophores was possible. -(3) The presence of

anti-U1 oligo prevented the FRET signal to be detected. This means

that SRm160 remained bound to the construct. The persistence of a

large molecule affected the FRET signal as identified at the early com-

plex E condition. This finding confirms our conclusion that the binding

of SRm160 does not depend on the presence of U1 snRNP.

In all of the proposed methods an automatic system was available to

reduce the time required to achieve one experiment. However, to compute

results we are looking for, for example, to compute the number of molecules

regarding each step, calculation has to done manually for each file of date.
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The manual processes are time consuming and might lead to an unintended

errors. To overcome the manual limitations, the proposed methods are then

evaluated for data analysis and data documentation.
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Chapter 1

Introduction: Catching a

Glimpse of the Life of mRNA

Molecular interactions and macromolecular complexes control many

cellular processes, such as DNA transcription, RNA splicing and

translation. The reaction pathway of these processes passes through

a sequence of distinct steps. These steps were identified by the for-

mation of transient complexes unique for each step. For example,

the splicing reaction is mediated by the action of an enormous ri-

bonucleoprotein complex termed the spliceosome. Many proteins

and several other small nuclear ribonucleoprotein particles are re-

quired for this action to be processed.

The accepted view of the cellular processes in eukaryotics is

that the genetic information is encoded in the sequence termed de-

oxyribonucleic acid (DNA), which is stored in the nucleus of the

cell. The DNA is transcribed first into messenger ribonucleic acid

(mRNA). The resulting mRNA then gets transported from the nu-

cleus into the cytoplasm, where it is translated into proteins.

Overall, from the transcription of the genetic information stored

1



in the DNA to protein synthesis, many regulatory processes are in-

troduced. This regulatory system controls the identity and abun-

dance of RNAs and proteins. In addition, it contributes to forming

the final repertoire of molecules present in the cell. In the present

chapter, an overview of the key steps behind this system, with par-

ticular emphasis on RNA splicing, is provided.
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1.1 RNA Processing and Its Biogenesis Pathway

1.1 RNA Processing and Its Biogenesis Path-

way

The sequential steps of mRNA biogenesis are not independent (see figure 1.1)

and are linked to each other. Functional connections between the protein fac-

tors that are responsible for the different steps in the gene expression pathway

have been reported. Interactions between the various machinery have also been

identified. Regulation of the pathway from gene to protein is also controlled at

different stages [Moore, 2005; Orphanides and Reinberg, 2002]. Figure 1.1 sim-

plifies the biogenesis pathway of the RNA. mRNA molecules undergo various

modifications before they are exported from the nucleus to the cytosol. These

modifications imply various routes. These routes include the addition of a 5’

cap (5’ end processing), splicing (removal of introns) and the polyadenylation

of the 3’ end (3’ end processing) [Darnell, 2013]. The following sections shed

light on the fundamental processes of RNA and its modifications.

1.1.1 Transcription

Eukaryotic genes are characterised by the presence of sequences that are in-

cluded or excluded called exons and introns, respectively. Transcription can

be initiated and catalysed by three different enzymes, i.e. RNA polymerases

I, II and III. RNA polymerase II (RNA pol II) is commonly identified to be

the most notable player in the transcription reaction. On the other hand,

RNA polymerase I (RNA pol I) and RNA polymerase III (RNA pol III) are

involved in the transcription of ribosomal RNAs (rRNAs) and transfer RNAs

(tRNAs) [Orphanides and Reinberg, 2002; Paule and White, 2000; Woychik

and Hampsey, 2002]. Overall, transcription via RNA polymerase involves mul-
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Nucleus  

DNA  

Transcription 

Pre-mRNA  

RNA Processing:  
(1) 5’ capping  
(2) Splicing 
(3) 3’ polyadenylation 

mRNA  

AAAAA  

Degradation Translation 

protein 

Export Localisation 
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AAAAA  

Figure 1.1: Simplified schematic diagram of the key steps behind gene ex-
pression. RNA expression initiates with the transcription of DNA. Following
several processing steps, for instance, the transcription products are further
transformed into mature mRNAs that can then be exported to the cytosol.
Once in the cytosol, mRNAs can be recognized by ribosomes and translated
into proteins or will be eventually degraded.
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1.1 RNA Processing and Its Biogenesis Pathway

tiple steps. It starts with the binding of several proteins, commonly regarded

as transcription factors (TFs) to a promoter region. This region is located

upstream of the gene and acts as a regulatory part [Fuda et al., 2009]. These

proteins enable the assembly of the polymerase and the formation of the tran-

scription initiation complex. They also participate in the recognition of the

majority of promoters. Contrariwise, other specific TFs also exist, which can

modulate the fate of the reaction by binding to DNA regions that promote (en-

hancers) or inhibit (silencers) polymerase assembly [Vaquerizas et al., 2009].

Further conformational rearrangements are also involved. Following the previ-

ous steps, RNA polymerase is released from the complex of proteins and leaves

the promoter (promoter clearance). By this step, RNA polymerase entering

the elongation stage [Kwak and Lis, 2013]. Ultimately, the polymerase tran-

scribes through the cleavage and polyadenylation signals that mark the end

of the gene, and it is released from the DNA template [Kuehner et al., 2011].

The resulting pre-mRNA then undergoes further reactions that involve multi-

ple modifications in the nucleus to form a mature messenger RNA (mRNA).

The processing includes capping, splicing and 3’ end processing. Thereafter,

mRNA is transported from the nucleus to the cytoplasm for protein synthesis

via translation [Soller, 2006].

1.1.2 The pre-mRNA Processing; 5’ Capping, Splicing

and 3’ Polyadeinylation

After the RNA polymerase has entered the elongation phase, a methylated

guanine nucleotide (cap) and N7-methyl GMP (guanosine monophosphate) is

added to the 5’ end of the pre-mRNA via 5’ - 5’ triphosphate linkage [Mc-

Cracken et al., 1997a,b] through a reaction termed capping. Such process

7



1.1 RNA Processing and Its Biogenesis Pathway

delimits the 5’ end of transcripts and enables the distinction of mRNAs from

other RNA species (e.g. RNA pol I and III produce uncapped RNAs). It also

protects the RNA molecule from degradation by protecting the mRNA from

5’ - 3’ exonucleases. Capping also aids in the initiation of translation by pro-

moting the binding of the ribosomal subunits to the mRNA [Proudfoot et al.,

2002]. It was also demonstrated that capping enhances splicing 3’ end and

export processing [Flaherty et al., 1997; Fortes et al., 2000; Izaurralde et al.,

1994; Lewis et al., 1996]. After that, pre-mRNA undergoes a process termed

as splicing. Splicing, however, is a much more complex reaction. Splicing is

a process whereby some regions of the pre-mRNA (introns) are removed, and

other that contains the necessary information for protein synthesis (exons) are

brought or spliced together to produce mRNA [Black, 2003]. The mechanism

of splicing and its regulation is detailed later in this chapter.

Similarly, the 3’-end of mRNAs is also modified. Such modification in-

volves the addition of a polyadenosine (polyA) tail. This process, named as

polyadenylation, serves the function of extending the mRNA half-life [Proud-

foot et al., 2002; Zhao et al., 1999].

Once a mature RNA (mRNA) molecule is synthesized via splicing and

before being translated, it is exported from the nucleus to the cytoplasm

through the nuclear pore. The export process is linked to strict quality control

mechanisms that ensure that immature RNAs remain in the nucleus [Porrua

and Libri, 2013]. Those mechanisms rely on the recognition of protein com-

plexes that accompany the RNA molecules (i.e. RNA-binding proteins; RBPs),

which act as markers of the completion status of the steps mentioned in the pre-

vious section. For example, the cap-binding and polyA binding-complexes act

as indicators of successful capping and polyadenylation reactions, respectively,

8



1.1 RNA Processing and Its Biogenesis Pathway

and other protein complexes mark the end of the splicing in a similar fashion

(i.e. the exon-junction complex (EJC)). Conversely, the presence of RBPs in-

volved in the execution of each of these steps marks the mRNA molecule as

immature, such that, RBPs prevents the export of mRNA.

Unprocessed mRNAs, together with the remainder from the transcrip-

tion and splicing reactions, will be degraded by a large complex of RNA exonu-

cleases termed the exosome [Pérez-Ort́ın et al., 2013]. In the cases when they

are erroneously exported, or when intact mRNAs become damaged in the cy-

tosol, further control mechanisms prevent their translation. Most of these are

intrinsic to the steps required for the initiation of protein synthesis. However,

another separate surveillance system also exists. This system actively seeks

aberrant mRNAs for degradation, before efficient translation occurs. This sys-

tem is referred as nonsense-mediated decay (NMD) and specifically targets the

presence of premature stop codons in the transcript, which might arise from

errors in the splicing reaction [Pérez-Ort́ın et al., 2013]. During NMD, the

first round of translation starts when the 5’-end of the mRNA emerges from

the nuclear pore, during which the exon-junction complexes that surround

each splice site are detached from the mRNA. Under the presence of nonsense

codons, the mRNA remains bound to such complexes and is rapidly degraded.

Following the export process, mRNAs are then localised within the

cytosol according to the signals encoded in their 3’-UTR regions, and are

eventually recognised by ribosomes and translated [Alberts et al., 2002]. Such

binding of ribosomes to the mRNAs is in direct competition with mRNA decay,

a process that starts when transcripts are exported into the cytosol. Once the

polyA tail reaches a critical length, mRNAs are ultimately degraded. This

degradation is either through the continuation of the digestion from the 3’-

9



1.2 Splicing and the Spliceosomal Machinery

end or through the removal of the 5’-cap (i.e. decapping) and subsequent 5’

to 3’ decay [Schoenberg and Maquat, 2012].

1.2 Splicing and the Spliceosomal Machinery

Most genes are interrupted by non-coding sequences termed introns. Thus, to

generate a functional message from the DNA, introns must be removed from

the resulted RNA and coding sequences (exons) are spliced together. The

coming sections shed light with more details about splicing and its mechanisms.

1.2.1 Messenger RNA

Messenger RNA (mRNA) was discovered in 1961. Various discoveries on un-

derstanding the molecularity of DNA and how information within the genetic

code is translated were identified. During this time, Crick defined the central

dogma of molecular biology, which provided a framework for how genetic in-

formation flows between the key biological molecules; DNA, RNA and protein

[Crick et al., 1970; Watson and Crick, 1958], see figure 1.2. The flow of the ge-

netic information is sequential. Therefore, this information is transferred from

DNA to RNA to protein. Such that Crick’s model (the central dogma) was re-

formulated to include the discovery of reverse transcription [Baltimore, 1970;

Crick et al., 1970; Mizutani and Temin, 1970; Temin and Mizutani, 2010].

A major surprise came in 1977 from the laboratories of Phillip Sharp and

Richard Roberts. Their studies had concentrated on how DNA is transcribed

into mRNA and the relationship between them.

Additional studies demonstrated that eukaryotic genes also have coding

sequences that have been split by non-coding sequences [Brack and Tonegawa,

10
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DNA RNA Proteins

Transcription Translation

Transcription

Replication

Figure 1.2: Simplified schematic diagram of the central dogma of molecular
biology. Each arrow represents the flow of the genetic information mechanism.

1977; Jeffreys and Flavell, 1977]. These intervening, non-coding sequences

were defined later as introns, and the corresponding coding sequences being

spliced together as exons [Gilbert, 1978]. Since the initial discovery of pre-

mRNA splicing, further research has shed light on the key factors of splicing,

for example, the spliceosome composition, its machinery, how this complex

regulates the splicing of fragments of pre-mRNA, and how aberrant regulation

of splicing can lead to various diseases. A brief description of spliceosome and

RNA splicing is listed in the following sections.

1.2.2 Pre-mRNA Splicing Reaction

The initial transcription of many genes in eukaryotes results in pre-mRNA

containing non-coding sequences (introns) that are removed from pre-mRNA,

leaving only parts, or coding sequences (exons) within the spliced RNA. The

resulted RNA (mature mRNA) contains only exons. This process is known as

RNA splicing. The mechanism of splicing and its regulation is explained later

in this chapter.
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1.2 Splicing and the Spliceosomal Machinery

The splicing reaction is a major step in gene expression in eukaryotes.

This process takes place within two primary chemical steps. In addition, the

splicing reaction occurs in the presence of a complex machine called a spliceo-

some. The first system used for studying mRNA splicing and the structure

of the pre-mRNA was the late stage of adenovirus infection in mammalian

cells. The presence of introns was first described in the mRNA segment of

adenovirus, coding for the Hexon polypeptide, the major virion structural

protein [Berget et al., 1977]. In this system, different RNA called (mosaics)

were identified, which contained sequences from non-contiguous sites in the

viral genome. Studying the process before infection identified that the long

RNA contained the sequence of the late RNA in addition to the sequences that

were called intervening sequences; introns. After the discovery in adenovirus

of the presence of long sequences, the introns were found in other viral and

eukaryotic genes such as haemoglobin and immunoglobulin [Breathnach et al.,

1978]. After the characterization of the RNA splicing process in viruses, the

presence of introns was also reported in eukaryotic genes.

The maturation of RNA, which follows pre-mRNA transcription, is re-

quired not only for the splicing process but also for other steps such as cap-

ping, polyadenylation and RNA editing. Some studies have outlined functional

relationships between these maturation processes and each of them (except

the editing process) can occur co-transcriptionally. Many findings point out

that during mRNA biogenesis a complex network of functional interactions

is formed. Different processing machineries exist and are responsible for cap-

ping, splicing, polyadenylation, modification and transport of mRNAs. They

can interact with the elongating RNA polymerase II, suggesting that all these

processes are physically and functionally intertwined. Consequently, RNA
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transcription and processing seem to be functionally combined to maximise

efficiency and to extend the possibility of regulation [Bentley, 2002; Kornbli-

htt et al., 2004; Maniatis and Reed, 2002; Proudfoot et al., 2002].

In fact, the process of splicing occurs in all eukaryotic species, and

the chemistry of splicing is highly conserved from yeast to human, although

yeast has a few short introns and human have multiple long introns. The high

prevalence of introns in humans contributes to proteomic diversity via a process

called alternative splicing, a mechanism that might allow the use of different or

altered coding parts, resulting in a wide variety of different mRNA products

that contribute to the formation of distinct proteins and therefore proteins

from one apparent gene. A change in alternative splicing can be related to

human disease. Unfortunately, most changes caused by alternative splicing are

hard to detect because of the complexity of the splicing process [Kelemen et al.,

2013]. In fact, this is one of the outstanding differences between species. It was

found that there are significant variations in alternative splicing complexity in

different species, with the highest complexity found in primates [Barbosa-

Morais et al., 2012].

1.2.3 The Chemical Aspect of Pre-mRNA Splicing

The process of splicing is complex. This process requires multiple different

proteins and other several components (small RNAs) to form the spliceosome

complex. The spliceosome involves five small nuclear ribonucleoprotein par-

ticles, (U1, U2, U4, U5 and U6), and 170 other associated proteins [Wahl

et al., 2009]. The spliceosome complex is confined to the nucleus [Steitz et al.,

2008]. The splicing process requires four fundamental sequences in the pre-

mRNA (Figure1.3). The junctions of introns and exons are denoted as the 5’

13
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Figure 1.3: Schematic diagram of the four fundamental sequences required for
splicing. From left; the 5’ exon (the green box), the 5’ splice site, the branch
point, the poly-pyrimidine tract, the 3’ splice site and the 3’ exon (the purple
box).

splice site and 3’ splice site, respectively. These sequences are conserved se-

quences. Their sequences are G—GURAGU and YAG [Sheth et al., 2006]. The

polypyrimidine tract (PPT) is located directly upstream of the 3’ splice site

(3’ss). Between this tract and the 5’ splice site (5’ss) is the branch point (BP)

with a sequence around the important adenine [Reed and Maniatis, 1988].

The splicing reaction at its heart takes place through two consecutive

chemical steps (trans-esterification reaction): the formation of the lariat intron

and exon ligation. Via this reaction and as the first step of the splicing reac-

tion, the 5’ exon is displaced through nucleophilic attack of the phosphodiester

upstream of the guanine and uracil at the 5’ splice site by the 2’-hydroxyl of the

adenosine. This results in the free 5’ exon and a lariat intermediate attached

to the 3’ exon sequences (Figure1.4). In this reaction, the ester bond between

the 5’-phosphorus of the intron and the 3’-oxygen of exon (1) is exchanged for

an ester bond with the 2’-oxygen of the branch-site (A) residue. In the sec-

ond reaction, the 3’-hydroxyl of the 5’ exon attacks the phosphodiester bond

following the adenine and guanine at the 3’ splice site, separating the exon on

this side from the intron and splicing the 5’ splice site and 3’ splice site of the

exons together. By this step, the intron lariat is now fully released, leaving
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the exons in the mature mRNA. In this reaction, the ester bond between the

5’-phosphorus of exon (2) and the 3’-oxygen of the intron is exchanged for

an ester bond with the 3’-oxygen of exon (1), releasing the intron as a lariat

structure and joining the two exons [Konarska et al., 1985; Moore and Sharp,

1993; Ruskin et al., 1984; Schellenberg et al., 2008; Umen and Guthrie, 1995].

The outstanding feature of the steps of the splicing reaction is not the under-

lying chemistry. The recognition of the correct splice sites and bringing them

close enough together for the two catalytic steps are the challenges. Despite

these, the whole process is highly efficient, which is achieved by the highly

dynamic macromolecular machinery consisting of a large number of subunits

and factors, the spliceosome. The following section details the spliceosome and

its machinery.

1.2.4 Spliceosome and Its Association

In eukaryotes, the splicing reaction is carried out through the spliceosomal

pathway, whereby a large complex of proteins and RNAs co-ordinates the pro-

cess of intron removal that harbour consensus splice site sequences [Matera and

Wang, 2014] and exons ligation. Such a complex is known as the spliceosome,

which is specifically involved in the splicing events and has been designated as

one of the most complicated machineries in the cell [Nilsen, 2003].

a. The Core of the Spliceosome

The accuracy of pre-mRNA splicing requires the assembly of a large

ribonucleoprotein (RNP) complex known as the spliceosome, which is

considered as ”the most complex macromolecular machine in the cell”

[Nilsen, 2003]. It has a molecular mass of ∼ 2.7 MDa [Wahl et al., 2009].
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Figure 1.4: Simplified schematic diagram of the splicing mechanism. From
top, the solid black line represents a single intron flanked between two ex-
ons (exon 1 and exon 2). Green box represents the 5’-end exon and the purple
box represents the 3’-end exon. The first (1) and the second (2) steps of splic-
ing involve nucleophilic attacks (red arrows) on phosphodiester bonds (blue
dot) by the 2’-OH of the branch point adenosine (A) followed by an attack of
the 3’-OH of the free 5’ exon at the 3’ exon. The ligated exons (spliced RNA)
and the lariat product are shown on the bottom.
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The core components of the spliceosome consist of small nuclear ribonu-

cleoprotein particles (snRNPs). Each snRNP is a complex composed of

five snRNAs and other associated protein subunits [Mamatis and Reed,

1987; Nilsen, 2003]. SnRNPs formed by snRNAs (U-rich groups) bind

with a set of Sm proteins (U1, U2, U4 and U5) or LSM proteins (U6)

[Will and Lührmann, 2011]. The U4, U5 and U6 snRNPs form a tri-

snRNP by partial snRNA base pairing as U4 and U6 form a di-snRNP

(Figure 1.5). These snRNPs are essential for splicing [Black et al., 1985;

Black and Steitz, 1986; Chabot et al., 1985; Krainer and Maniatis, 1985;

Krämer et al., 1984; Padgett et al., 1983; Rogers and Wall, 1980].

The spliceosome has to be assembled first before it has its splicing ac-

tivity. Such assembly, for each interaction with the pre-mRNA, is done

as ultimately it is reassembled. The assembly and disassembly of the

spliceosome is a dynamic process. This dynamic process undergoes es-

sential compositional and structural rearrangements in sequential steps

[Hoskins and Moore, 2012] to catalyse the two transesterification reac-

tions required to excise introns and ligate exons [Wahl et al., 2009]. These

rearrangements are assisted by the actions of multiple components, such

as protein kinases, phosphatases and RNA helicases [Matlin and Moore,

2006].

b. Spliceosome Assembly

The model of spliceosome assembly has been characterised using in vitro

approaches [Matlin and Moore, 2006; Wahl et al., 2009]. A large body of

evidence supports a model where the spliceosome assembly is a step-wise

process involving recruitment of snRNPs and proteins to the pre-mRNA
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Figure 1.5: Major protein composition. From top; the coloured circles repre-
sent all main snRNP involved in the spliceosome formation. The following row
represents the structure of each snRNP. This figure is adapted from [Will and
Lührmann, 2011].

and dynamic rearrangements of RNA-RNA, RNA-protein and protein-

protein interactions (Figure 1.6) [Matlin and Moore, 2006; Zhang and

Rosbash, 1999]. Their differential migration has identified the intermedi-

ates of this step-wise assembly during native gel electrophoresis, glycerol

gradient centrifugation and affinity purification of these complexes dur-

ing in vitro splicing catalysis [Bindereif and Green, 1987; Grabowski and

Sharp, 1986; Konarska and Sharp, 1986; Lamond et al., 1988]. More re-

cently, a fluorescence-based method and chromatin immunoprecipitation

experiments have provided additional support for the assembly model of

the spliceosome [Görnemann et al., 2005; Hoskins et al., 2011a,b; Lacadie

and Rosbash, 2005]. The assembly of the spliceosome is divided into dis-

tinct stages, termed complexes, starting with the early complex (E),
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followed by complexes A, B, B* (or Bact), C and a post-spliceosomal

complex (Figure 1.6) [Rino et al., 2007]. It has been supported that

the earliest step in spliceosome assembly is the formation of the early

complex (E). This formation occurs in an (ATP)-independent manner

[Jamison and Garcia-Blanco, 1992; Michaud and Reed, 1991, 1993; Reed,

1990]. It also involves the association of U1 snRNP and other additional

protein factors [Bennett et al., 1992; Michaud and Reed, 1991, 1993], see

figure 1.6.

In the beginning, U1 snRNP recognises the 5’ splice site (5’ss). Recog-

nition of the (5’ss) involves base pairing between the 5’-terminus of U1

snRNA and the pre-mRNA [Juan et al., 2014]. This binding is further

stabilised by serine/ arginine-rich proteins (SR) and proteins of the U1

snRNP. Further interactions are also involved. Splicing factor 1 (SF1)

binds the branch point. In addition, there is binding of the U2 aux-

iliary factor; the 65-kDa and 35-kDa subunits (U2AF65 and U2AF35)

to the (PPT) and the (AG) sequence at the 3’-splice site, respectively

[Berglund et al., 1998; Krämer and Utans, 1991; Wu et al., 1999; Zamore

et al., 1992]. These interactions at both the 3’- and the 5’- splice sites

arrange the initial recognition of the intron, which serve as platforms for

additional interactions with other snRNPs and auxiliary proteins that

will occur in subsequent steps. All of these interactions are supported

by additional proteins, including those with domains composed of al-

ternating arginine and serine dipeptide repeats (RS domains; described

in more detail later in this chapter) [Lin and Fu, 2006]. After the as-

sembly of the early complex (E), complex (A) forms. This complex is
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Figure 1. Pre-mRNA splicing by the U2-type spliceosome. (A) Schematic representation of the two-step mechanism
of pre-mRNA splicing. Boxes and solid lines represent the exons (E1, E2) and the intron, respectively. The branch site
adenosine is indicated by the letter A and the phosphate groups (p) at the 5′ and 3′ splice sites, which are conserved
in the splicing products, are also shown. (See facing page for legend.)

C.L. Will and R. Lührmann

4 Cite as Cold Spring Harb Perspect Biol 2011;3:a003707

Figure 1.6: Assembly and disassembly of the spliceosome. Spliceosomal com-
plexes form in an ordered way with the two main catalytic reactions occurring
before and after complex C. This process removes intron and ligates the exons
together. Afterwards the spliceosome is disassembled into its building blocks.
This Figure is modified from [Will and Lührmann, 2011]
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characterised by the binding of the U2 snRNP to the branch site [Wu

and Manley, 1989]. The association between U2 snRNA and the pre-

mRNA involves the replacement of (SF1) at the branch point via the U2

snRNP [Liu et al., 2001; Rutz and Séraphin, 1999]. This U2 binding re-

quires (ATP), and it is further stabilized by other proteins, most notably

U2AF65 [Barabino et al., 1990; Chiara et al., 1996; Gozani et al., 1998;

MacMillan et al., 1994; Query et al., 1994; Shen and Green, 2004; Shen

et al., 2004; Valcárcel et al., 1996; Valcárcel and Green, 1996]. After

complex (A) assembly, a pre-associated tri-snRNP complex composed

of U4/ U6 and U5 snRNAs joins the spliceosome and interacts with the

pre-mRNA along with other proteins to form complex (B) [Bindereif and

Green, 1987; Cheng and Abelson, 1987; Konarska and Sharp, 1987], see

figure (1.6). The spliceosome now contains all the necessary components

[Deckert et al., 2006] but is not yet active as it requires major confor-

mational rearrangements to form the catalytically active spliceosome.

The remodelling interactions during spliceosome activation include mul-

tiple steps: (1) the unwinding of the base-paired U4 and U6 snRNAs.

(2) Dissociation of U4 snRNP to allow base pairing of U6 snRNA with

the (5’ss), (3) replacement of U1 snRNA at the 5’ splice site with U6

snRNA, (4) dissociation of the U1 snRNP, (5) base-pair formation be-

tween U2 and U6 snRNAs, (6) release of the U1 and U4 snRNPs and (7)

rearrangement of interactions between U2 and U6 snRNA. After further

changes in the protein composition, complex B becomes active as the

complex B* [Bessonov et al., 2010]. By this stage, the spliceosome is

ready to carry out the first transesterification reaction where the sugar

backbone phosphodiester bond at the 5’ splice site is attacked by the
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2’-hydroxyl group of the branch point adenosine and a free 3’-hydroxyl

group is generated at the end of the upstream exon. This process leads

to link the 5’-end of the intron to the branch point, forming the in-

tron lariat, changing over to complex (C). At this stage, the spliceosome

is poised to complete the second catalytic step, where the 3’-hydroxyl

group of the upstream exon attacks the phosphodiester bond at the 3’-

splice site, ligating the two exons. Following these two transesterification

reactions of splicing, the products (both intron lariat and exons) are sub-

sequently released, and the components of the spliceosome are recycled

[Staley and Guthrie, 1999]. However, catalysis cannot occur without

additional conformational rearrangements which facilitated by different

factors. In particular, the lariat intermediate must be displaced from the

active site allowing the 3’-splice site to be positioned in close proximity

to the 3’-hydroxyl group of the upstream exon [Rhode et al., 2006; Umen

and Guthrie, 1995]. Once the second transesterification reaction is com-

pleted, a multi protein assembly known as the exon-junction complex is

deposited on the transcript in the vicinity of the site where splicing has

occurred [Tange et al., 2004].

Overall, interactions between the U2, U5 and U6 snRNPs and the pre-

mRNA are destabilised at this point, allowing the snRNPs to be recycled

and assembled in conformations amenable for another round of splicing.

The excised intron lariat is debranched and digested to free nucleotides

that are also recycled for future use.
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1.3 Splice Site Selection and Recognition

The splicing process is directed by the presence of specific sequences at the

exon/ intron boundaries known as 5’ and 3’ splice sites [Burge et al., 1999].

The recognition of these sites is the key and the challenge of splicing to be

accurate. It was identified that the cores of these sites are conserved sequences;

the dinucleotide (GU) is the core sequence for the 5’ splice site, the dinucleotide

(AG) is the core sequence for the 3’ splice site and the adenosine (A) is the

core sequence for the branch point (BP) [Aebi et al., 1987].

1.3.1 The 5’ Splice Site

Identifying the exon/ intron junction is a key process in splicing. This process

is accomplished by the selection of the 5’ splice site (Figure 1.7). As the aver-

age intron is much longer than the average exon (International Human Genome

Sequencing Consortium, 2001) and a multitude of 5’ splice site sequences exist,

numerous possible 5’ splice sites are present. It has been demonstrated that

eukaryotes contain nine partially conserved nucleotides, MAG/ GURAGU (M

indicates A or C, R indicates purines and the slash the exon-intron boundary)

at the exon-intron junction [Roca and Krainer, 2009]. The (GU) dinucleotide

is the core of the 5’ splice site consensus sequence and is also universally

conserved. Mutations in one of these two nucleotides completely inhibit the

splicing process [Juan et al., 2014]. [Zhuang and Weiner, 1986] also demon-

strated the importance of those dineoclutides in the recognition of 5’ splice site

with mutations in the RNA part of the U1 snRNP responsible for sequence

recognition, leading to different recognised splice site sequences.

As the exon downstream of the intron is cleaved between the guanine
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Figure 1.7: Schematic representations of the 5’ splice site recognition. The
figure represents the recognition of the 5’ splice site by the U1 snRNP during
the early assembly of the spliceosome followed by the recognition by the U6
snRNP in the presence of ATP. The green and the purple boxes represent the
exons, and the solid black line represents the intron. The red and the yellow
circles represent the U1 snRNP and the U6 snRNP, respectively.

(G) and uracil (U) that are base-paired to the U1 snRNP, the binding of the

U1 snRNP itself plays a major role in selecting the correct splice site. It was

demonstrated that the U1 snRNP is the first snRNP to base pair to candidate

5’ splice sites both in vivo and in vitro [Görnemann et al., 2005; Huranová

et al., 2010; Reed, 1990; Roca et al., 2013; Wassarman and Steitz, 1992].

It has also been shown that the recognition of the 5’ splice site by the

U1 snRNA is accomplished during the early assembly of the spliceosome ma-

chinery [Horowitz and Krainer, 1994; Siliciano and Guthrie, 1988; Zhuang and

Weiner, 1986]. Studies in the literature demonstrated that the binding to a

non-specific 5’ splice site could be possible [Hicks et al., 2010] as the interac-

tion between the U1 snRNP and the 5’ splice site is not highly complementary.

For example; the recognition of this (5’ss) could occur when nucleotides that

are not complementary bulge out of the interaction duplex resulting in bet-

ter complementarity between the remaining nucleotides [Carmel et al., 2004;

Roca et al., 2012]. Other evidence showed that the selection of the 5’ splice
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site through the U1-C subunit is also possible when there is not high comple-

mentarity between the U1 snRNAs and the 5’ splice site [Zhu et al., 2001].

In addition, mutations in the 5’ splice site and U1 snRNA in yeast showed

that U1 snRNA is also essential [Séraphin et al., 1988; Siliciano and Guthrie,

1988]. The RNase H protection assay demonstrated the binding between U1

snRNP and the 5’ splice site [Günzl et al., 2002]. In addition, the RNase H

cleavage experiment showed that U1 snRNA is required for splicing [Krämer

et al., 1984].

Despite this, a highly suitable 5’ splice site sequence that provides a

high affinity for the U1 snRNP helps in selecting this 5’ splice site. A splice

site with such a consensus sequence is termed a strong splice site. On the

other hand, sites with lower affinity sequences are termed weak splice sites.

Accordingly, it was demonstrated that strong splice sites are favoured over

weaker splice sites [Eperon et al., 1986; Lear et al., 1990], showing a poor

relationship between the predicted U1 snRNP binding and 5’ splice site usage.

The usage of splice sites and their binding by U1 snRNPs does not always

correlate [Eperon et al., 1993; Nelson and Green, 1990] and so it is not always

the strongest site that gets used [Shapiro and Senapathy, 1987]. The relative

position of potential 5’ splice sites plays a role too. It has been demonstrated

that the selection of a downstream 5’ ss was always favoured when two strong

5’ ss are occupied by U1 snRNPs. Such that, downstream splice sites are

preferred even when a stronger competing 5’ splice site inserted upstream can

stimulate usage of the downstream splice site [Eperon et al., 1993; Hicks et al.,

2010; Reed and Maniatis, 1986], showing a preference for intron definition

over exon definition. Further research explained that the selection of 5’ ss

usage depends on the U1 snRNP binding rate at critical 5’ ss during selection
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[OMullane and Eperon, 1998]. Strong alternative 5’ splice sites may be bound

by U1 snRNPs concurrently and the selection of the 5’ ss to be spliced depends

on other factors. On the other hand, the use of weak 5’ splice sites depends

on the relative lifetimes of U1 snRNPs bound to them [Eperon et al., 1993,

2000; Hodson et al., 2012]. A single molecule study has demonstrated that

both strong alternative (5’ss) were bound by U1 snRNPs in the early complex

(E) and only one U1 snRNP remained at complex (A) [Hodson et al., 2012].

This indicates that recognition of the candidate 5’ ss by U1 snRNPs is the

first event and selection is a secondary event.

Other factors can occur and influence the splice site recognition and

hence the splicing, for example the primary sequence of the RNA and its

secondary structure [Buratti and Baralle, 2004]. In addition, recognition of the

correct splice site can also be affected by other properties, such as intron length

[Bell et al., 1998] or polymerase processivity [Nogués et al., 2003]. Another

contribution can arise from the involvement of other sequences besides the

ones at the 5’ splice site.

Moreover, U6 snRNP is also important for the recognition of the 5’

splice site. The interaction of U6 snRNP with the 5’ splice site is enhanced by

the presence of U1 snRNP, which in turn is displaced by U6 snRNP that binds

the 5’ splice site and stimulates the first transesterification reaction [Buratti

et al., 2007; Grover et al., 1999].

The SR and the hnRNP proteins are also involved in the recognition of

the 5’ splice site if an alternative 5’ splice site occurs. It was demonstrated

that the SR proteins can bind in the proximity of the 5’ splice site and can

stimulate the use of the 5’ splice site located downstream of their binding sites

rather than the one upstream (if present) that will be inhibited (alternative
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site) [Buratti and Baralle, 2004; Hicks et al., 2010].

A major study has been done on one of the major SR proteins, the

SRSF1. The SRSF1 protein has an RNA recognition motif RRM domain,

which interacts with the RRM domain of U1-70K (an auxiliary protein of U1

snRNP); this interaction is controlled by the phosphorylation of the SRSF1

RS domain. In conditions of hyperphosphorylation, the RS domain allows the

RRM motif of the SR protein to bind the RRM motif of the U1 snRNP, when

not phosphorylated the RS domain sequesters the RRM motif and there will be

no binding [Cho et al., 2011; Krämer and Utans, 1991]. Interestingly, in vitro

experiments over expressing SR proteins demonstrated that it is possible to

stimulate the recognition of the 5’ splice site even in the absence of U1 snRNP

[Crispino et al., 1994; Tarn and Steitz, 1994]. In addition to the SR proteins,

for instance, hnRNP factors are associated with two functions, the stimulation

and inhibition of the selection of splice sites [Fisette et al., 2010]. The hnRNP

A1 protein has been shown to modulate the selection of the 5’ splice site. In

particular, the hnRNPA1 can disrupt binding between U1 snRNP and the

5’ splice site [Eperon et al., 2000; Pagani and Baralle, 2004]. In addition, it

has been proposed that in some cases hnRNP A1 and hnRNP H promote the

recognition of the 5’ splice site. In these cases, hnRNP A1 and hnRNP H

interact with their binding sites on intronic RNA, bringing distal 5’ and 3’

splice sites closer, favouring the splicing process [Fisette et al., 2010; Pagani

and Baralle, 2004]. Finally, it has been shown that the presence of secondary

structures close to the 5’ splice can also affect its recognition. An example is

seen in the tau gene where a mutation in the 5’ splice site of exon 10 affects a

stemloop structure [Zhang et al., 2005a; Zhang and Powell, 2005; Zhang et al.,

2005b,c,d]. In some diseases that are associated with the presence of secondary
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structure, such as ataxia telangiectasia mutated (ATM) and cystic fibrosis

transmembrane regulator (CFTR), the deletion in the repressor element in

ATM causes the use of an aberrant 5’ splice site while, in CFTR, a new 5’

splice site is created. In both cases, RNA secondary structure is the key

regulatory element [Manley and Krainer, 2010].

1.3.2 The 3’ Splice Site

Compared with the 5’ splice site (5’ss), there are three important and dif-

ferent conserved sequences involved in the 3’ splice site (3’ss) selection: the

branch point sequence (BPS), the polypyrimidine tract (PPT) and the AG

dinucleotide at the (3’ss) [Reed, 1989], (Figure 1.8). The 3’ss and PPT for

pre-mRNA splicing were identified in the 1980s [Mount, 1982; Reed, 1989;

Shapiro and Senapathy, 1987]. The 3’ splice site was recognized during the

early step of spliceosome assembly by a heterodimer of two subunits of U2AF35

and U2AF65 [Gaur et al., 1995; Ruskin et al., 1988; Wu et al., 1999; Zamore

and Green, 1989, 1991]. The subunits U2AF35 and U2AF65 are part of the

auxiliary protein U2AF. Evidence shows that the mammalian branch point

is specified primarily by its proximity to the intron/ exon junction, and the

consensus sequence YNYURAC motif (R=Purine, Y=pyrimidine).

The branch point is recognized by the SF1 factor during early spliceo-

some assembly (the early complex (E)) [Berglund et al., 1997], which is dis-

placed by the U2 snRNP in complex (A) (Figure 1.8) [Berglund et al., 1998;

Krämer and Utans, 1991; Wahl et al., 2009]. Subsequently, recognition of the

branch site involves binding of U2 snRNP through interaction with SF3a and

SF3b to form the spliceosome complex (A) [Zhong et al., 2009].

On the other hand, the polypyrimidine tract sequence is rich in pyrim-
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idines located between the branch point and the terminal AG at the intron/

exon junction (the 3’ splice site). It is required for splicing and is recognized

by several proteins, such as polypyrimidine tract binding protein (PTB), the

auxiliary factor U2AF65-kDa subunit and a splicing regulator Sex-lethal (Sxl)

[Gooding et al., 1998; Green, 1991; Wagner and Garcia-Blanco, 2001]. Under

normal splicing conditions, U2AF65 binds to the PPT during the formation of

the early complex E [Kielkopf et al., 2004; Zamore et al., 1992]. Using purified

U2AF65, UV cross-linking showed that U2AF65 can bind to the PPT in the

absence of ATP at a wide range of temperatures and remains associated at

the 3’ss [Zamore and Green, 1989]. The function of the U2AF65 is to bind the

PPT and to bring the 3’ splice site and the adenosine branch point closer to

each other [Saulière et al., 2006]. In addition, it has been shown that deletion

of the PPT prevents the formation of the lariat intermediate [Mullen et al.,

1991; Roscigno et al., 1993]. The conserved terminal AG dinucleotide defines

the 3’ border of the intron. It plays an important role in splicing. This site

is characterized by a short sequence (YAG/G) where Y denotes pyrimidine;

the slash indicates the intron/ exon boundary and the underlined nucleotides

are conserved [Langford et al., 1984]. As the AG dinucleotides at the 3’ss

are cleaved in the second step of splicing, it is also essential for spliceosome

assembly at the earliest step. It has been demonstrated that the mutation of

the AG dinucleotides at the 3’ splice site can block the splicing reaction at the

first step [Aebi et al., 1986; Lamond et al., 1987; Reed, 1989] when the PPT

is strong.
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Figure 1.8: Schematic representations of the 3’ splice site recognition. The
figure represents the recognition of the 3’ splice site by the U2 snRNP which
binds the adenosine branch point (BP), by the U2AF65 which binds the poly-
pyrimidine tract (PPT) and by the U2AF35 which binds the AG dinucleotide.
The green and the purple boxes represent the exons. The solid black line repre-
sents the intron. The light blue circle is the U2 snRNP. The dark and light gray
circles represent the U2AF complexes: U2AF35 and U2AF65, respectively.

1.4 Splicing Regulation

Apart from the splicing signals, further elements contribute to the definition

of exon/ intron boundaries and the regulation of splicing. These splicing reg-

ulatory elements (SREs) in the case of cis-regulatory sequences are present

in the pre-mRNA, which can vary regarding location and effect [Matera and

Wang, 2014]. In general, SREs contribute to the recruitment of a set of pro-

teins that can act as repressors or activators of splicing. These proteins termed

as trans-acting splicing factors (SFs). They are acting typically by influencing

spliceosome assembly.

A conspicuous example of the role of SREs is their contribution to

the recognition of exon/ intron boundaries through a process termed exon

definition [De Conti et al., 2013]. Such mode of splice site recognition is

common in higher eukaryotes, where intron size exceeds that of exons. This

mode could lead to splicing errors because of the existence of cryptic splice

sites. Consequently, another class of SFs termed SR proteins (Serine-Rich
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proteins) promote the binding of snRNPs to the splice sites located at both

ends of the same exon. This promotion occurs by binding to exonic splicing

enhancers (ESEs). As a result, a cross-exon recognition complex is formed,

which will ultimately lead to intron-spanning interactions through spliceosomal

rearrangements. Conversely, intron definition emerges as the prevalent mode

of splice site recognition in lower eukaryotes (short introns) [De Conti et al.,

2013]. In this case, splice sites situated on both ends of the same intron are

recognised without the help of SFs.

Together with the competition alongside splice sites and cis-acting SREs

based on their sequence composition, the accessibility of those elements plays

an important key role in alternative splicing regulation. Such accessibility can

be influenced by the pre-mRNA secondary structure, chromatin arrangements

and nucleosome positioning, and can also be dynamically controlled as a result

of the co-ordination of the transcription and splicing processes [Brown et al.,

2012; Plass and Eyras, 2014].

In humans, a phenomenon is known as co-transcriptional splicing occur

in most of the splicing events before transcription terminatio [Tilgner et al.,

2012]. Such a phenomenon indicates that transcription elongation rates can

have an influence on splice site choice: for example slow elongation will provide

an opportunity for the recognition of weak splice sites while a fast elongation

will promote the recognition of strong splice sites instead [Bentley, 2014]. Fi-

nally, the regulation of splicing is not limited to the role of specific SFs, because

fluctuations in the concentration of core components of the spliceosome are also

known to influence the splicing result [Saltzman et al., 2011]. Overall, these

processes guarantee that splicing occurs in an accurate fashion. The accuracy

of splicing is further increased by the many rearrangements that are required
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Figure 1.9: Schematic representation of the possible distribution of canonical
and additional splicing cis-elements. The figure shows the elements involved
in the splicing process. The canonical splicing signal that defines the exon
boundaries are: the GT at the 5 splice site, the AG at the 3splice site and the
branch point adenosine.

before the actual intron removal can occur and splicing errors are rejected by

the NMD pathway. On the other hand, the accumulation of splice site muta-

tions or the alteration in the function of spliceosomal components can lead to

phenotypic consequences and, in fact, dysregulation of splicing has been linked

to many diseases, including cancer [Ladomery, 2013; Padgett, 2012; Tazi et al.,

2009].

1.5 The Additional Elements

It was demonstrated that the splice site recognition occurs across the exons

through the initial interaction between the 5’ and 3’ splice sites via the exon

definition model [Berget, 1995]. This recognition is the result of a combi-

natorial regulatory mechanism [Smith and Valcárcel, 2000] that uses various

controlling elements. In addition, other SREs can affect the splice site recogni-

tion too. They can act by increasing or decreasing exon recognition depending

on their location, (Figure 1.9).
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1.5.1 Regulatory Elements; Enhancers and Silencer

The 5’ splice site, 3’ splice site, branch point (BP) and polypyrimidine tract

(PPT) are required and essential for splicing. Their sequences alter in nature,

which could lead to unwanted or inefficient splicing or no splicing at all. In

addition, it was found that the information within the 5’ splice site sequence

is not enough to detect them accurately. Further information is mandatory

and has to contribute to determining them [Lim and Burge, 2001]. This in-

formation can be found in additional sequences identified as enhancers; these

sites are named as (ESEs) when inside an exon, or intronic splicing enhancers

(ISEs) when inside an intron. Opposite to the (ESEs), other factors can be

present to suppress splicing. In that case, they are named silencers with the

sequences termed (ESS) and (ISS) when inside an exon and an intron, respec-

tively [Cartegni et al., 2002; Cartegni and Krainer, 2002].

1.5.1.1 Splicing Enhancers

ESEs are recognised by different RNA binding proteins, which belong to the

SR protein family of SFs. ESEs are usually located downstream of subop-

timal 3’ splice sites [Fairbrother and Chasin, 2000]. A purine-rich ESE has

one or more binding sites for SR proteins, which are implicated in recruiting

or strengthening the binding of SR proteins. For example, it was demon-

strated that the ESE site recruits U2AF to the upstream 3’ splice site and

stimulates spliceosome assembly [Graveley et al., 1998; Graveley and Mani-

atis, 1998]. ESEs are involved in constitutive splicing events [Lavigueur et al.,

1993; Schaal and Maniatis, 1999a,b] and certain alternatively spliced exons

[Lavigueur et al., 1993; Ramchatesingh et al., 1995; Sun et al., 1993; Tian and

Maniatis, 1993; Yeakley et al., 1996]. In addition, they were identified as reg-
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ulators of alternative splicing [Black, 2003]. In addition, enhancer motif can

affect the U1 snRNP and the selection of the 5’ splice site through factors that

bind to them. [Eperon et al., 1993] showed that SR proteins like SRSF1 can

fulfil this role.

In previous studies, it was demonstrated that Tra2 and Tra2 of Drosophila

bind to ESEs containing GAA repeats and, in conjugation with SR-family

proteins, promote ESE-dependent splicing [Tacke et al., 1998]. Moreover, [El-

dridge et al., 1999; Longman et al., 2001] showed that SRm160 protein is

important for a typical ESE sequence that consists of GAA repeats to pro-

mote the splicing of a pre-mRNA derived from exons 3 and 4 of the Drosophila

doublex gene [dsx (GAA)6]. Antibodies for SRm160 protein precipitated the

(GAA)6-RNA but not the (GUU)6, indicating that SRm160 protein is specif-

ically associated with GAA repeat sequences [Eldridge et al., 1999; Longman

et al., 2001]. Increasing the GAA repeats from zero to six resulted in a signifi-

cant stimulation of dsx pre-mRNA splicing in the presence of SRm160 protein

[Blencowe et al., 1998; Eldridge et al., 1999]. In addition to interactions me-

diated through the ESE, the stable association of SRm160 protein with the

dsx pre-mRNA could involve more interactions mediated through the forma-

tion of one or more snRNP-containing splicing complexes. For example in a

mock-depleted reaction mixture, an antibody for SRm160 protein immuno-

precipitated increasing levels of the dsx pre-mRNA as the numbers of GAA

repeats in the ESE increased, whereas the dsx pre-mRNA with or without an

ESE did not immunoprecipitate in the absence of U1 snRNP. In the absence

of U2 snRNP, the level of dsx pre-mRNA immunoprecipitated increased as

the number of GAA repeats increased. These results indicate that U1 snRNP

and factors bound to the ESE are required to promote stable association of
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SRm160 protein, whereas U2 snRNP is not. Furthermore, it was identified

that the depletion of U1 snRNP prevented both the immunoprecipitation of

dsx pre-mRNA in the presence of SRm160 protein and the binding of U2

snRNP to the dsx pre-mRNA even in the presence of GAA repeat. This indi-

cates that both U1 snRNP and ESE components co-operate to recruit SRm160

and U2 snRNP to the dsx pre-mRNA. These results suggested a model in

which SRm160 protein functions as a co-activator of ESE-dependent splicing

by bridging between snRNP factors and SR proteins bound to ESE

Another example of an ESE is found in Drosophila doublesex (dsx )

pre-mRNA. The ESE was found as a 13 nucleotide repeat element (dsxRE)

and was essential for exon inclusion [Tian and Maniatis, 1993]. ESEs were

demonstrated as domains enriched in purines and were initially found in im-

munoglobin M. It was shown that the ESE is essential for the function of the

upstream 3’ splice site. In general, interruption or deletion of ESE sequences

results in skipping of an exon during splicing.

In general, ESEs through SR protein binding create the process of splic-

ing by recruiting SFs. The importance of ESE residues was investigated in this

research in the presence and absence of the SRm160 protein and will be ex-

plained later in the chapter.

1.5.1.2 Splicing silencers

Splicing silencers are a group of regulatory proteins that repress or silence

splicing. The sequence of these silencers can be purine or pyrimidine-rich and

bind different SFs [Fairbrother and Chasin, 2000]. Several ways were identi-

fied in the regulation process via a silencer sequence. One of the ways is by

antagonising the function of a nearby ESE. Alternatively, by recruiting fac-
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tors that interfere with the splicing machinery by steric hindrance or through

exon looping out of the pre-mRNA or by nucleation and co-operative binding

[Cartegni et al., 2002; Cartegni and Krainer, 2002; Matlin et al., 2005]. Pre-

vious studies have identified that inhibition typically occurs during the initial

ATP-independent recognition of splice sites. In addition, it has been demon-

strated that the silencer motif sequences interact with the proteins belonging to

the heterogeneous nuclear ribonucleoproteins family (hnRNP) [Cartegni et al.,

2002; Cartegni and Krainer, 2002]. In addition, they can inhibit splicing. This

family of proteins contains an RNA-binding domain and an auxiliary domain

that is rich in amino acids that are responsible for protein-protein interactions

[Dreyfuss et al., 2002; Smith and Valcárcel, 2000]. hnRNP proteins, similar to

SR proteins, are responsible for various functions in the cell, including regulat-

ing transcription, pre-mRNA splicing and translation [Han et al., 2010]. One

of the silencers, termed hnRNP A1, was shown to antagonise SRSF1 [Mayeda

et al., 1993]. It is thought that the antagonising effect is through reciprocal

blocking of binding sites [Eperon et al., 2000; Zhu and Krainer, 2000]. It also

promotes exon skipping [Blanchette and Chabot, 1999].

Interestingly, it has been found that hnRNP A1 binds to both the 5’ and

3’ splice sites [Buvoli et al., 1990] and also binds to the U2 snRNP. This binding

implies that hnRNP A1 is involved in the early stages of spliceosome assembly

[Buvoli et al., 1992]. The classic model is that hnRNP A1 represses splicing

by competition with SR proteins and promotes exon skipping by increasing

the use of weak distal splice sites [Cáceres et al., 1994; Mayeda and Krainer,

1992; Mayeda et al., 1994].

[Eperon et al., 2000] identified that the splicing silencers can affect the

selection of 5’ss. They showed that hnRNP A1 could shift the 5’ss selec-
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tion from downstream to an upstream 5’ss by affecting the binding of the U1

snRNP. In addition, they could compete to bind to the same pre-mRNA with

added hnRNP A1 and SRSF1 to represses or stimulate U1 snRNP binding

at a downstream 5’ss. In addition, hnRNP A1 has also been found bound to

an ESE at the 3’ end of HIV-1 at exon 3 that could antagonise SR protein

binding to an ESE at the 5’ end of the exon and in turn inhibit the selection

of an alternative 3’ss [Expert-Bezançon et al., 2004]. Moreover, the RNA sec-

ondary structure was found to be influenced by hnRNP A1 binding. hnRNP

A1 could displace other bound proteins on RNA and spread along the RNA

[Okunola and Krainer, 2009]. Another example of a splicing silencer is the

hnRNP PTB; also named PTBP1 or hnRNP I [Cherny et al., 2010; Shen and

Green, 2004; Shen et al., 2004]. PTB is a 57-kDa protein that contains four

RRMs, which often bind to 3’ splice site proximal regions. It binds to these

polypyrimidine-rich sequences to repress splicing [Kafasla et al., 2012]. Dif-

ferent studies have reported PTB repressing splicing in several different ways.

For example in some cases, PTB uses competitive inhibition, whereby it com-

petes with U2AF65 [Saulière et al., 2006]. PTB has also been found to bind

U1 snRNA, thereby possibly blocking the interaction between the U1 snRNP

with 3’ spliceosomal components [Sharma et al., 2011]. Moreover, it can also

divert U2 snRNA to base pair to another sequence away from the branch point

[Zheng et al., 2014].
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1.6 Trans-acting Factors; Additional Proteins

Involved in Splicing

The small nuclear ribonucleoproteins particles (snRNPs) and non-snRNPs are

fundamental factors that are involved in the splicing process during spliceo-

some assembly. In addition, two other families of serine-arginine rich RNA-

binding proteins have also been identified as the main components of regulatory

complexes with functional specificity in the splicing process, and that usually

bind the ESEs and ESSs [David and Manley, 2008].

1.6.1 The Serine-Arginine Proteins; SR Family and SR-

related Proteins

A hallmark factor involved in RNA splicing is SR proteins, also named SR

splicing factors (SRSFs) [Mayeda et al., 1999]. They are families of RNA-

binding proteins, highly conserved in metazoan cells [Blencowe et al., 1999,

1998; Fu, 1995; Manley et al., 1996; Valcárcel et al., 1996; Valcárcel and

Green, 1996] but apparently absent from lower eukaryotes such as Saccha-

romyces cerevisiae [Hutton et al., 1998]. Protein domains that are rich in

serine-arginine dipeptide repeats facilitate protein-protein and protein-RNA

interactions during spliceosome assembly, recruitment and catalysis [Cartegni

et al., 2002; Cartegni and Krainer, 2002; Shen and Green, 2004; Shen et al.,

2004; Valcárcel et al., 1996; Valcárcel and Green, 1996; Wu and Maniatis,

1993]. These proteins are known as SR or SR-family proteins. Another type

of SR protein is also involved. They termed as SR related proteins.

SR proteins include SRp20, SRSF1/SF2/ASF, 9G8, SRp30c, SC35,

HRS/SRp40, SRp55, SRP75 and p54. These proteins possess one or two
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N-terminal RNA recognition motifs (RRMs) allowing them to interact with

pre-mRNAs in a sequence-specific manner [Buée et al., 2000] and a C-terminal

domain rich in alternating serine and arginine dipeptides, the (RS) domain [Ars

et al., 2000; Birney et al., 1993; Lin and Fu, 2006; Long and Caceres, 2009].

Many of these serine residues are phosphorylated. Phosphorylation allows SR

proteins to interact with each other. These protein-protein interactions are

essential in spliceosome assembly and play an important role in promoting

the recognition of splice sites [Amrein et al., 1994; Fetzer et al., 1997; Kohtz

et al., 1994; Wu and Maniatis, 1993; Xiao and Manley, 1997, 1998]. It was also

identified that SR protein activity is regulated by phosphorylation and dephos-

phorylation [Stamm, 2008]. For instance, it was demonstrated that in in vitro

splicing, the RS domain phosphorylation is critical for spliceosome assembly

and its subsequent dephosphorylation is important for catalysis to occur [Cao

et al., 1997; Mermoud et al., 1992, 1994; Xiao and Manley, 1998]. The RS

domain of these proteins could be phosphorylated and dephosphorylated via

various proteins. They are named as kinases. Several kinases have been iden-

tified, including members of the SR protein kinase (SRPK), the CDC2-like

kinase family (CLKs) and AKT family [Colwill et al., 1996; Duncan et al.,

1997; Gui et al., 1994; Scott et al., 2012; Wang et al., 1998]. Variations in

kinase levels or activity have been shown to influence splicing [Lin and Fu,

2006; Scott et al., 2012].

Members of the SR family and SR-related proteins were first identified

through genetic analyses of Drosophila, and subsequently by their ability to

influence splicing activity in vitro in HeLa extracts [Amrein et al., 1988; Ge and

Manley, 1990; Goralski et al., 1989; Krainer et al., 1990]. Since their discovery,

many additional members have been identified. SR and SR-related proteins
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represent a major key in constitutive and alternative splicing regulators [Lin

and Fu, 2006; Long and Caceres, 2009] and function at multiple stages of

spliceosome assembly from recognition of the 5’ splice site at the earliest step of

splicing to binding and regulation of exonic-enhancer sequences that stimulate

the use of suboptimal splice sites by promoting interactions with each other

and with snRNP-associated proteins containing RS domains [Graveley, 2000;

Mueller and Hertel, 2011].

Moreover, SR-family proteins and other RS domains containing pro-

teins also function in splice site recognition by interacting with specific exon

sequences named enhancers (ESEs). They function by providing binding sites

for regulatory factors to recruit association of parts of the splicing complex.

Various lines of evidence suggest that SR proteins promote exon inclusion by

binding to enhancer elements in exons. This effect on splicing is believed to

happen through two mechanisms. First, through its RS domain, an ESE-

bound SR protein can recruit or stabilize components bound to the adjacent

5’ and 3’ splice sites, such as U1 snRNP or the U2AF complex, and through

direct interactions with the BPS and 5’ splice site [Graveley, 2001; Graveley

et al., 2001; Kohtz et al., 1994; Li and Blencowe, 1999; Wang and Manley,

1995; Wang et al., 1995; Zahler and Roth, 1995; Zuo and Maniatis, 1996; Zuo

and Manley, 1994]. These interactions are important in pairing the splice sites

across an exon through a process known as (exon definition) [Robberson et al.,

1990]. Second, an ESE-bound SR protein can inhibit or block inhibitory SFs

such as hnRNP proteins or other RNA-binding proteins [Kan and Green, 1999;

Zhu et al., 2001].

Additionally, SR proteins function in ESE-dependent splicing in several

ways [Blencowe, 2000; Graveley, 2000]. SR proteins can bind specific ESE
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sequences and recruit the splicing machinery via interactions of their RS do-

mains with snRNP components such as U2AF35 and U1-70K [Graveley, 2001;

Graveley et al., 2001; Lavigueur et al., 1993; Wang and Manley, 1995; Wang

et al., 1995; Wu and Maniatis, 1993; Zuo and Maniatis, 1996]. Some other SR-

related proteins can function in ESE-dependent splicing by acting as splicing

co-activators that bridge interactions between ESE-bound SR/ SR-related pro-

teins and snRNPs such as SRm160/ SRm300 [Blencowe, 2000; Blencowe et al.,

2000, 1998; Eldridge et al., 1999]. Binding of SR proteins can also enhance

exon inclusion by antagonizing the activity of negative regulators bound at

nearby silencer elements [Kan and Green, 1999]. Recent results also show that

inclusion of an alternative exon can be repressed by strong interactions of SR

proteins with the flanking constitutive exons [Han et al., 2011]. In addition to

roles in alternative splicing regulation, some SR and SR-related proteins have

been found to be involved in transcription, 3’ end formation, mRNA export

and translation [Blencowe et al., 1999; Long and Caceres, 2009]. SR proteins

have also been found to affect the selection of 5’ss. Previous studies have

shown that the intron-proximal 5’ss will be used when an ESE sequence is lo-

cated between two alternative 5’ss and bound by SR proteins (SRSF1, SRSF2

or SRSF7) [Erkelenz et al., 2013; Spena et al., 2006; Wang et al., 2006]. In ad-

dition, SR proteins have been identified to interact with the U2AF component

U2AF35 and the U1 snRNP component U1-70K. As the U1 snRNP binds at

the 5’ splice site and U2AF recognizes the polypyrimidine tract and 3’ splice

site, a model has been proposed that sees SR proteins bridging across the exon

or intron [Wu and Maniatis, 1993].

Based on in vitro splicing assays, SR proteins appear also to be func-

tionally redundant in their ability to accompany splicing in HeLa S100 extract
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[Fu et al., 1992; Mayeda et al., 1992]. In addition, SR proteins have also been

found to play a role in other aspects of gene regulation, including translation

[Sanford et al., 2004].

In addition to the SR proteins, many other SR-related proteins also

function as regulators of splicing. These proteins contain RS and RRM do-

mains, but with configurations different from the classical SR proteins. Ex-

amples of such SR-related proteins include Tra2 A and Tra2 B, which are

homologs of transformer-2, an AS regulator involved in Drosophila sex deter-

mination. Other SR-related proteins contain RS domains alone or in combi-

nation with other RNA-binding domains [Blencowe et al., 1999]. SR-related

proteins such as U2AF subunits, the U1 snRNP component U1-70K and the

coactivators SRm160 and SRm300, may or may not have RNA-binding ac-

tivity and are believed to function through protein-protein interactions across

splice sites by binding to components of the splicing machinery and with other

RS domain-containing proteins [Blencowe, 2000; Blencowe et al., 2000; Sharma

et al., 2008].

1.6.2 SerineArginine-rich Splicing Co-activator SRm160

and Its Role

To gain more insights into the structure and function of components involved

in pre-mRNA splicing, numerous studies were done, ranging from using a bank

of monoclonal antibodies, mAbs, for the recognition of proteins associated

with splicing to immunoprecipitation assays and splicing. A candidate protein

was discovered by [Blencowe et al., 1994], named SRm160 (SR nuclear matrix

protein of 160-kDa), that consists of serine (S) and arginine (R) repeats units.

Unlike the SR family, the predicted SRm160 lacks an RRM domain. The
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absence of this domain in SRm160 indicates that its association with splicing

complexes is mediated by protein-protein interactions [Blencowe et al., 2000,

1998; Eldridge et al., 1999].

SRm160 functions as a co-activator of constitutive and exon enhancer-

dependent splicing by bridging interactions between SFs that bind directly to

pre-mRNA [Blencowe et al., 1999, 1998; Eldridge et al., 1999]. It is required

for the splicing of specific pre-mRNAs [Blencowe et al., 1998]. It has been

found that SRm160 is associated with different SR proteins and SR-family

proteins that promote splicing by binding to different ESE sequences. Various

SR proteins (SC35, SRp30c, SF2/ ASF and SRp20) were detected by immuno-

precipitation assay via an antibody for SRm160 [Longman et al., 2001], which

indicates that SRm160 promotes splicing activity by association with different

SR and/ or SR-family proteins bound to ESE sequences. It was also found that

an antibody to SRm160 coimmunoprecipitated from nuclear extract: 75-kDa

and 40-kDa proteins which were refereed to SRp75 and hTra2β, respectively.

This immunoprecipitation was resistant to extensive pre-incubation of the nu-

clear extract with RNase, indicating that the association between htr2β and

SRm160 is mediated by protein-protein interactions [Blencowe et al., 1999,

1998]. In previous studies, it was demonstrated that the hTra2α and hTra2β

of Drosophila Tra2 bind to ESEs containing GAA repeats and, in conjugation

with SR-family proteins, promote ESE-dependent splicing [Tacke et al., 1998].

Moreover, it was identified that SRm160 is important for a typical ESE

sequence that consists of GAA repeats to promote the splicing of a pre-mRNA

derived from exons 3 and 4 of the Drosophila doublesex gene [dsx (GAA)6].

Antibodies for SRm160 precipitated the (GAA)6-RNA but not the (GUU)6

indicating that SRm160 is specifically associated with GAA repeat sequences

43



1.6 Trans-acting Factors; Additional Proteins Involved in Splicing

 

Tra2 

Intron 

Exon 1 Exon 2 5’ 3’ 

U1 

U2 
ESE 

SR 

Figure 1.10: The role of SRm160 splicing co-activator in ESE function. It was
proposed that SRm160 acts as a bridge factor through various interactions
in order to promote the pairing of exons during the regulation of splice site
selection. The binding of Tra2 to a GAA-repeat ESE and U1 snRNP to the
5 splice site is important to recruit SRm160 to pre-mRNA. These interactions
simultaneously promote the binding of U2 snRNP to the pre-mRNA which
also interact with SRm160.

[Eldridge et al., 1999; Longman et al., 2001]. Increasing of GAA repeats from

zero to six resulted in a significant stimulation of dsx pre-mRNA splicing in the

presence of SRm160 [Blencowe et al., 1998; Eldridge et al., 1999]. In addition

to interactions mediated through the ESE, the stable association of SRm160

with the dsx pre-mRNA could involve more interactions mediated through the

formation of one or more snRNP-containing splicing complexes. For example

in a mock-depleted reaction mixture, an antibody for SRm160 immunoprecip-

itated increasing levels of the dsx pre-mRNA as the numbers of GAA repeats

in the ESE increased. Whereas, the dsx pre-mRNA with or without an ESE

did not immunoprecipitate in the absence of U1 snRNP. In the absence of

U2 snRNP, the level of dsx pre-mRNA immunoprecipitated increased as the

number of GAA repeats increased. These results indicate that U1 snRNP

and factors bound to the ESE are required to promote stable association of
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SRm160, whereas U2 snRNP is not. Furthermore, it was identified that the

depletion of U1 snRNP prevented both the immunoprecipitation of dsx pre-

mRNA in the presence of SRm160 and the binding of U2 snRNP to the dsx

pre-mRNA even in the presence of GAA repeat. This indicates that both U1

snRNP and ESE components co-operate to recruit SRm160 and U2 snRNP to

the dsx pre-mRNA. These results suggested a model in which SRm160 func-

tions as a co-activator of ESE-dependent splicing by bridging between snRNP

factors and SR proteins bound to ESE (Figure 1.10) [Blencowe, 2000; Blencowe

et al., 2000; Eldridge et al., 1999].

Another study demonstrated that depletion by RNA interference (RNAi)

of SRm160 of C. elegans (CeSRm160), in combination with depletion one of

the SR-family proteins such as CeSC35, caused a specific defect in the devel-

opment of this organism, resulting in the production of unfertilized oocytes by

the injected animal [Longman et al., 2001].

Interestingly, [Blencowe, 2000; Blencowe et al., 2000; McCracken et al.,

2002; Szymczyna et al., 2003] demonstrated that SRm160 protein binds nu-

cleic acids directly via the PWI motif within the highly conserved N-terminal

domain. This motif facilitates the stimulation of 3’ end formation by allowing

the binding of SRm160 protein to transcripts. Moreover, the deletion of the

N-terminal domain of SRm160 containing the PWI motif prevents SRm160

from stimulating 3’ end cleavage in vivo.

The presence of the PWI motif in SRm160 suggests that both direct

and non-specific binding of SRm160 to the pre-mRNA substrate can occur,

disagreeing with the model stated in (Figure 1.11). Although the roles of

its domains and the nature of its interaction are known, its binding pattern,

however, remains unclear. There is nothing known about the actual number
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Figure 1.11: Schematic diagram shows SR domains in SRm160. This figure is
adapted from [Blencowe et al., 2000]

of SRm160 molecules involved in splicing regulation and even less is known

about the effects of different conditions.

A deeper understanding of SRm160 protein would greatly help. Single

molecule methods provide the right tools to reveal the role played by SRm160

protein in splicing reaction.

1.7 Single-Molecule Studies

In 1926, Jean Baptiste Perrin was awarded the Nobel Prize in Physics. The

study was on Brownian motion. This study confirmed the atomic nature of

matter (from nobelprize.org).

Single molecule experiments are used to study and identify properties

of individual molecules. For biological sciences, the single molecule approach

meant a journey towards single molecule studies of the building blocks of life

to understand nature at the smallest level. For a long time, the observation of

single molecules was difficult, far out of reach and only ensembles of molecules

could be investigated in bulk experiments. Those experiments allow an average

measurement for the quantity observed, with statistical variations indicating

the existence of values deviating from the measured mean. However, crucial

information can be hidden within the averaged observations. The opposite

of traditional bulk experiments is conceptually represented by single-molecule
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studies. Such studies describe a way to reveal the hidden information by

distinctly interrogating each molecule, recording the result, exposing the full

distribution and highlighting possible hidden heterogeneities. In the end, these

individual measurements can be combined to produce the same averaged bulk

results.

The last 25 years were the gate for providing a powerful perception

beyond the measurement of averages. Single-molecule studies play an essential

role in the fields of biology, chemistry and physics [Moerner, 2002]. Single

molecule studies refer to a method involving optical detection of individual

molecules, to study their kinetics, dynamics, assemblies and conformational

rearrangements such as ribosomes, proteins and spliceosomes. The most widely

used technique in single molecule research is molecular fluorescence, which is

detailed later in this chapter.

Observing single molecules requires an approach that lets molecules

emit photons themselves not only the reflection and absorption of light or

electrons from molecules. Such process makes the detection of molecules in-

dependent of their size and also shifts the focus to sensitivity, for example

detecting the luminescent signal. There are different types of luminescence

used for microscopy [Créton and Jaffe, 2001; Melhuish, 1984]. Fluorescence

is one of these types that ”now permeates all of the cell and molecular biol-

ogy” [Lichtman and Conchello, 2005]. This introduces spontaneous emission

of light following the absorption of a photon by a molecule, first reported by

[Stokes, 1852]. The photophysical pathways are listed in the following sec-

tions. They are also explained schematically in a simplified Jablonski diagram

(Figure 1.12).
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1.8 Molecular Fluorescence; Theoretical Back-

ground

In this section, the principles of fluorescence, colocalisation and fluorescence

resonance energy transfer (FRET) are presented. First, photoluminescence

is explained and the concept of electron energy levels in a molecule are intro-

duced. The absorption and emission processes of a molecule are also described.

Total internal reflection illumination method is outlined too. FRET and the

factors that influence this effect are also described. Finally, an overview of

some current applications of single-molecule microscopy for biological purposes

such as RNA splicing is indicated.

1.8.1 Absorption and Emission Processes

Luminescence (or photoluminescence) is the process in which a substance ab-

sorbs electromagnetic radiation of a certain energy and subsequently emits

radiation of lower energy. Two types of photoluminescence have been identi-

fied. They are fluorescence and phosphorescence. In both cases, an electron is

excited to a higher energy state and then returns to a lower energy state char-

acterised by the emission of a photon. However, the processes by which the

molecule emits the photon differ. The time between absorption and emission

is extremely short, about 10−8 s for fluorescence processes. In phosphorescent

materials, molecules can be excited by photon absorption to energy levels, said

to be metastable, which are states that last much longer, from 10−3 s up to a

few seconds or as long as minutes. In a collection of such molecules, many will

de-excite to the lower state quickly, but many will remain in the excited state

for much longer. Hence light will be emitted even after long periods. These
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substances are known more commonly as ”glow in the dark” materials.

The energy levels in a molecule must be identified to understand the

photoluminescence process. Molecules have multiple energy levels that depend

on the structure of the molecule according to quantum theory. A molecule can

absorb electromagnetic radiation by promoting an electron to a higher energy

level (into an excited state). Multiple levels of energy have been classified;

rotational, vibrational and electronic levels. Each of these transitions differs

by an order of magnitude. Rotational transitions occur at lower energies 10−3

eV (microwave region). Vibrational transitions occur in the infra-red 10−1

eV. Electronic transitions occur in the ultraviolet and visible region of the

electromagnetic spectrum, and these require higher energies (Figure 1.12).

Overall, the figure simplifies the photoluminescence pathway. A photon

of suitable wavelength excites the molecule from the ground state into a higher

excited singlet state. Internal rotational and vibrational relaxation lowers the

energy of this excited state before the molecule returns to the ground state by

immediately emitting a photon (fluorescence). Other energy transfer pathways

are also possible [Lakowicz, 1999, 2013]. As the energy of the emitted photon

is lower than the energy of the absorbed photon due to internal conversion and

relaxations, the molecule releases the energy as a form of a photon an then

returns to the ground state. The resulting wavelengths and the differences

between them (the absorbed and emitted photons) are known as the Stokes

shift (Figure 1.14). This shift leads to spectral separation of excitation and

emission. Moreover, fluorescent energy is only released as photons of light.

In a triplet state, the fluorophore can also decay through a non-fluorescent

pathway.
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Figure 1.12: Simplified schematic diagram of Jablonski diagram. The molecule
(black circle) at the ground state (S0). The molecule (red circle) at the first
singlet state (S1) after irradiation by a light source (red arrow). To return to
its ground state, the molecule emits energy by fluorescence or phosphorescence.
Each coloured arrows relative to coloured boxes in the right side of the figure.
Green arrow represents the transitions from (S0) to (S1); Absorption process.
Blue arrow represents the returning to the ground state; fluorescence. Dashed
orange arrow represents the internal mechanisms; vibrational and relaxation
states. Dashed purple arrow represents the inter-system crossing mechanism.
Dashed yellow arrow represents the phosphorescence process.
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1 = Rotational energy levels (R1, R2, and R3). 

2 = Vibrational energy levels (V0 and V1). 
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Figure 1.13: Simplified schematic diagram of transition energy levels. Dashed
arrow represents the direction of the energy level (E). (E0) and (E1) represent
the electronic energy levels. (V0) and (V1) represent the vibrational energy
levels. (R1), (R2) and (R3) indicate the rotational energy levels. A, B and C
indicate the different options of molecule transitions.
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Figure 1.14: Schematic diagram of Stoke’s shift. Green band represents the
excitation spectra. Green band represents the excitation spectra. The dif-
ference in the wavelengths of the maxima for emission and excitation is the
Stokes shift.
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1.8.1.1 Absorption Process

For fluorescence to occur, a molecule must first absorb a photon. If this photon

has energy equal to, or greater than, the energy difference between the ground

state and the excited state, it can be absorbed. Otherwise, the photon will

be scattered. When a photon is absorbed, its energy is transferred to the

valence electron and this electron is promoted to a higher molecular orbital,

thus putting the molecule into an excited state. This transition is very fast,

of the order of 10−15s.

The molar absorptivity (ε) of a substance is a measure of how strongly

it absorbs light of a given wavelength and is usually measured in M−1cm−1.

Transitions that have a high probability to occur have molar absorptivities

of 10−5M−1cm−1, whereas for transitions that are theoretically forbidden, the

molar absorptivity is less than 10−4M−1cm−1 [Schenk, 1973]. It is possible to

determine the molar absorptivity of a substance using a UVvis spectropho-

tometer. Such a spectrophotometer gives an experimental value of the ab-

sorbance using transmittance values. Transmittance is the ratio of the inten-

sity of light transmitted through a substance I1, to the intensity of light that

initially fell on the surface, I0, and can explained by:

T =
I1
I0

(1.1)

and absorbance (A) is defined as the negative logarithm of the transmittance,

A = − log(T ) (1.2)

The Beer-Lambert law states that there is also a logarithmic dependence be-

tween transmittance and the product of both the absorption coefficient of the
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I0

Ic, a

l

Figure 1.15: Schematic diagram of Beer-Lambert law. Gray cube represents
the media (material). Red represents the laser (light) pathway. Black arrow
represent the light direction. l and l0 represent and, respectively. l represents.
c and a indicate the concentration of absorbing species in the material and the
absorbance.

substance and the distance the light travels through the material, l, (Figure

1.15). The absorption coefficient is a product of the molar absorptivity, ε,

and the concentration of absorbing species in the material, c, [Rendell and

Mowthorpe, 1987]. This gives the relationship below,

T = 10−a�I = 10−ε�c�I (1.3)

Combining Equation 1.2 and Eqnuation 1.3 gives

A = ε � c � I (1.4)
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1.8.2 Emission Process

A Jablonski diagram (Figure 1.12 and Figure 1.13 ) illustrates the electronic

states of a molecule and the transitions between them. The states are arranged

vertically by energy. Electronic energy levels with the same spin as the ground

state are called singlet states and are indicated by the letter S [Schenk, 1973].

Electronic energy levels with a different spin from the ground state are called

triplet states and are indicated by the letter T. Photo-emission processes are

typically dominated by transitions between singlet and triplet states. Non-

radiative transitions are indicated by sinusoidal arrows and radiative tran-

sitions by straight arrows. The vibrational ground states of each electronic

state are indicated with thick lines, the higher vibrational states with thinner

lines. The absorption and de-excitation processes of the molecule, as described

above, are shown in the Jablonski diagram in (Figure 1.12 and Figure 1.13 ).

When an electron in a molecule has been energetically promoted to the

excited state through the absorption of radiation, it returns to the ground

state through radiative and non-radiative pathways. The radiative pathways

involve photon emission and non-radiative pathways include energy transfer

through collisions, resonance energy transfer through near field dipole-dipole

interactions, photochemical decomposition, etc. A change in the vibrational

and rotational states of the molecule can also cause a loss of energy via a non-

radiative route. In the case of fluorescence the electron stays in the S1 excited

state typically for 10−8s and returns to the ground state S0 very quickly, on

the order of 10−15s. In phosphorescence, the molecule undergoes inter-system

crossing, where the electron in the S1 state changes its spin and therefore its

energy and relaxes into a triplet state T1, this is illustrated in Figure 1.12. De-
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excitation from this triplet state to the ground state results in the emission

of a photon. The emitted photon will have less energy than the photon that

was absorbed due to rotational and vibrational changes. The absorption and

emission of energy are unique characteristics of a particular molecular struc-

ture. The difference in energy (or wavelength) between the absorbed photon

and the emitted photon is known as the Stokes shift, as shown in (Figure1.14).

A large Stokes shift is often highly desirable as it reduces the need for optical

filters, which are used to separate exciting light and fluorescence emission.

1.8.3 Fluorophores

Some biological structures show auto-fluorescence, such as mitochondria and

lysosomes that contain endogenous fluorophores like pyridinic and flavin coen-

zymes [Monici, 2005]. Tryptophan, tyrosine and phenylalanine (aromatic

amino acids) show fluorescence in the near ultraviolet too [Teale and Weber,

1957]. These are exceptions, and most biological molecules do not fluorescence

by themselves. Therefore, a fluorescent molecule, termed fluorophore, has to

be attached to them. There are numerous strongly fluorescent proteins that

cover a wide range of wavelengths [Shaner et al., 2005], such as the green fluo-

rescent protein (GFP) [Day and Davidson, 2009] and mCherry [Graewe et al.,

2009]. Alternatively, artificial fluorescent dyes, which provide superior photo-

stabilities, can be also used to label a biological molecule, such as the Cyanine

[Mujumdar et al., 1993] ATTO dyes [Buschmann et al., 2003] and Alexa Fluor

[Berlier et al., 2003]. Recently, quantum dots have expanded the possibilities

for labels even further [Resch-Genger et al., 2008].

These fluorophores usually have to be attached to the molecule of in-

terest. This can be done in multiple ways. Immunofluorescent staining using
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fluorescent antibodies [Miller and Shakes, 1995] or with fluorophore-specific

labelling [Haugland, 2002; Wiederschain, 2011] are examples of these ways. In

the case of fluorescent proteins, new combined proteins have been created that

contain the fluorescent protein directly attached to the protein of interest. In

such method, the label is expressed by the cell alongside the protein [Chalfie,

1994]. To label DNA or RNA, modified single-stranded nucleotides with at-

tached fluorophores can easily be annealed. A hybrid 2’-O-Me/ locked nucleic

acid oligo is a good example that has been used for labelling [Crawford et al.,

2008].

Despite this, problems of fluorophore attachment can exist. For exam-

ple the complex formed between a fluorescent label and protein has different

properties from the protein alone, at least differing in molecular weight. These

differences might affect the folding and function of the protein, which can

lead to observed different behaviours. Examples include false colocalisation

in Escherichia coli cells [Landgraf et al., 2012], changes in association profiles

of glycan-binding proteins [Fei et al., 2011] and an altered charge of bovine

serum albumin [Bingaman et al., 2003]. It is, therefore, essential to investigate

whether the results are independent of the fluorescent label or not.

Despite that, fluorescence microscopy is a popular technique, and multi-

faceted applications exist that use fluorescence for single molecule experiments.

Some of these are described below.

Forster resonance energy transfer (FRET) is one of the single molecule

techniques. It is a method to measure distances below 10 nm that takes advan-

tage of dipole-dipole interactions between two fluorophores. In this method;

the energy of one excited donor fluorophore is transferred to a second accep-

tor fluorophore. The efficiency of this transfer is heavily dependent on the
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distance between those two fluorophores and limited to small distances be-

low 10 nm. It enables intramolecular distances to be measured or site-specific

binding between molecules to be detected. It is a general technique that has

been adapted to single molecules [Roy et al., 2008]. Single molecule FRET (sm-

FRET) can be used to obtain kinetic constants for protein folding [Schuler and

Eaton, 2008] or DNA unwinding by helicases [Myong et al., 2007]. One of the

advantages of using FRET is the ability to investigate the three-dimensional

structural dynamics of proteins [Forkey et al., 2003]. In addition, the time

between absorption and emission of a photon contains further useful infor-

mation about internal properties such as rotation and the likelihood of inter-

system crossings and external features like the formation of excimers [Berezin

and Achilefu, 2010]. Another method termed fast alternating laser excitation

(ALEX) spectroscopy observes the emission of donor and fluorescence concur-

rently [Kapanidis et al., 2005]. Such a process allows the identification of the

FRET efficiency and donor/ acceptor relative stoichiometry by measuring the

acceptor emission directly by laser excitation and indirectly by FRET.

1.9 Total Internal Reflection Fluorescence Mi-

croscopy

Total internal reflection fluorescence (TIRF) microscopy applies an evanescent

wave to illuminate a region of a sample placed on a surface. When the laser

beam (exciting laser) hits the interface between two media, where the refractive

index decreases on the other side (the second media) with an angle above

the critical angle, it is reflected back to the first medium [Karlström and

Nygren, 2001]. When this occurs, an evanescent electric field is generated that
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penetrates into the second medium by (50-150 nm). The exciting laser beam

has refracted according to Snell’s law,

n1 sin(θ1) = n2 sin(θ2) (1.5)

where θ1 and θ2 are the angles of incidence and refraction, respectively. The

n1 and n2 represent the corresponding refractive indices of the media. For a

laser beam passing through a medium with a higher refractive index such as

glass, into a medium with a lower refractive index, like water n1 > n2, the

angle of refraction is larger than the angle of incidence θ1 > θ2. For large

enough angles, the light is completely reflected at the interface (Figure 1.16).

The minimum angle at which this total internal reflection occurs is

termed the critical angle. Above this angle, the incident light is totally re-

flected.

θC = arcsin

(
n2

n1

)
(1.6)

An important feature of total internal reflection is the generation of an

evanescent wave that propagates into the lower refractive index medium. In

biological microscopy, such medium would be an aqueous sample. The advan-

tage of this illumination is the extremely restricted illumination of the sample,

reducing the possible background from the rest of the sample. Moreover,

multiple ways exist to utilise total internal reflection as a method of fluores-

cence microscopy. One is to apply an alternative high refractive index object,

commonly a prism [Axelrod, 2001; Thompson and Steele, 2007] or the micro-

scope objective directly [Thompson and Steele, 2007]. In the objective-based

method, the laser beam is passed through an objective lens, which needs to

have a numerical aperture (NA) of more than 1.4 to achieve TIRF. The laser
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Figure 1.16: Schematic diagram of refraction at the interface of two different
media. Medium with higher refractive index is indicated as (n1) bellow the
solid black line. Medium with lower refractive index is indicated as (n2) above
the solid black line. Light path shown in red is for normal reflection with an
incident angle smaller than the critical angle θ1 < θC . Yellow path shows the
reflection parallel to the boundary for an incident angle equal to the critical
angle. Path shown in green is for an incident angle greater than the critical
angle θ3 > θC .
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beam is passed through an immersion oil and a glass cover slip to hit the solu-

tion of a higher refractive index at an angle above the critical angle, producing

the evanescent field through TIRF. The beam returns through the same ob-

jective lens. This method has some limitations, including a low signal-to-noise

ratio due to fluorescence from the immersion oil and reflections from the laser

beam that is passed through the objective [Fialcowitz et al., 2005; Moerner

and Fromm, 2003]. On the other hand, the prism-based method differs from

the objective-based TIRF method through the fact that the laser is passed

hitting a prism. The general idea involves propagating laser light through

a prism containing a liquid immersion oil that corresponds to the refractive

index of the glass cover slip (n = 1.51). The fluorescence then is collected

through the objective. The detector of choice for wide-field microscopy is a

CCD (charge coupled device). Images are produced by integration on a 1-1000

ms timescale. As there are entirely separate beam paths for excitation and

emission and a larger possible illumination area, the prism-based illumination

has the advantage of lower background. In contrast, the objective-based il-

lumination makes use of objectives with a higher magnification and a higher

NA, collecting more light and achieving a higher collection efficiency per sin-

gle molecule [Hassler et al., 2005]. Usually, the sample is more accessible with

objective illumination, allowing uncomplicated manipulations.

Because of the advantages stated above, we decided to choose objective-

based illumination (Figure 1.17). The objective is positioned below the sample

interface and coupled to the cover slip with immersion oil, all three having

comparable refractive indices. The incident laser beam is guided into the

objective parallel to the optical axis, focused onto the back focal plane. Moving

it outwards results in different incident angles of collimated laser light at the

61



1.9 Total Internal Reflection Fluorescence Microscopy

 

Sample 

Cover Slip 

(Slide) 

Immersion oil 

Objective 

lense 

Excitation 

beam 

Emission 

beam 

Figure 1.17: Schematic diagram of the objective-based illumination mi-
croscopy. Excitation and emission beam pathways are shown in green and
red, respectively. All parts are labelled.

cover slip sample interface. The incident beam is reflected at the interface,

giving rise to the aforementioned evanescent wave penetrating into the sample.

Overall and with its selective surface-defined illumination, TIRF is

especially well suited to investigate membranes [Thomson et al., 1993] and

membrane-related events like cell signalling [Sako et al., 2000]. For example

the movement of single molecules that have been confined to the membrane

has been tracked [Schmidt et al., 1996]. In addition, individual steps of myosin

V moving along actin filaments can be seen [Yildiz et al., 2003]. Another im-

plementation of it is for colocalisation experiments, which are the primary
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(a) (b) (c)
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Figure 1.18: Simplified diagram of colocalisation. From (a) to (c) are Lab-
View overview which represents green spots (GFP at 488nm), red spots (Cy5
at 633nm) and the colocalised spots (overlapped spots). (d) indicates the
exemplary superposed image of a green spot. (e) indicates the exemplary su-
perposed image of a red spot. (f) indicates the superposed image (d) and (e)
that shows the colocalized spots in yellow.

research in this thesis and are discussed below.

1.10 Colocalisation

In a single molecule study or even in fluorescence microscopy, colocalisation

refers to the observation of the spatial overlap between spectral fluorophores.

It also describes the presence of two or more fluorophores attached to the same

molecule. In the context of fluorescence imaging, it means that the fluorescent

signals emitted by the fluorescent molecules occupy the same pixel in the image

(in close proximity to each other), where the fluorescence emissions from their

attached fluorophores overlap, see figure (1.18).
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To illuminate molecules for colocalisation studies, confocal illumination

can be used for detecting dual-labelled complexes in solution. Such illumi-

nation can be performed using ALEX [Kapanidis et al., 2005] or by using

ultra-fast laser pulse excitation [Olofsson and Margeat, 2013]. Surface selec-

tive illumination is preferred, where the complexes are immobilised on the

surface. Illumination can be achieved by total internal reflection. The work

presented later in this research has mainly done with the surface illumination

by total internal reflection.

Moreover, to assess colocalisation, first, the spots that indicate a la-

belled molecule have to be identified, the position of each fluorophore has

to be obtained, and then the distance between colocalised molecules can be

calculated. All this and further analysis can be achieved via algorithms and

computer analysis.

1.10.1 Photobleaching

Of concern from colocalisation measurements, the percentage of colocalised

molecules is essential information but not only that can be extracted from the

data. The intensity of fluorescence molecules over time contains additional

information about the number of colocalised fluorophores.

Each fluorophore has an individual quantum yield. The quantum yield

indicates the ratio of decay occurring by fluorescence and non-fluorescent path-

ways. Different quantum yields result in different numbers of emitted photons

for the same laser intensities [Weber and Teale, 1957]. The detection efficiency,

which indicates how many of the emitted photons are collected by the set up,

is of concern from the experimental side. If the presence of an additional fluo-

rophore results in a big change in signal level, it becomes possible to count the
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fluorophores. If multiple fluorophores suddenly stop emitting photons, one at

a time, simply counting the successive downward steps in the intensity-time

trace, the trace would tell us the number of fluorophores present initially. Al-

most all fluorophores stop emitting photons at some point due to a process

termed as photobleaching [Dempsey et al., 2009; Widengren and Rigler, 1996].

This causes permanent loss of their ability to fluoresce. The average time until

bleaching depends on the excitation intensities and other environmental fac-

tors, e.g. oxygen concentration, temperature and pH [Dempsey et al., 2009].

If the average time until bleaching is adjusted by either controlling the laser

intensity or the environmental conditions, the separate bleaching events can be

distinguished [Casanova et al., 2007; Leake et al., 2006]. Each bleaching step

corresponds to one fluorophore, and each fluorophore is bound to one molecule,

so each bleaching step indicates that one labelled molecule is present.

Colocalisation studies on single molecules have been used widely to

look at a wide range of biochemical processes, such as transcription initiation

[Friedman and Gelles, 2012], ribosomal translation of mRNAs [Tsai et al., 2012]

and spliceosome assembly [Hoskins et al., 2011b]. Later in this research, single

molecule studies alongside colocalisation were applied to study the behaviour

of a coactivator SR splicing factor in RNA splicing (SRm160).

To assess colocalisation and extract information of interest from raw

data, single molecule experiments have been development, accompanied and

supported by computer-based algorithms. This development was kindly per-

formed by Robert Weinmeister [Weinmeister, 2014] and was applied in this

research thesis to detect and exclude information of every single molecule of

interest. Further development was applied to the program with thanks to Dr.

Alaa Kahdidos to reduce substantially the time needed to analyse the data.
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1.11 Fluorescence Resonance Energy Transfer

The use of two fluorescing dyes (fluorophores) makes it possible to identify the

structural features of molecules via a mechanism termed FRET.

FRET is a mechanism describing energy transfer between a fluorescent

molecule (donor; D) in an excited electronic state to a second molecule (accep-

tor; A) [Förster, 1955; Lakowicz, 2013]. The donor molecules emit at shorter

wavelengths, which overlap with the absorption spectrum of the acceptor. The

energy is not emitted by the donor (D) as a photon, or absorbed as a photon

by the acceptor (A), but is transferred by non-radiative pathways. The per-

turbation by the excited donor (D) molecule and the acceptor (A) molecule

takes place electrodynamically as a dipole-dipole interaction. The emission

band of the donor (D) must overlap sufficiently with the absorption band of

the acceptor (A) for FRET to occur (Figure 1.19). The rate of such transfer

of energy is dependent on the separation of the two molecules. This interac-

tion only takes place in the range (10-100 A), limiting the distance over which

FRET can occur. The physics and chemistry of FRET have been well studied

theoretically for years [Kubin and Fletcher, 1983; Lakowicz, 2013] but only

with recent technical advances has it become achievable to apply the FRET

mechanism to biomedical research [Shera et al., 1990].

FRET efficiency is heavily dependent on the inverse sixth power of inter-

molecular separation (1/(distance)6), which makes it sensitive for investigating

a variety of biological phenomena that give rise to distance changes of this or-

der. Therefore, one of the main applications of FRET is as a spectroscopic

ruler, which can probe distances on the nanometre scale through fluorescence

measurements, based on Forster’s basic rate equation for a donor and acceptor
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be used20,21, smFRET time trajectories are most commonly acquired 
by imaging surface immobilized molecules with the aid of total 
internal reflection (TIR) microscopy that allows high-throughput 
data sampling5,22.

TIR setups have been successfully adapted by numerous groups 
and can be assembled easily following a step-by-step guideline7 by 
using off-the-shelf components that cost about as much as an ultra-
centrifuge. Here we review this FRET method and also provide a list 
of vendors for various reagents and equipment used in our laboratory 
(Supplementary Tables 1 and 2 online; listed items and vendors are 
not the sole options, and one may find alternatives). All data acqui-
sition and analysis programs are freely available online (http://bio.
physics.uiuc.edu), and instructions on preparation of polymer-pas-
sivated surface and a weblink to demonstration movies are included 
in the Supplementary Protocol online. Though we mainly discuss 
the two-color FRET scheme in this review, higher-order FRET 
schemes can also be applied to probe multi-component interactions 
or spatiotemporal relationships between different conformational 
changes in large molecular complexes (Box 1 and Fig. 2).

Experimental design
Single-molecule fluorescence dyes. An ideal fluorophore for single-
molecule studies must be bright (extinction coefficient, ε, > 50,000 

M–1 cm–1; quantum yield, QY, > 0.1), pho-
tostable with minimal photophysical or 
chemical and aggregation effects, small 
and water-soluble with sufficient forms of 
bio-conjugation chemistries. Additionally, 
an excellent smFRET pair should have (i) 
large spectral separation between donor 
and acceptor emissions and (ii) similar 
quantum yields and detection efficiencies. 
Although fluorescent proteins have been 
used for smFRET studies23, low photosta-
bility and photoinduced blinking have hin-
dered further applications. Semiconductor 
quantum dots (QDs) have also been used 
as a smFRET donor24 with their blinking 
chemically suppressed25, but the large size 
(>20 nm diameter for commercial QDs) 
and the lack of a monovalent conjugation 
scheme limit their use. Consequently, the 
most popular single-molecule fluorophores 
are small (<1 nm) organic dyes26. We com-
pared three FRET pairs with absorbance 
from 500–700 nm from different vendors 
(Cyanine, Alexa and Atto dyes; Table 1). 
Though cyanine dyes (Cy3 and Cy5; donor 
and acceptor, respectively) have long been 
the favorites, their counterparts seem to 
have comparable relevant properties. None 
of the bluer dyesfor example, those that 
can be excited at 488 nmwere as photo-
stable as the original cyanine dyes. But a 
Cy3 replacement for custom RNA synthesis, 
Dy547, is even more photostable than Cy3 
(S. Myong; personal communication). Also, 
tetramethylrhodamine is a viable alternative 
to Cy3 and has an almost identical spectrum 

but with a lower extinction coefficient. However, it has the tendency 
to change its intensity between three different levels spontaneously 
(T.H.; unpublished observations). Near-infrared dyes such as Cy5.5 
and Cy7 also serve as efficient single-molecule dyes and can be used 
in multicolor schemes (discussed below).

Enhancing photostability. Molecular oxygen is an efficient quench-
er of a dye’s unfavorable triplet state, but is also a source of a highly 
reactive oxygen species that ultimately causes photobleaching27. 
Although oxygen removal reduces photobleaching, it prolongs the 
residence time in the triplet dark state28 causing millisecond or lon-
ger fluorescence intermittency or an early onset of signal saturation. 
A vitamin E analog named Trolox (2 mM; 100× stock prepared in 
dimethyl sulfoxide; pH adjustment and filtration required) is an 
excellent triplet-state quencher, which suppresses blinking and stim-
ulates long-lasting emission of the popular cyanine dyes in combina-
tion with an enzymatic oxygen-scavenging system28. Trolox should 
also provide a major improvement in time resolution as it delays 
the onset of emission saturation with increasing laser intensity. The 
reductant β-mercaptoethanol (βME; 142 mM) is a less efficient 
triplet-state quencher, and it induces long-lived dark states of Cy5 
(ref. 28), a side effect that has been exploited for super-resolution 
photoswitching imaging applications29. A plethora of other triplet-
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Figure 1 | smFRET description. (a) FRET efficiency, E, as a function of inter-dye distance (R) for a R0 = 50 Å.  
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depending upon its proximity. At R = R0, E = 0.5, but at smaller distances, it is >0.5 and vice versa, 
according to the function shown by the blue line. Notice the linearity of the E values adjacent to R0.  
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Figure 1.19: Schematic diagram of the mechanism of FRET.

at a distance (r) from each other.

E =
R6

0

R6
0 +R6

(1.7)

As with all biological applications, sensitivity is essential. There are

many ways of increasing the FRET efficiency. The FRET efficiency has been

identified by the quantum yield of the energy transfer transition. It can be

increased with an increase in the percentage of donor and acceptor overlap

spectrum, by using different and suitable dye pairs. However, this also causes

an increase in the bleed-through signal in the FRET channel. The efficiency

of FRET could also be improved by optimising the concentration of the fluo-

rophore used. While highly efficient traditional FRET systems are beneficial,

it would be desirable to have a FRET system that was not limited to the 10

nm interaction distance. This would enable molecular interactions to be inves-

tigated that occur beyond this distance. Some work has been done to achieve

this goal, but so far nothing greater than a 75% increase in the Forster radius
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1.12 Single Molecule Experiments on RNA Splicing

has been reported.

Suitable donor/ acceptor pairs require sufficient spectral overlap of the

emission and absorption spectra, high quantum yield of a donor, high ab-

sorption coefficient of acceptor and matching orientations of the donor and

acceptor dipoles. Generally, for FRET to occur, the acceptor does not have to

be fluorescent, but if it is, it emits a photon following transfer, which is char-

acteristic of the acceptor fluorescence spectrum, although only D has been

initially excited. Additionally, if the distance between the donor and acceptor

molecule is beyond the FRET limit and the system is excited, donor emission

can be observed but no energy transfer occurs and there is no emission of the

acceptor. However, when the donor and acceptor are within the FRET limit,

energy transfer can occur and both donor and acceptor emission can now be

seen, with the donor emission reduced.

1.12 Single Molecule Experiments on RNA Splic-

ing

The first observation of RNA splicing at single molecule level in real time was

done by [Crawford et al., 2008] using a TIRF microscope. This experiment was

done in whole cell extracts of yeast. They used RNA substrate with different

fluorophores (dyes) that were incorporated into its exons and introns. RNA

was attached to a surface glass through PEG-biotin and streptavidin. By ob-

serving a number of single molecules of RNA and analysing colocalisation over

time, a loss of intron-specific fluorescence was shown, indicating the progress

of splicing of the fluorescently labelled RNA.

The first insights into the dynamics of the yeast spliceosome itself were
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1.12 Single Molecule Experiments on RNA Splicing

revealed by [Hoskins et al., 2011a,b]. They observed its sub-complex dynam-

ics in real time in yeast whole cell extract. RNA substrates were bound to a

PEG-modified glass surface and illuminated using TIRF with three different

wavelengths. They observed colocalisation of pre-mRNA with splicing com-

ponents, such as U1 snRNP, which was monitored over time. To distinguish

between bleaching and dissociation of the components, the splicing compo-

nents were labelled with two fluorophores of the same kind. If the observed

intensity dropped by half, it indicated a bleaching event. If the intensity re-

duced to zero, either both fluorophores had bleached at the same time or, more

likely, the component had dissociated. This allowed the authors to follow as-

sociation and dissociation events over time and calculate reaction constants.

They found an association of U1 snRNP only in the presence of a 5’ splice site.

Only in the presence of (ATP) did the sub-complexes U2 snRNP, tri-snRNP

and NTC associate, and each showed different rates. They found this to be

consistent with an assembly order of U1 U2 tri-snRNP NTC. All associ-

ations were reversible and only increased the splicing committance, no step

guaranteed a proceeding splicing event.

In addition, a TIRF microscope was used to identify the number of

bound proteins to observe the stoichiometry of these proteins involved in mam-

malian splicing. This process involved counting bleaching steps and analysing

the total emission intensity. [Cherny et al., 2010] were the first to assess it

by counting the number of PTBs bound to the pre-mRNA in nuclear extract.

Similarly, the stoichiometry of U1 snRNPs in the early splicing complexes and

their role in splice site selection was observed [Hodson et al., 2012]. They used

different substrates with either strong or weak 5’ splice sites. They identified

that for two possible 5’ splice sites there can be two bound U1 snRNPs in the
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1.12 Single Molecule Experiments on RNA Splicing

early complex (E) with only one U1 snRNP remaining in complex (A).

A different approach in the TIRF is single molecule FRET studies.

These studies can provide information about distances during splicing and

conformational changes. The previous study by [Hoskins et al., 2011b] was

subsequently extended to include FRET [Crawford et al., 2013]. This combi-

nation in their study allowed the authors to follow the spliceosome assembly

over time and the conformational changes that occurred during the same time.

The FRET measurements revealed that the 5’ splice site and branch site re-

main separate during the spliceosome assembly and only approach each other

just before the first catalytic step, after which the process becomes highly dy-

namic. This was contrary to previous bulk studies that suggested that this

conformational change occurs around complexes E or A. In addition, [Abelson

et al., 2010] observed time-dependent and (ATP)-dependent conformational

transitions, all of them reversible with a highly fluctuating spliceosome oper-

ating. They labelled the RNA at the 3’- and 5’- exons with fluorophores and

RNA was attached to the surface through the 3’-exon. [Lamichhane et al.,

2010] also used single molecule FRET to investigate the activity of pure PTB

on short RNA oligonucleotides.

All of these single molecule studies on RNA splicing have the same

common methodology. Briefly, to follow the same molecule over time, the

pre-mRNA is immobilized on a surface, the sample is illuminated using total

internal reflection illumination. The analysis is done by colocalisation stud-

ies, counting bleaching steps and further analysis by looking at intensity-time

traces.
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1.13 Contributions of Thesis

This thesis proposes novel observation for a co-activator protein (SRm160)

using single molecule techniques, such as, single molecule colocalisation and

FRET methods. The advantages of using single molecule approaches are:

(1) they are the only way to get data on stoichiometry, for example, these

methods can detect the exact number of SRm160 molecules bound pre-mRNA

substrates at single molecule level and (2) they are the only way to reveal

any hidden information from bulk measurements. The limitation regarding

our findings is that the complexes need to localised on a surface; thus, there

is non-specific binding, which in some cases obscures the binding state and

hence a key part of this research has been to validate non-subjective analysis

techniques.

In this thesis, the proposed methods are aimed at providing robust

results for the state of binding of SRm160 during splicing. The main contri-

butions are summarised in details as follows:

a. We propose a novel single molecule technique which is introduced as

single molecule colocalization system. This system is using a suitable

microscope for excitation via total internal reflection (TIRF) to obtain

the single molecule data. We also propose this system by using two dif-

ferent fluorophores (the chosen fluorophores are mEGFP and Cy5) that

allows us to investigate the interaction of two distinct components in

a reaction of interest (GFP-SRm160 and Cy5-labelled-pre-mRNA sub-

strate in a splicing reaction). Multiple conditions are applied, such as the

absence and the presence of ATP and other factors. Our experiments are

consist of various processes. For all these process, an automatic system
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was available to reduce the time required to achieve one experiment and

to increase the consistency across experiments. Additionally, we propose

a development procedures regarding data analysis and documentation.

Overall, the optimisation via this system ensures a reliable identification

of colocalization and bleaching steps.

b. Motivated by the previous contribution which identified the state of bind-

ing of SRm160 during splicing reaction. We propose FRET system to

look at the state of SRm160 from another scope. This system allows a

deeper investigation of a molecule of interest in a real time, such as, the

state of fluctuations of a molecule of interest (forked DNA or double-

labelled RNA) in the presence of SRm160. This system is also using

a suitable microscope for excitation via total internal reflection (TIRF)

to obtain the single molecule data. The chosen fluorophores are Cy5

and Atto647N. An automatic system was also available to reduce the

time required to achieve one experiment. Additionally, we propose a

development procedures regarding data documentation.

1.14 Thesis Outline

The thesis is organized into 8 Chapters. The individual chapters of this thesis

are structured as follows:

• Chapter 1 provides an introduction of RNA processing, its biogenesis

pathway, the state of SRm160 (the star of the thesis) and an overview

of single molecule techniques.

• Chapter 2 provides the material and procedures of popular methods and
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techniques used in this research.

• Chapter 3 presents the fundamental steps of microscope alignments. The

performance of data presentation and the analysis procedure are pre-

sented. An improvement in the analysis and in the data documentation

steps are included.

• Chapter 4 presents specific optimisation of conditions for single molecule

experiments.

• Chapter 5 presents observation framework for SRm160 during splicing

using single molecule colocalisation technique. Experimental results are

presented. The behaviour of SRm160 are analysed. The performance of

it is compared to related studies.

• Chapter 6 presents observation framework for SRm160 during splicing

using FRET technique. Experimental results are presented. The be-

haviour of SRm160 are analysed. The performance of it is compared to

related observed results via single molecule colocalisation method.

• Chapter 7 concludes the thesis.

• Chapter 8 indicates appendices.

73



Chapter 2

Material and Methods
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2.1 In vitro Techniques

2.1.1 Polymerase Chain Reaction (PCR)

2.1.1.1 The PCR Procedure

All DNA constructs were amplified from plasmids via polymerase chain reac-

tion (PCR) using Red Taq DNA Polymerase (Sigma-Aldrich) following the

manufacturer’s instructions. This experiment was performed by using G-

Storm Thermal Cycler (G-Storm). A 50 µl volume reaction contained 50

ng of pure plasmid, 1 µl of each forward and reverse primers, 1x buffer, 0.4

mM dNTPs (Promega) and 1 unit of DNA polymerase (NEB, UK). Cycle con-

ditions were set up according to manufacturers recommendations. Annealing

temperature varied depending on the oligonucleotide sequence composition.

PCR was done during 35 cycles. The PCR reaction was analysed by running

on a 1% Agarose gel (Helena) to ensure the amplified fragment was at the

correct size and to confirm the presence of PCR products. Loading buffer, 6x

(NEB) was used in appropriate pro-portions to the PCR reaction in 1x TAE

buffer. 2 l of 1 kb DNA ladder (NEB) were used to determine the size of DNA

fragments Ethidium bromide (EtBr, 0.01%) was involved in the Agarose Gel

for impurities. Electrophoresis was performed at 80 V for about 45 min. PCR

products were analysed under UV light. In the end, products were excised ex-

tracted with phenol-chloroform and ethanol precipitated. Their concentrations

were determined by measuring the absorbance (A260) using nanodrop.

2.1.1.2 DNA Purification

Extraction of DNA via phenol-chloroform was done after the PCR reaction;

autoclaved ultra-pure water was first added up to a final volume of 100 µl.
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The same amount of Phenol: chloroform: Isoamyl Alcohol 25:24:1 (Sigma-

Aldrich) was added to the samples, mixed by vortexing and centrifuged for

3 min at 13000 rpm. The upper aqueous phase was collected in a fresh tube

and this step was repeated. 100 µl of chloroform (Sigma-Aldrich) was added

to the sample in a fume hood , mixed by vortexing and span under the same

conditions. The supernatant was removed. 80% ethanol was added followed

by centrifugation for 5 min. The supernatant was removed and the volume of

the sample was assessed. 1/10 volume of 3M NaAc pH 5.2 and 2 volumes of

100% ethanol were added and mixed. Samples were centrifuged at 17,000 rpm

for 15 minutes. The supernatant was removed. The sample was dried under

vacuum for 20 min. The DNA pellet then re-suspended in 20 µl TE.1 buffer.

The samples were stored at −20◦C.

2.1.2 In vitro Transcription

2.1.2.1 The procedure of in vitro Hot transcription

This procedure is introduced as ’Hot transcription’. DNA fragments contain-

ing the T7 pro-moter at the 5 end were generated by PCR (Section 1.1.1).

The homemade T7 RNA polymerase was used to generate transcripts for in

vitro splicing assays. Typically, a 10 µl of transcription reaction containing

transcription buffer (40 mM Tris-HCl pH 7.5, 6 mM MgCl, 10 mM NaCl), 0.5

mM ATP, 0.5 mM CTP, 0.5 mM UTP, 0.05 mM GTP (Promega), 50 ng/ µl

DNA template, 10 U RNaseOut (Invitrogen), 5% T7 RNA polymerase (1:20),

1 mM Ribo m7G cap analogue (Promega) and 0.5 µM [-32P] GTP (10 mCi/ml,

3000 Ci/mmol; Pelkin Elmer) was set up on ice and then incubated for 2 h

at 37◦C. After incubation, samples were mixed with 10 µl formamide dyes

(90 % v/v formamide, 50 mM EDTA, bromophenol blue and xylene cyanol)
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and fractionated on 6% denaturing polyacrylamide gel electrophoresis. The

transcripts was visualized using x-ray film (Fujifilm) and excised with a clean

scalpel. The transcripts was eluted into elution buffer (1 mM EDTA pH 8,

0.2% SDS and 0.5 M NaAC pH 4) and stored overnight at 4◦C. In the fol-

lowing day, the eluted solution weas collected into a clean eppendorf, ethanol

precipitated, re-suspended in TE.1 buffer and finally incubated at −80◦C.

2.1.2.2 The procedure of in vitro Cold Transcription

Transcription reaction of final volume of 50 uL containing 40 mM Tris-HCl pH

7.5, 6 mM MgCl, 10 mM NaCl, 0.5 mM of each rNTPs (0.5 mM ATP, 0.5 mM

rCTP, 0.5 mM rUTP, 0.05 mM rGTP), 15 ng/ µl linear PCR-amplified DNA

template (or 160 ng/µl of digested plasmid), 10 U/ µl RNase OUT (Invitro-

gen), and 5% T7 RNA polymerase (1:20) and 1 mM Ribo m7G cap analogue

(Promega) was set up on ice and incubated for 4 h at 37◦C. One unit DNase

(Promega) was added and incubated for 30 min at 37◦C to degrade remaining

DNA. One unit per µg of DNase (Promega) was added to the reaction and it

was incubated for 10 min at 65◦C to stop the enzymatic activity. The reaction

was subsequently made up to 100 µl with water. The transcript was then

extracted via phenol-chloroform. An S-300 column (GE Healthcare) was used

to purify the RNA. The RNA was phenol-chloroform extracted and ethanol

precipitated before being re-suspended in 30-50 l TE.1 buffer in addition of 10

U RNaseOut. RNA was stored at -80◦C.

2.1.2.3 The procedure of in vitro with 5GMPS CAP and Labelling

with Cy5-maleimide

A 50 µl cold transcription reaction containing 40 mM Tris-HCl pH 7.5, 20 mM

MgCl, 10 mM NaCl, 10 mM DTT, 4 mM ATP, 4 mM CTP, 4 mM UTP, 1
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mM GTP, 15 ng/µl linear PCR amplified DNA template (160 ng/µl if digested

plasmid is being added), 10 mM Guanosine- 5’- O- mono phosphorothioate (5-

GMPS) (BioLog G 018), 2 U/µl RNase OUT (Invitrogen) and 6% homemade

T7 RNA polymerase (1:20) was set up on ice and incubated for 4 h at 37◦C. 1

unit per µg of DNase (Promega) was added to the reaction and incubated for

15 min at 37◦C. The reaction was subsequently made up to 100 µl with water

and extracted with phenol-chloroform. An S-300 column (GE Healthcare)

was used to purify the RNA. The RNA was then ethanol precipitated and

re-suspended in 17 µl H2O, 2 µl NaPO4 pH 7.2 and 1 µl of 10 mM Cyanine5

maleimide in DMSO (Cy5-maleimide) (Lumiprobe 13080). The reaction was

incubated at room temperature for 4 hours. The Cy5-maleimide labelled RNA

was then gel purified. The bands were visualised using UV shadowing (see the

section below).

2.1.3 In vitro Splicing

2.1.3.1 The procedure of in vitro splicing

In vitro splicing is typically carried out in 10 µl reaction containing a suitable

amount of radiolabelled RNA, 1.5 mM rATP, 20 nM HEPES pH 7.5, 20 mM

of C-reactive protein inhibitors (CrPi), 3.2 mM MgCl2, 50 mM potassium

glutamate (KGLu) and 50% nuclear extract. The reaction was set up on the ice

and incubated at 30 ◦C for 2 h. At designated timepoints (at 0, 30, 60, 90, and

120 min time points), aliquots of 2 µl of RNA were taken into a microtitre plate

on dry ice. Each aliquot was subsequently treated with Proteinase K (PK),

see the next section. Samples were then ethanol precipitated and dissolved in

10 µl of F-dye (containing 10 mM EDTA pH 8 and 0.2% Xylene Cyanol and

0.2% Bromothenol Blue). Samples were heated at 80◦C for 30 seconds then
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run on a 6% denaturing polyacrylamide gel. The gel was subsequently dried

and exposed to a phosphorimaging screen. Quantification of both pre-mRNA

and mRNA bands was done using OptiQuant software (PerkinElmer).

2.1.3.2 Proteinase PK Treatment

This treatment was done using a mixture of 50 µl Proteinase K buffer (100 mM

Tris-HCL pH 7.5, 12.5 mM 0.5 M EDTA, 150 mM NaCl, 1 % SDS) and 2 µl of

10 mg/ ml proteinase K in 10 mM CaCl2. This treatment was done at 37◦C

for 15 min. 100 µl of 80 % ethanol was added followed with centrifugation

at 62000 rpm for 15 min (Rotonta 460 R). The liquid was discarded using

water pump. RNA was washed with 150 µl 100 % ethanol and span again. 10

µl of formamide dyes were added to each sample prior loading on denaturing

polyacrylamide gel.

2.1.3.3 Denaturing Polyacrylamide Gel Electrophoresis

20 ml and 40 ml gels contained 7 M Urea, 6 % acrylamide 19:1 bisacrylamide

solution (National Diagnostics) and 1X TBE buffer (89 mM Tris base, 89 mM

boric acid, 2 mM EDTA). Polymerisation was achieved using 0.1% ammonium

persulfate (AMPS) and 0.002% TEMED (Sigma). 10 µl of Formamide dyes

were added to samples prior loading onto the gel. The electrophoresis was

carried out for various times depending on the length of RNA. Splicing gels

were dried and exposed to Phosphor screens (Packard) for analysis.
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2.1.4 Analysis of spliceosomal complexes

2.1.4.1 Native Agarose Gel Electrophoresis

Splicing reactions were set up on ice and 2 µl of each time course was taken

and frozen on dry ice, see section 2.2.5. For A, B, and C complex, a 1.75 µl mix

containing 0.5 µl of 4 mg/ ml heparin and 1.25 µl of TG loading dye (50 mM

Tris, 50 mM glycine 40% glycerol, bromophenol blue, and xylene cyanol) was

added. Samples were then run on a 2% native UltraPure Low Melting Point

Agarose (Invitrogen) gel (50 mM Tris, 50 mM glycine) at 100 V for 4 h to 5 h

at 4◦C. For H and E complex, no heparin was used and only 1 µl of TG loading

dye added before running on a 1.5% gel. The gel was then compressed between

two paper sheets (3 mm chromatography paper (Whatman)) surrounded by

multiple layers of paper towel to remove excess liquid and make the gel thin

enough. Afterwards, the gel was dried and exposed to a phosphorimaging

screen.

2.1.5 Western Blot Analysis

2.1.5.1 The Procedure of WB

After protein samples have been transferred to nitrocellulose, the membrane

was blocked in blocking buffer (5% Milk/ BSA, 0.1% Tween-20, 1xTBS (150

mM NaCl, 10 mM Tris pH8.0)) for 1 h at room temperature. It was then

incubated for a nother 1 hour at 4◦C in a relevant dilution of primary antibody

in blocking buffer. The membrane was then washed 5 times (5-10 min per

time) in TBST buffer (0.1% Tween-20, 1xTBS) before a secondary antibody

was applied (in blocking buffer at 1:1000 dilution) to the membrane for 1 h

at 4◦C. Washing steps were repeated again after the the secondary antibody.
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2.1 In vitro Techniques

The membrane was either developing with ECL reagents and then exposed to

X-ray film (Fuji) or scanned using a fluorescent scanner.

2.1.5.2 SDS-PAGE Gel Electrophoresis

All SDS-PAGE gels were made of 80% volume of resolving gel at the bottom

(390 mM Tris pH 8.8, 8-12% acrylamide (ProtoGel, National Diagnostics),

0.1% SDS polymerized with 1% AMPS and 0.2% TEMED) and about 20%

volume of stacking gel (125 mM Tris Base pH 6.8, 4% acrylamide, 0.1% SDS

polymerized with 0.1% AMPS and 0.2% TEMED) at the top with an appropri-

ate size comb. Protein samples were heated at 100◦C for 10 min in SDS-PAGE

loading dye (50 mM Tris pH 6.8, 2% SDS, 10% Glycerol, 100 mM DTT, and

0.05% Bromophenol blue) before loading. The gel was run in 1X SDS-PAGE

running buffer (125 mM Tris Base, 192 mM Glycine, 0.1% SDS) at 80 V until

the samples were in the resolving gel part and at 120 V for the remainder. A

protein marker (Bio-Rad) and Bromophenol blue, in the loading dye were used

to track the progression of the samples. Gels were then stained or transferred

to nitrocellulose as required. SDS-PAGE gels were soaked briefly in 1X trans-

fer buffer (25 mM Tris, 192 mM Glycine, 10% Methanol) and placed onto a

nitrocellulose membrane (BioTrace). The nitrocellulose and gel are placed be-

tween 2 stacks of 5 pieces of 3 mm chromatography paper (Whatman) (damp

with transfer buffer). Transfer buffer was added at each stage of assembly to

prevent bubbles in the stack. The transfer was done by running (Biometra

Fast-Blot B33) at 10 W for 30 min.
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2.2 Oligonucleotide design

2.2 Oligonucleotide design

Oligonucleotides were designed to be about 50 bp in length. All oligonu-

cleotides used in this section are designed from GloC. The insert complimen-

tary part was designed to ensur an annealing temperature to be around 55-

60◦C. Oligonucleotides were amplified via PCR and then tested via Agarose

gel electrophoresis to ensure the right size of each oligonucleotides are as we

planned. They were dissolved in TE.1 buffer (10 mM Tris pH 7.5, 0.1 mM

EDTA pH 8) to stock concentrations of 100 M and stored at -20◦C. All primers

and oligonucleotides used are listed in Chapter 8, section 8.1.12 to 8.1.22.

2.3 Cell Culture and Nuclear Extract Prepa-

ration

2.3.1 Transfection of HEK 293T Cell

Cells were diluted in DMEM medium (Invitrogen) supplemented with 10%

FBS (Gibco) and 1% Penstrep and seeded onto 15 cm plates (Corning) with

a density of 5 x 104 cells per plate. Cells were allowed to grow overnight then

the medium was changed 4 h before beginning calcium chloride transfection.

The desired amount of plasmid (8-60 µg) in TE.1 buffer was mixed on ice with

10x volume of CaCl2 solution (1 mM Tris-HCl pH 7.5, 0.1 mM EDTA, 300

mM CaCl2). An equal volume of pre-chilled HBS solution (342.23 mM NaCl,

12.41 mM KCl, 1.76 mM Na2HPO4, 13.88 mM glucose, 52.45 mM HEPES pH

7.5) was added and incubated on ice for another 10 min. The mixture (about

3.5 ml) was carefully added to the plate drop-wise and incubated for 16-24

h. Cells were then shocked for 3 min with 20 ml of 25% DMSO in DMEM
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2.3 Cell Culture and Nuclear Extract Preparation

solution and washed twice with 15 ml DMEM. This was then incubated for

16-48 h in 20 ml fresh complete medium before harvest.

2.3.2 Nuclear Extract Preparation

After transfection step, cells were washed once with 15 ml cold PBS (137 mM

NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4). Cells were

harvested with a cell scraper in 10 ml cold PBS. The cells were centrifuged

at 150 g for 8 min. The cell pellet was then washed with 1 ml of PBS and

transferred into a 1.5 ml tube and pelleted by centrifugation at 4◦C at 9250 g

for 5 min. The packed cell volume (PCV) was washed and re-suspended in one

PCV of buffer A (10 mM HEPES pH 8, 1.5 mM MgCl2, 10 mM KCl, 1 mM

DTT, 0.06% NP40) and incubated for 15 min on ice to swell the cells. After

swelling, cells were lysed by vortexing for 15 seconds. The lysed cells were

centrifuged at 9250 g at 4◦C for 1 min. Nuclei were pelleted by centrifugation

at 13,000 rpm for 30 seconds at 4◦C. The supernatant was removed and 0.7

PCV of buffer C (20 mM HEPES pH 8, 25% glycerol, 420 mM NaCl, 0.2 mM

EDTA, 1 mM DTT) added. The sample was incubated for 30 min on ice with

mixing on a magnetic stirrer using a small magnetic flea. Debris was removed

by centrifugation at 13,000 rpm for 10 min at 4◦C. Nuclear extract supernatant

was dialyzed against buffer D (10% glycerol, 20 mM HEPES pH 8, 0.2 mM

EDTA, 1 mM DTT, 100 mM KCl), on a 0.025 µm VSWP membrane filter

(Millipore) at 4◦C for 2 h and snap-frozen with liquid nitrogen in aliquots

and stored at -80 ◦C. The dialysed nuclear extract was centrifuged for 5 min

at 9250 g and stored at 80◦C. All nuclear extracts were tested to ensure its

activity. in vitro splicing experiments were the platform to do this test in

order to show sufficient splicing efficiency
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2.4 Single Molecule Techniques

2.4 Single Molecule Techniques

2.4.1 Labelling of the pre-mRNA for colocalisation pur-

poses

Pre-mRNA transcripts were labelled by annealing an oligonucleotide contain-

ing a fluorophore Cy5 (See Section 8.1.23) to them. Reactions were set up in

100 mM NaCl, 10 mM HEPES pH 8, 1.67 µM pre-mRNA and 1.67 µM of the

Cy5 oligo. PCR machine was used to implement the annealing process. 1 µl

of each sample were run with 4 µl H2O and 5 µl Formamide containing 10

mM EDTA pH 8 on a native 6 % acrylamide gel and imaged by the Typhoon

(GE Healthcare).

2.4.2 Chamber Preparation

Glass cover slides, 22 x 50 mm #1 (Menzel-Glser) were incubated in 1M KCL,

washed with distilled water, sonicated in a water bath for 15 min and dried

under an N2 stream. They were then cleaned in an argon plasma (MiniFlecto-

PC-MFC, Gala Instrument) 5 times for 5 min with pure Argon at 0.15 mbar

and an applied power of 80 W. Double-sided tape Duplocoll 370 (Lohmann

Adhesive Tapes) was used to create a 5 mm to 10 mm wide channel parallel to

the cover slide. The channel was covered with another glass cover slip of size 22

x 22 mm #1.5 in order to form the sample chamber. By this stage, the slide

chamber is applicable to use for single molecule colocalisation experiments.

In the case of FRET experiments, the sample chamber was modified with

Biotin-BSA and streptavidin (section 1.3.5).
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2.4 Single Molecule Techniques

2.4.3 Preparation of Samples for the splicing complexes

Splicing reactions stalled at different complexes were prepared for single molecule

microscopy. All samples were prepared with 50 % nuclear extract, 3.2 mM

MgCl2, 50 mM KGlu and 1 units RNase OUT (Invitrogen). This was used for

complex E, as it did not contain any ATP. progression splicing to past complex

E was achieved by the addition of 1.5 mM rATP, 20 mM CrPi, and 20 mM

HEPES pH 7.5. anti-U6 oligo at 1 µM and incubation at 30◦C for 5 min were

additionally performed to halt splicing at complex A. To block the U1 snRNP,

3.3µM of U1 oligo was added. Similarly, U2 oligo was added to the splicing

reaction to block U2 snRNP. For complex C, the Globin C GG pre-mRNA was

added where the 3 splice site sequence was replaced by a random sequence.

The splicing reaction was made without RNA and pre-incubated for 15 min at

30◦C. Then, Cy5-labelled RNA was added to the splicing reaction for a final

concentration of 62.5 nM and incubated for further 15 min at 30◦C.

2.4.4 Preparation of Samples for the single molecules

experiments; colocalisation

Once the complex is formed, serial dilutions of the samples were prepared down

to a concentration of 5 pM of the pre-mRNA using splicing buffer (buffer A)

which contains (3.2 mM MgCl2, 50 mM Potassium Glutamate, 50% Buffer D,

and 0.04 U/µl RNase OUT). This was to optimize the most suitable density

of spots for microscopy. The highest diluted samples were loaded into the

sample chamber and incubated for 5 min. The density of the apparent spots

was judged, and, if considered too low, a higher concentrated sample was

loaded.
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2.4 Single Molecule Techniques

2.4.5 Preparation of Samples for the single molecules

experiments; FRET

For FRET purposes, the sample chamber was washed with T50 buffer (ingredi-

ents) for purities, incubated with 20 µg biotin-BSA in PBS for 10 min, washed

with T50 buffer buffer A (100 mM NaCl, 50 mM HEPES pH 7.5, 1 µM DTT,

20 units/ml RNase OUT (Invitrogen)), incubated with 10 µg streptavidin (In-

vitrogen) in PBS and again washed with T50 buffer (buffer A). The sample of

interest was applied at various concentrations depending on the experiment of

interest. A final wash with T50 buffer to ensure there is no excess of the free

sample remain. Scavenger and anti-blinking reagents were used when needed.

2.4.6 Samples used for FRET experiments

Forked DNA was used as control experiments to optimize the system and to

possess suitable conditions. This construct was a double labelled DNA with

two fluorophores; the acceptor fluorophore (Cy5) and the donor fluorophore

(Cy3). Those fluorophores were incorporated within the DNA. The biotiny-

lated site was introduced to allow the substrate to immobilize to the surface

(sample chamber), see (Chapter 6, section 6.2). Additionally, a double-labelled

RNA was the sample of interest. It was a kind gift from Prof. Eperon. This

substrate contains two fluorophores; the acceptor fluorophore (ATTO 247N)

and the donor fluorophore (Cy3). Fluorophores were incorporated within the

DNA. A biotin site was attached to the 3’-end allowing the attachment of the

RNA to the slide chamber. FRET experiments were performed in the absence

and the presence of an active commercial nuclear extract. Moreover, scavenger

reagents were implemented to prevent photobleaching.
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Chapter 3

Using of The Microscope:Set

up, alignment, data

presentation and analysis
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3.1 The Microscope Set up
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Figure 3.1: A complete view of our home made single molecule microscope. The
most important parts are labelled. The details of these parts are represented
later in Figure 3.2 and 3.3

3.1 The Microscope Set up

A homemade fluorescence microscope was used in this work. The instrument

was built by Dr. Andrew Hudson (Figure 3.1). Before doing any experiment

and after the single molecule sample is prepared, the microscope needs to be

optimized to ensure the possible accurate results.

For our research, the microscope was adjusted to be suitable for exci-

tation via total internal reflection (TIRF) to obtain the single molecule data.
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3.1 The Microscope Set up

Figure 3.2 and 3.3 showes the main parts of the microscope. Each part is

labelled in red.

Multiple lasers are available for the wavelengths of 488 nm, 532 nm,

561 nm and 633 nm. These beams were generated from separate laser diode

or diode-pupped solid-state lasers (1). They fed into a the beam combiner

(2) that aligns all laser beams along the same beam path. The combiner was

connected to the microscope via an optical fibre. The merged lasers were

plane polarised and passed through different objects, from rotatable wave-

plates, splitters, multiple mirrors and finally steered onto the objective lens

(Figure 3.2 and 3.3).

The plane of polarisation of the laser could be rotated via a half wave-

plate (3). The polarising beam splitter (4) separates the incoming beam into

two beams with orthogonal polarisation, of which the transmitted horizontally

polarised beam was used. A quarter wave-plate changes the polarisation of the

laser beam to a circular polarised (5). Then, the laser beam was widened by

passing through a beam expander (Keplarian telescope) which changes the

beam diameter from 1 mm to 20 mm, (7) and (8). The diaphragm (10) blocks

light that does not pass through its aperture of a diameter greater than 7

mm. As the laser beam has a Gaussian intensity profile before the aperture,

widening the beam width provides a more homogeneous intensity profile.

The lens (11) focusses the laser beam onto the back focal plane of the

objective. This lens leads to a collimated laser from of the objective lens

at the interface to the sample (13). The lasers were directed using multiple

adjustable mirrors which allowed the beam to be aligned onto the edge of the

back aperture of the objective (6) and (12). The laser beam then reaches the

sample interface at an angle greater than the critical angle for total internal
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3.1 The Microscope Set up

Figure 3.2: Schematic diagram of our home made single molecule microscope.
Each part is numbered in red. Those parts indicate the main set-up used for
single molecule colocalisation measurements.
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3.1 The Microscope Set up

Figure 3.3: Schematic diagram of our home made single molecule microscope.
Each part is numbered in red. Those parts indicate the main set-up used for
single molecule FRET measurements.
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3.2 The Two Lasers Fluorescence Microscopy

reflection. At this stage, total internal reflection occurs, and an evanescent

wave penetrates the sample and excites it (14). The fluorescent emission is

collected by the same objective and passes through notch filters suited for the

wavelengths of the laser beams used for the excitation (15) and (16) and a

tube lens. EMCCD to records the image (17).

In the situation of using the total internal reflection fluorescence mi-

croscopy (TIRFM) for Fluorescence resonance energy transfer (FRET) pur-

poses, parts from (1) to (14) as same as parts explained previously in the

colocalisation set up. Parts (15) to (17) are corresponding to the parts from

(18) to (20) in the colocalisation set up. Those are responsible for the laser

auto-focusing step. The beam is directed onto a quadrant photodiode (17)

and used to keep the sample in focus. The differences between the two paths

are: The presence of rotatable mirror (18). This mirror is easily adjusted to

reach the right path (between the two cameras; (17) for the colocalization path

(Figure 3.2) and ((26) for the FRET Path (Figure 3.3)). The florescence is

passed through a lens (19) to concentrate the beam, adjustable slit (20) to

another lens (21). Two specific filters (22) and (23) were used depending on

the laser’s wavelength used in the experiment. A correction filter is also used

to prevent any other wavelengths to be collected. Parallel dichroic mirrors

(24) were used. Each mirror is a specific for a specific fluorophore. Finally the

florescence light is passes through a lens (25) to EMCCD.

3.2 The Two Lasers Fluorescence Microscopy

The use of two different fluorophores allows us to investigate the interaction

of two distinct components in a reaction of interest. The chosen fluorophores
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3.3 The Camera Vs. the Detection Efficiency

in this research are mEGFP and Cy5. These fluorophores are suitable for the

colocalisation system. On the other hand, in the FRET system, the chosen

fluorophores are Cy5 and Atto647N. They all provide a sufficient spectral

separation.

As mentioned previously in section 3.1, our home made system provides

lasers beam of the wavelength 488 nm, 532 nm, 561 nm and 633 nm. Of those,

the wavelengths of 488 nm, 532 nm and 633nm are used in this research. They

used to excite mEGFP, Cy3, and Atto67N or Cy5 respectively.

For the single molecule colocalization experiments, it was decided to use

sequential illumination. The longest wavelength was used for the excitation

until all corresponding fluorophores have bleached. Thereafter, the shorter

wavelength has applied. This procedure allows us to obtain images the different

fluorophores.

In our setup, an excitation beam with the 633 nm has used first to

excite Cy5. This wavelength is unable to excite GFP such that the collected

fluorescence signal has obtained only from Cy5 fluorophores. This was done

until all Cy5 fluorophores are bleached. Then the excitation was switched to

the wavelength of 488 nm for the final excitation of GFP. By this stage, the

collected fluorescence signals originate only from GFP fluorophores. On the

other hand, in the case of FRET experiments, an excitation beam with the

633 nm was used to excite donor fluorophores (Atto647N).

3.3 The Camera Vs. the Detection Efficiency

However, optimising the setup of the microscope ensures reliable identification

of spots and bleaching steps. Various events can affect the legibility of images
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3.4 The Sample Stability

obtained by the microscope. Detection efficiency, lowest background, and

noise levels are examples of these events. Decisive for this is the camera and its

settings. Our system uses an iXon EMCCD camera from Andor. An important

setting for the camera is the exposure time. The longer the exposure time,

the more photons can be collected per readout that creates clearer images.

Also, this helps the resolution of the acquisition to be good enough. However,

bleaching steps are observed at longer times. Exposure times of 0.1 s have

been found to provide a good compromise between these two requirements.

The central 250 pixels by 250 pixels part of the 512 pixels by 512 pixel

CCD chip has used for all acquisitions recorded during the colocalization ex-

periments. As the illumination with laser beam leads to an unavoidable back-

ground which would be homogeneous across the whole field of view. Only the

central part of the laser beam has used. This step reduces the background

level. The resulting field of view is smaller but with homogeneous intensity

distributions.

3.4 The Sample Stability

Data acquisitions are done over time. Due to this, the position of the sample

should not change during this time. Changes of the position of the sample

would move the sample out of the focus of the objective and make the data

analysis complicated.

The sample chamber lies on top of a film of immersion oil on top of the

objective lens. The immersion oil shows slow relaxation times due to its high

viscosity that leads to vertical shifts of the sample chamber out of the focus

over time. Given enough time, the system would find an equilibrium with a
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3.5 Data Acquisition via LabView

stable position. Frequent movements of the sample chamber in order to record

different areas of it make this option unfeasible. Additionally, the focus shifts

for various excitation wavelengths. The image acquisition for each fluorophore

and its corresponding wavelength of excitation should be performed in focus.

This was achieved using LabView automatically correct the sample position.

This was developed by Dr. Robert Weinmeister [Weinmeister, 2014].

3.5 Data Acquisition via LabView

One experiment consists of various sequential acquisitions. For each acquisi-

tion, the sample has to be moved to image a new region. Generally, the first

laser is turned on for a particular time before the illumination is switched to

a second laser. The focus has to adjust for each laser during acquisition. The

acquired data (the focus) has to be saved. The sample is then moved to a new

position in order to start a new record. The process has repeated multiple

times until enough data is obtained. For all these processes, an automatic sys-

tem was available to reduce the time required to achieve one experiment and

to increase the consistency across experiments. A LabView program was writ-

ten by Dr. Robert Weinmeister [Weinmeister, 2014] to control the microscope

and to perform the automatic support and recording.

Figure 3.4 shows the LabView interface (an integrated development

environment designed for building measurement and control systems). Each

part is labelled in green. The encircled numbers correspond to the numbers in

the figure. In our system, there are two cameras attached to the microscope,

the bottom camera, and the right camera. For the colocalization experiments,
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3.5 Data Acquisition via LabView

the bottom camera was selected. The camera has to be cooled down to -80◦C

before it is used (Figure 3.4, (1)). The cooling process was automatically

initiated once the program is started. Once the target temperature is reached

and stabilized, the rectangle (Figure 3.4, (1) and (2)) becomes green. The

exposure time and EM gain of the camera can be chosen (Figure 3.4, (3)). The

EMCCD is turned on and set to a 300 unit gain. Also, the camera settings can

be set manually as in (Figure 3.4, (6)). The camera chip has 512 pixels by 512

pixels. Only parts of it or multiple individual pixels can be used, such that the

acquisition area had to be binned (Figure 3.4, (5)). Each laser can be turned

on and off individually, either manually or automatically (Figure 3.4, (4)).

Focus points can be saved (Figure 3.4, (4)). If an acquisition is in progress,

each recorded image and single molecule spots are shown in (Figure 3.4, (7)).

Additional information about the current acquisition is shown in (Figure 3.4,

(8)). A quick vertical adjustments for the stage holding the sample can be

made with a slide (Figure 3.4 (9)) or can be moved in all three dimensions

with sub-micrometre precision (Figure 3.4, (10)). Once the sample position

was adjusted and the focus was saved, the output (a small white circle could

be seen in the centre) was as shown in (Figure 3.4, (13)). This output was used

for the feedback that adjusts the focus automatically once initialized (Figure

3.4 (11)). Each acquisition could be performed manually or automatically.

The change of lasers and the end of an acquisition could be set to occur at

certain frames. The stage was allowed to move within its limits to repeat

the acquisition process nine times, automatically saving the data for each one

(Figure 3.4, (14)). The only actions still needed to be performed manually

were the initial mounting of the sample and moving the sample to allow the

imaging of a new area for every nine acquisitions. Acquisitions were saved as
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3.6 Composite Images

TIFF files. Each file name was automatically complemented with the current

date and time to allow a later independent assignment to experiments and to

prevent the accidental overwriting of data. Each acquisition was accompanied

by a text file that describes the details of each experiment. These details could

also be optionally written in the experimental notes (Figure 3.4, (13)).

3.6 Composite Images

The acquired data consisted of sequential images (Figure3.5). Information

about the wavelengths used for the excitation for each image could be obtained

by inspecting the raw data, knowing the experimental procedure and/ or from

the accompanying text file. The information from all the images corresponding

to one wavelength was used to create composite images in order to reduce the

background noise seen in a single image and highlight individual spots.

Composite images were created by computing the mean or the maxi-

mum value for each pixel across all images (Figure3.6). Once the maximum

values were computed, a spot with a high intensity could more easily be recog-

nised. Computing the mean values helped to recognise a spot with lower

intensity emitting fluorescence over the whole acquisition time as its inten-

sity was consistently higher than the surrounding background. In most cases,

spots could be identified, but some might have been missed. To avoid this,

both maximum and mean values were used in conjunction to reliably detect

spots that were either short-lived with a higher intensity or long-lived with a

lower intensity.
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3.6 Composite Images
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Figure 3.4: The Interface window of the LabView. Green boxes with black
numbers were added for annotation. Each part and its explanation were indi-
cated in the text. This figure is adapted from the LabView interface.
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3.6 Composite Images

 

 

Figure 3.5: Example of a stacked Single Molecule Image. All images were
taken by the bottom camera (see figure 3.2). Photos were stacked together by
Labview program and saved as they were taken.
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3.6 Composite Images

(a) (b)

(d) (e)

Figure 3.6: Example of a single molecule image images created by calculat-
ing the mean or the maximum. All images are from the same acquisition. (a)
Single image of the fluorescence intensity of GFP molecules under illumination
by a wavelength of 488 nm. (b) An image created by calculating the SUM
value for each pixel over all images with an illumination by a wavelength of
488 nm. (c) An image created by calculating the mean value for each pixel
over all images with an illumination by a wavelength of 488 nm. (d) An image
created by calculating the maximum value for each pixel over all images with
an illumination by a wavelength of 488 nm. No colour information is saved in
the image.
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3.7 Spot Detection

3.7 Spot Detection

Each spot could be identified either by eye or by using an algorithm. The

appearance of the composite image was enhanced to be clearer and to help

with the identification by eye (Figure3.7 and Figure3.8). The recognition of

spots depended on their shape and signal intensity above background. This

judgement is subjective, more objective route was to use an algorithm. The

one used in this work was written by Dr. Robert Weinmeister [Weinmeister,

2014]. In this research, the algorithm was used.

3.8 Inspection of Colocalization

Once the composite images were created, and spots were identified, their colo-

calization could be easily inspected. Spots of one type of fluorophore were

used as a marker. In this study, the marker was Cy5 attached to mRNA. The

amount of colocalization with spots of another type of fluorophore, such as a

protein attached to GFP, was determined with respect to the marker spots.

Each spot of one type of fluorophore can only be colocalized with one spot

from another type of fluorophore. However, multiple fluorophores can some-

times be colocalized when appearing as part of one spot due to their distance

between each other being smaller than the resolution limit of the microscope.

It is probable that there are part of the same complex.

Additionally, colocalization could be determined by eye. The overlap

between fluorophores and their colours in the composite images allows pairs

of spots to be identified (Figure3.9). This determination can be difficult when

the occurring colour shift. A program was implemented in this case to help

to establish the colocalization between spots in a faster and objective way.
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3.8 Inspection of Colocalization

Before enhancement After enhancement

(a) (b)

(c) (d)

(e) (f)

Figure 3.7: Example of a single molecule image before and after the enhance-
ment step. (a) and (b) A coloured image created by calculating the mean
value for each pixel over all images with an illumination by a wavelength of
448 nm. (c) and (d) A coloured image created by calculating the SUM value
for each pixel over all images with an illumination by a wavelength of 448 nm.
(e) and (f) A coloured image created by calculating the MAX value for each
pixel over all images with an illumination by a wavelength of 488 nm. All
images are from the same acquisition. Right column represents images before
any further enhancement. Left column represents the enhanced images.
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3.8 Inspection of Colocalization

Before enhancement After enhancement

(a) (b)

(c) (d)

(e) (f)

Figure 3.8: Example of a single molecule image before and after the enhance-
ment step. (a) and (b) A coloured image created by calculating the mean
value for each pixel over all images with an illumination by a wavelength of
632 nm. (c) and (d) A coloured image created by calculating the SUM value
for each pixel over all images with an illumination by a wavelength of 632 nm.
(e) and (f) A coloured image created by calculating the MAX value for each
pixel over all images with an illumination by a wavelength of 632 nm. All
images are from the same acquisition. Right column represents images before
any further . Left column represents the enhanced images.
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3.8 Inspection of Colocalization

Further analysis introduced in order to identify the intensity time traces of

colocalized spots for bleaching steps to verify the numbers of fluorophores

present.

(a) (b)

(c)

Figure 3.9: Resulted images from the LabView interface. All images are cre-
ated from the same acquisition. (a) Colour image created by averaging over
all images with an illumination by a wavelength of 488 nm, showing spots
originating from GFP. (b) Colour image created by averaging over all images
with an illumination by a wavelength of 633 nm, showing spots originating
from Cy5. (d) The Overlay of the images (a) and (b). Colocalized spots can
be see as yellow.
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3.9 The Assignment of Steps

3.9 The Assignment of Steps

As the single splicing complex could not be distinguished directly, traces of

intensity vs. time were used in order to assess the number of fluorophores

within the complex. Changes of the intensity over time due to the bleaching

of fluorophores are important. Counting the steps allowed number of the

fluorescent proteins present in the complex to be determined, because each

step indicates the bleaching of a fluorophore. These steps were assigned by

using an algorithm. The algorithm implemented for this work was written by

Dr. Robert Weinmeister [Weinmeister, 2014].

Figure 3.10 shows an example of the different bleaching steps. In the

absence of a fluorophore , no step was detected. If there is one protein molecule

bound to the RNA, a single bleaching step was seen (Figure 3.10, (a, b and

c)). Two bleaching steps indicate the presence of two molecules of proteins

bound to the RNA (Figure 3.10, (d)). Three bleaching steps regarding three

molecules of proteins bound to RNA (Figure 3.10, (e)). Other cases shows

multiple molecules of proteins are bound to the same RNA, this causes multiple

bleaching steps which can be observed at a different period of time in different

frames (Figure 3.10, (f)).

3.10 Analyzing Data

The data obtained by the microscope are sequential intensity images. This

data were saved in a tiff file and accompanied by a text file that contained ad-

ditional information. Composite images were created first. Fluorescent spots

had to be identified, and there positions of these spots had to be determined

accurately. Then intensity time traces were extracted from the raw data and
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3.10 Analyzing Data
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Figure 3.10: A diagram representation of intensity time traces for GFP with
a time resolution of 0.1 s. The intensity is shown in blue, the algorithmic fit
is shown in red. From (a) to (c) single bleaching step is appeared. (d) Two
bleaching steps. (e) Three bleaching steps and (f) Bleaching in multiple steps.
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3.11 Presentation of Data

steps assigned. The number of these steps and the amount of overall colocali-

sation was recorded. The data were analysed via MatLab program which was

written by Dr. Robert Weinmeister [Weinmeister, 2014]. The MatLab allows

both simplify the process and reduce the time necessary for it (Figure3.11).

In this research thesis, the pre-mRNA was labelled with Cy5. This RNA

was excited with 633 nm. The spots are represented in red. The mEGFP-

labelled proteins were excited with the 488 nm laser which are appeared as

green. After the images were stacked, the coloured and enhanced spots were

selected either automatically or manually. Once the RNA-Cy5 spots (red

spots) overlapped with the GFP (green spots), the central brightest pixel was

determined within the MatLab and the colocalised spots are identified. White

circles represent the colocalised spots, and the blue ones refer to un-colocalised

spots. Also, the enhancement option for the image was available. After the

inspection and counting of bleaching steps, the raw data was then exported to

an Excel file.

3.11 Presentation of Data

The Excel file which exported via Dr. Robert Weinmeister’s algorithms [Wein-

meister, 2014] represented the percentage efficiency of the protein binding for

each bleaching step. However, to compute the number of molecules regarding

each step, calculation has to be done manually for each Excel file. Further-

more, the calculation of the error bars has to be done manually too. Moreover,

each resulted bar chart has to be extracted manually in order to be represented

in a document. Those additional manual processes are time consuming and

might lead to an unintended errors.
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3.11 Presentation of Data

 

Figure 3.11: Schematic diagram of the interface of the MATLAB Program.
MatLab was used in this research in order to detect single spots and to analyse
data. This program was developed by Dr. Robert Weinmeister [Weinmeister,
2014].
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3.11 Presentation of Data
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Figure 3.12: Exemplary representation of single molecule colocalisation exper-
iment result. The diagram represents an experiment With two colours, one for
the marker fluorophores (Cy5) and one for the colocalized fluorophores (GFP).
From the top left, marker spots represents the number of marker fluorophores
spots (Cy5). Colocolisation spots represents the number of GFP spots identi-
fied in the experiment. Coloc. % represents the percentage of the colocalised
spots.

Due to these limitations, I developed a tool by Matlab with help from

Dr. Alaa Khadidos to overcome these limitations. The tool reads the corre-

sponding cells from each Excel file automatically to calculate the number of

molecules regarding each step and to compute the overall percentages of the

colocalisation efficiency, number protein molecules and error bars. Automati-

cally all resulted data are stored in different formats such as .EPS and .PDF

to easily represented in a document.

The results of the single molecule experiments are presented as bar

charts (Figure 3.12). The bar chart shows the distribution of the number of

steps found in the intensity time traces of the colocalised spots.
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3.11 Presentation of Data

On top of the bar I show the total number of identified marker spots, the

number of spots colocalised with these spots and the resulting colocalisation

percentage. The white box on the right represents the accumulated percentage

for all spots that had more identified steps or for which no certain number of

bleaching steps have been identified. This could be due to a fluorophore that

did not bleach or where the trace did not allow a clear assignment of the

number of bleaching steps than individually shown on the grey bars to the

left.
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Chapter 4

Optimisation of Condition for

Single Molecule experiments

with SRm160

Multiple steps have to be taken to prepare for the eventual ex-

periments. A functional home-made nuclear extract was prepared

from cells expressing modified proteins. Both the protein of inter-

est and pre-mRNA constructs have to be labelled with fluorescent

markers in order to make them visible for fluorescence microscopy.

The molecules of interest were confined to the surface of the sam-

ple chamber to allow investigation over time at a distinct splicing

complex.
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4.1 Labelling of SRm160 in Nuclear Extract

4.1 Labelling of SRm160 in Nuclear Extract

To investigate how SRm160 protein binds to a pre-mRNA substrate via TIRF

microscopy, the first step was to label the protein of interest (here is SRm160

protein) in nuclear extracts with a fluorescence component. The SRm160

plasmid used is this research was a kind gift from Dr. Jeffrey Nickersor. The

protein SRm160 was labelled by expressing it as a recombinant protein fused to

mEGFP (Chapter 2, section 2.2). Subsequently, SRm160 plasmid was trans-

fected into 293T cells to allow expression of recombinant proteins. Expression

was then detected by fluorescence microscopy (Figure 4.1). After that, cells

were harvested for the further preparation of nuclear extracts.

The prepared nuclear extract was shown to be functional in in vitro

splicing among with GloC pre-mRNA. This contains two exons and an intron,

derived from a rabbit β-globin gene. The intron and second exon were trun-

cated, and the 5’ss was a consensus sequence [Hodson et al., 2012]. Figure 4.2

shows that the extract was active and ready to implement into further experi-

ments. Moreover, the activity of this extract was also tested in other construct

such as GloC-E3 (no αU1 binding site at the 3’ end is exist), GloC-SMN2 and

GloC-SMN2+ESE, see Figure 4.3.

Additionally, fluorescent westerns blots (Figure 4.4) were done on the

nuclear extract to assess the proportion of GFP-SRm160 in the extract that

was labelled and the concentration compared to that in a normal extract.

The mEGFP fusions combined 90% of the SRm160 in the extract. All single

molecule colocalisation experiments in this thesis work were performed with

the prepared GFP-SRm160.
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4.1 Labelling of SRm160 in Nuclear Extract

(a)

 

  

(b)

 

Figure 4.1: Fluorescence microscopy view of expressed protein. GFP-SRm160
was transfected into 293T cells. (a) represents white image of the transfected
protein into 293T cells. (b) represents the fluorescent protein (in green) trans-
fected into 293T cells.
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4.1 Labelling of SRm160 in Nuclear Extract

mEGFP-SRm160

Homemade nuclear 

extract (SRm160)

Commercial nuclear 

extract

GloC

0     30    60    120  0      30    60   120  

Pre-mRNA

mRNA

5’ exon

Lariat 

intermediate

Lariat intron

Time, min

Figure 4.2: Control in vitro splicing reaction. Splicing experiments confirm
the functionality of the home-made nuclear extract (SRm160) with GloC con-
struct. A 6 % polyaccrylamide gel was used.
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4.1 Labelling of SRm160 in Nuclear Extract

mEGFP-SRm160

GloC 16, 17

SRm160

GloC 16, E3 GloC-SMN2

GloC-

SMN2+ESE

Time, min

Figure 4.3: Control in vitro splicing reaction. Splicing experiments confirm
the functionality of the home-made nuclear extract (SRm160) in different con-
struct. From left; GloC 16, 17 refers to GloC substrate with extra U1 binding
site at the 3’ end (the numbers 16 and 17 are represent the primers name used
in the experiment), GloC 16, E3 refers to GloC substrate without extra U1
binding site at the 3’ end (E3 represents the primer’s name used in the exper-
iment), GloC-SMN2 refers to a substrate that lacks the ESE binding site (for
more details see Chapter 5, section 5.1.2) and the GloC-SMN2+ESE refers
to a substrate that does not lack the ESE binding site (for more details see
Chapter 5, section 5.1.2). A 6 % polyaccrylamide gel was used.
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4.1 Labelling of SRm160 in Nuclear Extract

mEGFP-SRm160

M Ctrl 

N.E.

SRm160 

N.E.

+AB +AB

Figure 4.4: Control experiment of western blot. Fluorescent western blot of the
GFP-SRm160 nuclear extract and the commercial nuclear extract. Western
experiments was probed with an antibody specific for SRm160. From left, (M)
represents the protein marker, (Ctrl N.E. +AB) represents the commercial
nuclear extract in the presence of suitable antibody and (SRm160 N.E. +AB)
represents the SRm160 protein in the presence of an antibody specific for
SRm160.
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4.2 Labelling of the Pre-mRNA

4.2 Labelling of the Pre-mRNA

A fluorescent fluorophore has to be attached to a single molecule of pre-mRNA.

The oligonucleotide used in this research work is β-globin-5’-Cy5. This oligo

has Cy5 at one end and a biotin group at the other end (8.1.23). Once the

oligo is annealed to its complementary sequence, the substrate is ready to use

for single molecule purposes. It is therefore crucial to ensure that the oligo

used for labelling the pre-mRNA is annealed quantitatively such that no free

oligos remain. This can be achieved by optimising the annealing conditions

and using an excess of pre-mRNA compared to the amount of oligo (Figure

4.5).

The annealing of the labelled-oligo (Cy5-oligo) to the pre-mRNA was

done with increasing amounts of pre-mRNA (see Chapter 2, section 2.3.1). The

RNA was run on a 6 % non-denaturing polyacrylamide gel and its fluorescence

scanned via Typhoon (Figure 4.5). The amount of free Cy5-oligo was assessed.

It decreases with increased amount of pre-mRNA. Higher amounts of pre-

mRNA do not allow for less free Cy5.

4.3 Tethering the Surface and Modifications

As the fluorescent probes have to be close to the surface for observation under

total internal reflection (TIR) illumination, a commonly used system of biotin

and streptavidin was employed and evaluated by Dr. Robert Weinmeister

[Weinmeister, 2014]. The surface was incubated with BSA-biotin and strep-

tavidin. The BSA-biotin binds unspecifically to the surface. The streptavidin

binds to the biotin attached to the BSA on the surface and also provides further

available binding sites for the biotin of the labelling oligo as it has four binding
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4.3 Tethering the Surface and Modifications

 

 

 

Cy5-oligo 

100%  110%   120%   130%   140%   150%   160% 

Free Cy5-oligo 

Figure 4.5: Labelling of pre-mRNA via 5’-Cy5-oligonucleotide. Increasing
amounts of pre-mRNA compared to the labelling oligo are run on a 6 % de-
naturing polyacrylamide gel and its fluorescence imaged. From left; 100 % to
160 % are different percentages of pre-mRNA molecules to molecules of the
labelling oligo, e.g., 100 % means the same number of pre-mRNA molecules as
molecules of the labelling oligo. The Cy5-oligo at the very right of the figure
represents a sample of Cy5-oligo only (no pre-mRNA was added).
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4.4 Preparation of Splicing Complexes

sites for the biotin. These interactions allow the pre-mRNA to be confined to

the surface. The amounts of streptavidin and BSA-biotin to pre-mRNA and

protein spots were also optimized. Different amounts of streptavidin and BSA-

biotin were used. A normal splicing reaction was also observed. Neither the

concentration of BSA-biotin nor the concentration of streptavidin influenced

the amount of pre-mRNA spots. Pre-mRNA was found on the surface even in

the absence of the BSA-botin and streptavidin. As a conclusion of Dr. Robert

Weinmeister experiments, it was decided to not use the streptavidin-biotin

system [Weinmeister, 2014]. Additionally, the splicing reactions were diluted

to allow analysis of single molecules. Other modifications of the surface were

tested in order to reduce the unspecific binding. Non of these modifications

showed any sufficient differences such that no additional modifications of the

surface were used [Weinmeister, 2014].

4.4 Preparation of Splicing Complexes

The next step after the preparation of nuclear extract of interest is to look

at protein binding in different splicing complexes. This process can be imple-

mented by stalling the splicing reaction at different complexes such as E, A

and C.

4.4.1 Stalling Splicing at the Early Complex E

Splicing is a process that characterized by the formation of several complexes.

Such complexes are the early complex E, complex A, and complex C. The

splicing reaction can be stalled to obtain homogeneous samples representing a

chosen complex in order to make the investigation of each state applicable.
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4.4 Preparation of Splicing Complexes

The first complex that forms during splicing is the early complex (E).

This complex has only a U1 snRNP bound to it at the 5’ splice site (5’ ss) along

with some other splicing regulator proteins (factors). The depletion of ATP

stalls splicing at the early complex (E) [Michaud and Reed, 1991]. Stalling

splicing at the early complex E was confirmed by native gel electrophoresis

[Li, 2016].

4.4.2 Stalling Splicing at Complex A

The next complex to form after the early complex (E) is complex (A). This

complex is formed by the replacement of SF1 factor with U2 snRNP at the

branch point [Hastings and Krainer, 2001] in the presence of ATP. As men-

tioned previously, the splicing reaction can be stalled to obtain homogeneous

samples representing a chosen complex. Stalling the splicing reaction at com-

plex A can be achieved using various reagents. A successful stalling of the

splicing reaction at complex A were achieved and compared by Dr. Mark

Hodson [Hodson, 2011]. In this thesis, it was decided to implement anti-U6-

oligonucleotide (αU6), a modified RNA oligonucleotide, to prevent U6 snRNA

base pairing with U2 snRNA [Dönmez et al., 2004]. Native gel electrophoresis

showed that the addition of α-U6 oligo successfully blocked the formation of

the splicing complex A. Therefore, α-U6 oligo has chosen to be the reagent to

promote complex A formation [Li, 2016].

4.4.3 Stalling Splicing at Complex C

The next complex in splicing reaction is complex C. Blockage at complex C

is quite simple. The conserved 3’ splice site (3’ss) consists of AG dinucleotide

and simple mutation at this site leads to the formation of complex C but
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4.5 Pre-mRNA Concentration Required for Single Molecule
Experiments

the pre-mRNA does not splice. Therefore, modifying the 3’ splice site of the

pre-mRNA (Glo C GG) leads to accumulation of complex C [Jurica et al.,

2002]. Stalling the splicing gel at complex C was confirmed by native gel

electrophoresis [Li, 2016].

4.5 Pre-mRNA Concentration Required for Sin-

gle Molecule Experiments

In single molecule experiments, the concentration of pre-mRNA used was 62.5

nM. The pre-mRNAs used in these single molecule experiments are labelled

by 5’-Cy5 oligo. It is therefore important to know whether this concentration

and the labelling of pre-mRNA affects the efficiency of splicing and complex

formation.

Firstly, the splicing of GloC was tested at various concentrations; 62

nM and 31 nM in a single molecule reaction. It was shown both 32P-labelled

GloC and Cy5-labelled GloC were spliced in vitro.

Also, it was necessary to test whether all complexes formed properly

with this concentration. Native gels were run with GloC construct using no

ATP condition (at the early complex E) and with αU6 oligo (at complex

A). The complexes were seen by 32P labelled uncapped GloC at very low

concentration with different concentrations of unlabelled GloC in the same

reaction. The formation of both E and A complexes on GloC did not change

upon addition of high concentration of unlabeled transcribed Globin C.

Moreover, Western blot experiments demonstrated that the protein con-

centrations are relatively high in the nuclear extracts; they are normally several

µM, which is much higher than nM. This indicates that pre-mRNA concen-

125



4.5 Pre-mRNA Concentration Required for Single Molecule
Experiments

tration of 62.5 µM in a typical single molecule experiment is acceptable to

use.

Aditionally, the formation of complex B and C by 62.5 nM Cy5-cap-

labelled GloC were also tested by native gel. It was shown that all of the

pre-mRNA was stuck at complex B at 30 min time point in the addition of a

concentration of 62.5 nM of GloC pre-mRNA.

Therefore, to allow complex C to form, a concentration gradient was

done using a range of different concentrations of unlabeled GloC pre-mRNA

with a trace 32P-labelled GloC as an indicator. Analysis of the native gel

showed that 15 nM GloC is the highest GloC concentration to form Complex

C in the standard single molecule reaction [Li, 2016].

Therefore, in subsequent single molecule experiments the pre-mRNA

concentrations used were 62.5 nM for E, A and B complexes and 15 nM for

complex C.
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Chapter 5

Behaviour of SRm160 protein

during splicing.

So far, it is not clear how many molecules of SRm160 protein are

bind to the pre-mRNA construct during the splicing reaction. Here

in this thesis work, the binding of SRm160 protein during the forma-

tion of splicing complexes; the early complex E and complex A are

investigated. How the number of bound SRm160 proteins is influ-

enced by the presence or the absence of other factors such as the U1

snRNP, U2 snRNP, phosphorylation (PhoStop), an ESE sequence

sites and Tra2β sites are also investigated.
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5.1 Introduction

5.1 Introduction

So far, there is no research study that identified the role of SRm160 splicing

coactivator protein (consists of the serine/arginine (SR)-related nuclear matrix

protein of 160 kDa) at each distinct splicing complexes. Less than 30 research

papers were published. Their investigations range from the localisation of

SRm160 protein in the cell to the relation between this protein and the splicing

products (i.e., lariat intermediate and lariat product). Additionally, there is

no clear studies specific for a distinct splicing complexes; such as the early

complex E or complex A or complex C. Because of these limitations, the idea

of this research work has born.

Using single molecule techniques allow the role of splicing proteins and

other factors in recognition and selection of the splice sites to be easily iden-

tified. This chapter shows that SRm160 protein associates efficiently with the

presence of U2 snRNP, but not with U1 snRNP, at condition supports the

formation of the early complex E. It’s binding also depends on the presence of

an ESE sequence site. It has been suggested that the SRm160 protein might

recognise candidate sites and might be involved in the early splicing complex E

and complex A formation and hence propose a restructuring of the pre-mRNA

complexes.

In order to identify the state of SRm160 protein binding to a pre-

mRNA at a distinct splicing complex; splicing experiments were performed

at single molecule level. Such that, few experiments have to be identified

first before any further single molecule experiments in order to ensure the

accuracy of the obtained results. The next following sections include the state

of dimerisation of SRm160 protein, all constructs used in this work and other
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5.1 Introduction

control experiments.

5.1.1 The State of Dimerization

In a splicing reaction, number of proteins can interact with each other and

hence multimerise to mediate splicing. Therefore, it is important to investigate

the state of dimerisation of the protein of interest (SRm160) in the splicing

reaction before any further experiments. In this work, snRNAs and any other

RNAs left over were digested. This process was performed via the addition of

RNase A (RNA digesting enzyme; Ribonuclease) to the splicing reaction.

Figure (5.1) shows the distribution of SRm160 molecules bound to pre-

mRNA (GloC); X axis. The Y axis shows the percentage of the binding

of SRm160. The total number of pre-mRNA and the number of SRm160

molecules with different bleaching steps are marked on top of the bar. The

obtained results showed that SRm160 proteins have different levels of dimeri-

sation. The depletion of ATP (a condition that allows the formation of the

early complex E) shows almost one molecule of SRm160 is bound to the GloC

pre-mRNA. This experiment results in molecules of SRm160 are bind to GloC

with 75%. This result indicates that the SRm160 molecule does not bind as a

dimer. However, the level of SRm160 binding is changing up to two molecules

bound the pre-mRNA in the presence of ATP and αU6 oligo (the condition

that allows the formation of complex A). One-third of the total number of

SRm160 molecules were appeared as a monomer in the absence of ATP while

two-third of them were exist as a dimer in the presence of ATP. As a conclusion,

addition of RNase A means no RNA molecules are exist and thus the SRm160

molecules are the only residues or supposed to be the only. This hypothe-

sis supposed to be correct because when I test the uncolocalized molecules of
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5.1 Introduction

SRm160 - SRm160 molecules that are not colocalized with the RNA substrate

- one significant bar is analysed in the distribution chart. This means that

the free SRm160 molecules appear as a single molecule. On the other hand,

the two-third of the total number of SRm160 molecules might be an of the

presence of the RNase A. By this stage, the analysis of further results and bar

charts is become easy to explain and compare.
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Figure 5.1: The state of the SRm160 protein dimerization in the presence of
RNaseA. Splicing reaction at single molecule level were performed at different
conditions. (a) 22 molecules of SRm160 where identified at the early complex
E condition (no ATP). (b) 22 molecules of SRm160 where identified at complex
A condition (with ATP) and αU6 oligo. The X axis shows the distribution of
this binding. The Y axis shows the percentage of SRm160 proteins binding.

5.1.2 The Construct

To investigate how and how many SRm160 molecule is react with the pre-

mRNA during splicing reaction, multiple RNA constructs were used in order

to investigate different conditions. Those constructs are GloC, Glo M, and

Intronless RNA (mRNA).

Moreover, constructs of SMN2 with and without ESEs sequences were
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5.1 Introduction

also used. Those constructs ,were prepared by Andy Jobbins, provide an

opportunity to look at the correlation between simple molecule analysis and a

wealth of ensemble studies on the behaviour of SRm160 proteins, U1 snRNP

and U2 snRNP on exon 7. Figure (5.2) shows each construct used in this work

in the single molecule experiments.

5.1.3 Control Experiments

Splicing reaction is a complicated system influenced by multiple factors. The

binding distributions could be affected by those factors. Several control ex-

periments were performed to ensure the validity of our findings.

The slide chamber was tested at the beginning of each experiment in

order to ensure the validity of the slide. The experiment was performed by

looking at the slide under the microscope in the absence of any reagents/

buffers. The obtained results in (Figure 5.3) shows no existence of fluorescent

spots which might interfere to the real results. This ensures that the slide

chamber is applicable to use for single molecule experiments.

The state of GFP was tested under the microscope in order to ensure

that there is no signals can contribute to the real results. The experiment

was performed using SRm160 protein by itself. No further conditions were

implemented. The obtained results show single bleaching step, see (figure5.4).

The Cy5-oligo used to label all constructs was tested too in order to

ensure if there is any binding could occur between SRm160 protein and this

oligo. The experiment was performed in the presence of SRm160 extract and

the Cy-5 oligo. The obtained results indicates that SRm160 to protein does

not bind to this oligo. The results ensure that the presence of Cy5-oligo does

not contribute the state of SRm160 binding to pre-mRNA construct.
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(GloC)

(SMN2)

(SMN2+ESE)

(SMN2-Tra2β)

(SMN2-Tra2β+ESE)

(Intronless)

Figure 5.2: Schematic diagram of different constructs of RNA used in sin-
gle molecule experiment. Each construct is labelled by the its name on the
left side of the figure. From left; green box represents 5’ exon, solid black
line represents the intron and purple box represents 3’ exon. Solid red line
indicates the Cy5-labelled oligonucleotide.
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Figure 5.3: Testing the purity of the slide chamber for single molecule colo-
calisation experiments. The two top rows are series of detected images of the
slide chamber under the microscope. No spots are detected.
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Figure 5.4: Testing the purity and the state of GFP only. (a) An image of
GFP spots under the microscope. This image was analysed via MatLab, for
more details see Chapter 3 and [Weinmeister, 2014]. (b) Time traces results
for GFP. Traces is showing one bleaching step of GFP is exist. (c) Bar Chart
of GFP results, the X axis shows the distribution state of GFP spots and
the Y axis shows the percentage of GFP. No pre-mRNA was added to this
experiments.
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Moreover, the proportion of spots in my experiments with GloC in the

early complex E and complex A conditions was investigated in the matter if

the proportion does contain two or more RNA molecules. Figure5.4 shows

almost single bleaching step appears when calculating the un-colocalised spots

(Cy5-RNA).

 

@ Complex E (-ATP) @ Complex A (+ATP) 

GlobinC 

By look at CY5/RNA spots 

only  

Figure 5.5: Testing the proportion of un-colocalised spots (Cy5-RNA). Left
chart bar indicate a single molecule experiment in the absence of ATP. Right
chart bar indicate a single molecule experiment in the presence of ATP and
αU6 oligo. The X axis shows the distribution state of the un-colocalised spots
of Cy5-RNA. The Y axis shows the percentage of the un-colocalised spots of
Cy5-RNA. The pre-mRNA used in this experiment is GloC.

As the binding distributions could be affected by the way that splicing

is stalled at different complexes, multiple experiments were done and compared

by Dr. Li Chen [Li, 2016] as mentioned previously in this work, see (Chapter
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3). All single molecule experiments were performed by actually stalling the

complex formation through the absence of ATP, the addition of interfering

oligos or mutations.
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Figure 5.6: Bar chart of the amount of SRm160 present in the nuclear ex-
tract. (a) GloC pre-mRNA has incubated with SRm160 at the early complex
E condition. (b) GloC pre-mRNA has incubated together with an abundance
of commercial nuclear extract in a ratio 1:1 at the early complex E condition.
(c) GloC pre-mRNA has incubated together with an abundance of commercial
nuclear extract in a ratio 1:2 at the early complex E condition. The X axis
shows the distribution of this binding. The Y axis shows the percentage of
SRm160 proteins binding. On the top of the chart; marker spots identify the
number of marker molecules (Cy5-labelled pre-mRNA), Coloc. spots identify
the total number of SRm160 molecules and Coloc. % identify the percentage
of the colocalisation.
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Additionally, the amount of SRm160 present in the home made nuclear

extract may play a role influencing the number of SRm160 binding. Exper-

iments with an abundance of commercial nuclear extract to lower the ratio

of SRm160 were done to compare with experiments with an abundance of

SRm160 in a nuclear extract made from 293T cell for a higher ratio. The

relative abundance of commercial nuclear extract leads to the same binding

distribution whereas the abundance of SRm160 lead to a high colocalisation

with binding dominated by large accumulations of SRm160, see figure 5.6.

Furthermore, the unspecific binding of SRm160 to the glass surface of

the sample chamber might interfere with the observed results. The top of a

glass chamber might have to cover with PEG or BSA. Experiments to cover the

slide were performed and compared by Dr. Robert Weinmeister [Weinmeister,

2014]. The obtained results showed that the presence and the absence of PEG

or BSA result similar binding distributions.

5.2 SRm160 in Different Complexes; the scope

from different constructs

5.2.1 GloC Construct

The GloC construct was used to understand the state of SRm160 binding to

a pre-mRNA and to assess the splicing reaction at single molecule level at the

early complex E or at complex A conditions, see figure 5.7.

5.2.1.1 GloC (Non-Modified Construct) at the Early Complex E

(the depletion of ATP)

In the splicing reaction, the early complex E is formed in the absence of

ATP and U1 snRNP that binds the RNA construct at the 5’ splice site (5’
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Figure 5.7: Schematic diagram of GloC pre-mRNA construct. From the left;
green box represents 5’ exon, solid black line represents the intron and the
purple box represents the 3’ exon. Solid red line indicates the Cy5-labelled
oligonucleotide.

ss). By this stage, pre-mRNA commits to splice. Previous studies identified

that the 3’ ss is already recognized by U2AF at the early complex E ; and

U2 snRNP also found to binds to pre-mRNA weakly through protein-protein

interactions . To investigate the state of SRm160, how it bind pre-mRNA

during those reactions and further to do single molecule analysis of complexes,

single molecule experiment is implemented using a home made nuclear extract

(SRm160). This extract was first tested in splicing reaction to ensure the

validity and activity in in vitro splicing reaction, see (Chapter 4). Splicing

was stalled at the early complexes E or at complex A to accumulate species of

predominantly one complex. Stalling the splicing in the early complex E was

achieved by depletion of ATP, while stalling at complex A was by the addition

of ATP and a 2’-o-methyl oligonucleotide complementary to the 3’ end of U6

snRNP (anti-U6 oligo). A pre-mRNA with a consensus 5’ splice site (GloC)

was used. The pre-mRNA construct was annealed to Cy5 oligonucleotide to

ensure the visibility under the microscope, see (Chapter 4). After incubation in

extract pre-incubated to deplete ATP, 12% of the RNA complexes contained
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multiple molecules of GFP-SRm160 were identified. Figure 5.8 shows the

frequencies of GloC pre-mRNA molecules vs. bleaching steps of colocalized

mGFP-SRm160 in one, two, three or by a multitude of them visible as a long

tail. These multiple binding could referred as aggregates.

5.2.1.2 Globin C Construct at Complex A (the addition of ATP)

The splicing complex formed after the formation of the early complex E is

complex A. This complex is formed by base pairing of U2 snRNA with the

branch point (BP) of pre-mRNA in the presence of ATP. To investigate the

state of SRm160 binding in complex A, the splicing reaction was stalled at

complex A condition first. The stalling reaction was via the addition of ATP

and an oligonucleotide complementary to U6 snRNP. The result pattern is

dramatically different. The binding of SRm160 is increased significantly com-

pared to the early complex E condition (Figure 5.8). For example, in GloC,

the percentages of SRm160 bound at the early complex E condition is 12%.

However,the percentage is increased up to 21% at complex A. This

indicates that SRm160 molecules might interact very weakly with the pre-

mRNA. Strikingly, almost all complexes contain one to two molecules of GFP-

SRm160. The level of colocalization was much higher than in the absence of

ATP.
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Figure 5.8: Bar chart of SRm160 binding to GloC pre-mRNA construct. Sin-
gle molecule experiment shows the binding of SRm160 at complex A (in the
presence of both ATP and anti-U6 oligo) in compare to the early complex E
(no ATP). (a) At the early complex E. (b) At complex A (with ATP). Sin-
gle GFP-SRm160 was identified. The number of bleaching steps indicates the
number of mGFP-SRm160 molecules bound to each molecule of RNA. The X
axis shows the distribution of this binding. The Y axis shows the percentage of
SRm160 proteins binding. On the top of the chart; marker spots identify the
number of marker molecules (Cy5-labelled pre-mRNA), Coloc. spots identify
the total number of SRm160 molecules and Coloc. % identify the percentage
of the colocalisation.
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Figure 5.9: Bar chart of SRm160 binding to GloC pre-mRNA construct. Single
molecule experiment shows the binding of SRm160 at complex A condition (
with ATP) in the presence of different anti oligos. (a) At complex A (with
ATP). (b) At complex A in the presence of anti-U1 oligo. (c) At complex
A in the presence of anti-U2 oligo. Single GFP-SRm160 was identified. The
number of bleaching steps indicates the number of mGFP-SRm160 molecules
bound to each molecule of RNA. The X axis shows the distribution of this
binding. The Y axis shows the percentage of SRm160 proteins binding. On
the top of the chart; marker spots identify the number of marker molecules
(Cy5-labelled pre-mRNA), Coloc. spots identify the total number of SRm160
molecules and Coloc. % identify the percentage of the colocalisation.
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5.2.2 The Interplay of SRm160 Protein With the U1

snRNP and the 5’ Splice Site; Globin M

For deep investigation if whether the SRm160 molecules in the presence and

the absence of ATP is the result of interactions with U1 snRNP; Globin M

(the consensus 5’ splice site of the GloC pre-mRNA was inactivated by muta-

tion into a non-splice site sequence), see figure 5.10. By using this substrate,

no binding of U1 snRNP should occur without a 5’ splice site present. Gel

electrophoresis shows that Globin M substrate does not splice because of the

absence of the consensus 5’ splice site.

Figure 5.10: Schematic diagram of Glo M construct From the left; green box
represents 5’ exon, solid black line represents the intron and the purple box
represents the 3’ exon. Solid red line indicates the Cy5-labelled oligonucleotide.
Multiple red label (X) represents the absence of the corresponding site.

The binding distribution of SRm160 molecules in condition supported

the formation of the early complex E has no clear definition and is dominated

by accumulations of SRm160 proteins at the pre-mRNA (Figure 5.11). In the

presence of ATP and an oligonucleotide complementary to U6 snRNA (αU6),

a significant increase towards one molecule of SRm160 bound to RNA (Figure

5.11). Although Globin M does not form complex A due to the lack of a 5’

splice site, incubation with ATP does lead to multiple remaining molecules of

SRm160 bound to pre-mRNA. Regarding the distribution pattern, very similar
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results occurred in comparison to GloC, E3 with high colocalisation efficiency.
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Figure 5.11: Bar chart of SRm160 binding with Globin M pre-mRNA under
different conditions. Single molecule experiment shows the binding of SRm160
at the early complex E (no ATP) and at complex A (the addition of both
ATP and anti-U6 oligo). (a) At the early complex E. (b) At complex A.
Single GFP-SRm160 was identified. The number of bleaching steps indicates
the number of mGFP-SRm160 molecules bound to each molecule of RNA. The
X axis shows the distribution of this binding. The Y axis shows the percentage
of SRm160 proteins binding. On the top of the chart; marker spots identify the
number of marker molecules (Cy5-labelled pre-mRNA), Coloc. spots identify
the total number of SRm160 molecules and Coloc. % identify the percentage
of the colocalisation.

5.2.3 Intron-less Globin C; mRNA

As from all previous studies, the association of SRm160 to GloC pre-mRNA

depends on the presence of U2 snRNP. If this is the case, presence of splicing

signals could affect the interaction of GFP-SRm160 which indicates that the

protein of SRm160 has no binding to the intron-less construct. To draw a

complete splicing cycle, it is interesting to further investigate whether SRm160

will follow the logic of this binding and still bind to the intron-less substrate

(spliced mRNA), see figure 5.12. To determine this, spliced GloC was used.

Interestingly, single molecule colocalisation experiments showed unexpected
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Figure 5.12: Schematic diagram of spliced GloC RNA From the left; green box
represents 5’ exon and the purple box represents the 3’ exon. Solid red line
indicates the Cy5-lbeled oligonucleotide.

result in which SRm160 proteins are still bind to the intron-less GloC construct

in the early complex E and complex A condition, see Figure 5.13.

To follow this, intron-less GloC mRNA was made by mutagenesis PCR

of the GloC plasmid, followed by PCR amplification and in vitro transcription.

At the beginning we were expecting that no SRm160 would be bound to GloC

intron-less RNA as there are no intron sequences. However, unexpectedly,

SRm160, still bound to intron-less GloC in the absence and the presence of

ATP (Figure 5.13). In the absence of ATP, the distribution pattern of SRm160

bound the spliced RNA was very similar to GloC with high percentage of

coloclistion efficiency. Addition of ATP and an oligonucleotide complementary

to U6 oligo indicates similar results to GloC with slight decrease in the level of

the second GFP-SRm160. These results support the idea that the presence of

U2 snRNP is important to recruit GFP-SRm160 molecules. Additionally, The

presence of this binding of SRm160 molecules might be due to the presence

of ESEs sites in the exons which consists with the results in section that the

binding of SRm160 is influenced by the presence of ESEs sites.
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Figure 5.13: Bar chart of SRm160 binding with spliced mRNA (intronless)
under different conditions. Single molecule experiment shows the binding of
SRm160 at the early complex E (no ATP) and at complex A (with ATP) in
the presence of anti-U6 oligo. (a) At the early complex E. (b) At complex A.
Single GFP-SRm160 was identified. The number of bleaching steps indicates
the number of mGFP-SRm160 molecules bound to each molecule of RNA. The
X axis shows the distribution of this binding. The Y axis shows the percentage
of SRm160 proteins binding. On the top of the chart; marker spots identify the
number of marker molecules (Cy5-labelled pre-mRNA), Coloc. spots identify
the total number of SRm160 molecules and Coloc. % identify the percentage
of the colocalisation.

5.3 SRm160 and the Splicing Enhancer; SMN2

The ESE sequences are important for the recognition of splice site in pre-

mRNA. These sequences are bound by serine-arginine (SR) repeat proteins

that promote the assembly of splicing complexes at specific splice sites.

Regarding SRm160 protein, the number of binding protein of SRm160

is generally seen to be increased as the splicing enhancer sites are increased.

This relation was demonstrated to be influences by a specific sequences, such

as GAA-repeats sites. In this research work, a construct named as SMN2 with

and without ESE sequences were used in order to investigate if an effect of the

ESE sites can be seen on the observed binding pattern of SRm160 proteins or
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not. This substrate is based on GloC construct which derived from exon 2 of

GloC and exon 7 from SMN2 (Firure 5.14).

(a)

(b)

Figure 5.14: Schematic diagram of SMN2 substrate. (a) Represents SMN2
construct without the ESE sequence. (b) Represents SMN2 construct without
the ESE sequence. From the left; green box represents 5’ exon, solid black line
represents the intron and the purple box represents the 3’ exon. Solid red line
indicates the Cy5-lbeled oligonucleotide. Red label (X) represents the absence
of the site.

In the absence of ATP, under the conditions allowing the early com-

plex E assembly, pre-mRNA associates with multiple number of GFP-SRm160

molecules. The number of bound GFP-SRm160 is strikingly increased with

increasing in colocalisation percentage (from 13% to 24%) in SMN2 containing

ESE sequence (Figure 5.15). In the presence of ATP and an oligonucleotide

complementry to U6 snRNP (anti-U6 oligo), binding of GFP-SRm160 is re-

stricted to two defined molecules in the presence of ESE and 1 to 2 molecules

in the absence of ESE. These results indicate that the number of GFP-SRm160

that bind pre-mRNA substrate is highly depend on the ESE sequence (Figure

5.15).
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Figure 5.15: Bar chart of SRm160 association with SMN2 pre-mRNA un-
der different conditions. Left column represents SMN2 without ESE sequence.
Right column represents SMN2 with the ESE sequence. (a) and (b) Represent
the frequencies of SRm160 binding to SMN2, showing the binding of mGFP-
SRm160 in condition supporting the formation of the early complex E (no
ATP). The level of GFP-SRm160 bound to pre-mRNA is higher in the presence
of ESE. (c) and (d)Binding of SRm160 molecules to SMN2 at complex A.
Single GFP-SRm160 was identified. The number of bleaching steps indicates
the number of mGFP-SRm160 molecules bound to each molecule of RNA. The
X axis shows the distribution of this binding. The Y axis shows the percentage
of SRm160 proteins binding. On the top of the chart; marker spots identify the
number of marker molecules (Cy5-labelled pre-mRNA), Coloc. spots identify
the total number of SRm160 molecules and Coloc. % identify the percentage
of the colocalisation.
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Moreover, the addition of phoSTOP to a condition supported the forma-

tion of the early complex E showed (Figure 5.16) does not show a significant

changes regarding the binding of GFP-SRm160. The obtained results indi-

cates that the phoSTOP decrease the recruiting of GFP-SRm160 to SMN2

substrates in both the absence and the presence of ESE sites.

In addition, to determine whether U1 and U2 snRNPs contribute to

the binding of SRm160, SMN2 with and without ESE sequences were used in

extract pre-incubated reaction to deplete ATP in the presence of an oligonu-

cleotide complementary to U1 snRNP. Results demonstrated that the associ-

ation of GFP-SRm160 with SMN2 substrate does not depend on U2 snRNP

even in the presence of an ESE sequence (Firure 5.17). Similar distribution

pattern with low colocalisation efficiency were observed in the absence of this

oligonucleotide (Firure 5.17). These results are arguing the previous obser-

vation that the SRm160 does not bind to pre-mRNA in the absence of U2

snRNP. Surprisingly, a single GFP-SRm160 molecule was identified when an

oligonucleotide complementary to U2 snRNP existed. These results demon-

strate various points; the association of SRm160 with SMN2 pre-mRNA is

enhanced via ESE sequences, highly depend on U2 snRNP but not U1 snRNP.
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Figure 5.16: Bar chart of SRm160 association with SMN2 pre-mRNA un-
der different conditions. Left column represents SMN2 without ESE sequence.
Right column represents SMN2 with the ESE sequence. (a) and (b) Frequen-
cies of SRm160 binding to SMN2, showing the binding of mGFP-SRm160 in
condition supporting the formation of the early complex E ( no ATP). (c) and
(d) Using PhosStop in the absence of ATP. Single GFP-SRm160 was identi-
fied. The number of bleaching steps indicates the number of mGFP-SRm160
molecules bound to each molecule of RNA. The X axis shows the distribution
of this binding. The Y axis shows the percentage of SRm160 proteins binding.
On the top of the chart; marker spots identify the number of marker molecules
(Cy5-labelled pre-mRNA), Coloc. spots identify the total number of SRm160
molecules and Coloc. % identify the percentage of the colocalisation.

150



5.3 SRm160 and the Splicing Enhancer; SMN2

SMN2 without ESE SMN2 with ESE

1 2 3 4 5 >5 X
0

5

10

15

48

25
16

7
0 0 4

F
re

q
u
e
n
c
y
 [
%

]

Number of Bleaching Steps

Coloc. %

9

Coloc. spots

1001085

Marker spots

1 2 3 4 5 >5 X
0

5

10

15

55

24

12
6

1 1 2
F

re
q
u
e
n
c
y
 [
%

]

Number of Bleaching Steps

Coloc. %

16

Coloc. spots

100615

Marker spots

(a) (b)

1 2 3 4 5 >5 X
0

5

10

15

32

9
6

1 0 0
2

F
re

q
u
e
n
c
y
 [
%

]

Number of Bleaching Steps

Coloc. %

8

Coloc. spots

50597

Marker spots

1 2 3 4 5 >5 X
0

5

10

15

20

25

30

35

25

15

5

2

0 0

3

F
re

q
u
e
n
c
y
 [
%

]

Number of Bleaching Steps

Coloc. %

25

Coloc. spots

50199

Marker spots

(c) (d)

Figure 5.17: Bar chart of SRm160 association with SMN2 pre-mRNA un-
der different conditions. Left column represents SMN2 without ESE sequence.
Right column represents SMN2 with the ESE sequence. (a) and (b) At the
early complex E (no ATP) in the presence of anti-U1 oligo showing a slight
shift in the number of SRm160 towards one binding step with low colocalized
efficiency. (c) and (d) At the early complex E (no ATP) in the presence of
both anti-U1 oligo and phoSTOP. Single GFP-SRm160 was identified. The
number of bleaching steps indicates the number of mGFP-SRm160 molecules
bound to each molecule of RNA. The X axis shows the distribution of this
binding. The Y axis shows the percentage of SRm160 proteins binding. On
the top of the chart; marker spots identify the number of marker molecules
(Cy5-labelled pre-mRNA), Coloc. spots identify the total number of SRm160
molecules and Coloc. % identify the percentage of the colocalisation.
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Figure 5.18: Bar chart of SRm160 association with SMN2 pre-mRNA un-
der different conditions. Left column represents SMN2 without ESE sequence.
Right column represents SMN2 with the ESE sequence. (a) and (b) At com-
plex A (with ATP) in the presence of anti-U1 oligo. (c) and (d) At complex
A (with ATP) in the presence of anti-U2 oligo. Single GFP-SRm160 was iden-
tified. The number of bleaching steps indicates the number of mGFP-SRm160
molecules bound to each molecule of RNA. The axis X shows the percentage of
SRm160 proteins binding. The (X) axis shows the distribution of this binding.
The Y axis shows the percentage of SRm160 proteins binding. On the top of
the chart; marker spots identify the number of marker molecules (Cy5-labelled
pre-mRNA), Coloc. spots identify the total number of SRm160 molecules and
Coloc. % identify the percentage of the colocalisation.
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Figure 5.19: Bar chart of SRm160 association with SMN2 pre-mRNA un-
der different conditions. Left column represents SMN2 without ESE sequence.
Right column represents SMN2 with the ESE sequence. (a) and (b) At com-
plex A (with ATP) in the presence of both anti-U1 and anti-U2 oligos. Single
GFP-SRm160 was identified. The number of bleaching steps indicates the
number of mGFP-SRm160 molecules bound to each molecule of RNA. The X
axis shows the distribution of this binding. The Y axis shows the percentage of
SRm160 proteins binding. On the top of the chart; marker spots identify the
number of marker molecules (Cy5-labelled pre-mRNA), Coloc. spots identify
the total number of SRm160 molecules and Coloc. % identify the percentage
of the colocalisation.
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5.4 SRm160 and the Tra2 Site

In the previous studies, it was demonstrated that that hTra2α and hTra2β of

Drosophila Tra2 bind to ESEs containing GAA repeats and, in conjugation

with SR family proteins such as SRm160, promote ESE-dependent splicing. If

this is the case, does the absence of hTra2β in SMN2 pre-mRNA substrate af-

fect the recruitment of GFP-SRm160 molecules. To determine this case, SMN2

substrate without both hTra2β and ESE sequences is used in comparison to

SMN2 without hTra2β site containing ESE sequence. SMN2 pre-mRNA was

annealed to CY5 oligonucleotide described previously in Chapter 4, (Figure

5.20).

(a)

(b)

Figure 5.20: Schematic diagram of SMN2 substrate. (a) Represents SMN2
construct without both the ESE sequence and the hTra2β site. (b) Represents
SMN2 construct with ESE sequence but without the hTra2β site. From the
left; green box represents 5’ exon, solid black line represents the intron and
the purple box represents the 3’ exon. Solid red line indicates the Cy5-lbeled
oligonucleotide. Red label (X) represents the absence of the corresponding
site.

After incubation in nuclear extract pre-incubated to deplete ATP, 11%

and 14% of the RNA complexes contained multiple molecules of GFP-SRm160
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were identified in the absence and the presence of ESE sequence, respectively.

Phostop treatment in the absence of ATP resulted in single defined GFP-

SRm160 molecule and single molecule in the absence of the ESE sequence, and

one to two molecules in the presence of ESE sequence (Figure 5.21). These

results indicate that the multiple binding could be an aggregates or nonspecific

binding of GFP-SRm160. Figure shows the frequencies of SMN2 pre-mRNA

molecules vs. bleaching steps of colocalized mGFP-SRm160 in 1, 2, 3 etc.

steps. In the presence of ATP, and an oligonucleotide complementary to U6

snRNP that stalls assembly at complex A, Hodson showed that the presence

of ESE sequence recruited more GFP-SRm160 molecules Hodson et al. [2012].

Two GFP-SRm160 molecules were identified. The colocalization efficiency

was increased from 9% in the absence of ESE to 19% in the presence of the

ESE sequence (Figure 5.22). These results indicates that the presence of ESE

sequences recruited more GFP-SRm160 in SMN2 substrate. This arguing

with the previous studies that the association of SRm160 protein is specific

for ESE-dependent splicing containing GAA repeats.

Strikingly, the addition of a nucleotide which is complementary to U1

snRNP to ATP-depleted reaction, the binding of SRm160 to SMN containing

ESE sequences is slightly higher with similar distribution pattern to SMN2 in

the absence of this oligonucleotide (Figure 5.23). These results indicate the

absence of U1 snRNP does not affect the binding of GFP-SRm160 to pre-

mRNA. Whereas in the absence of ESE sequence, one to two GFP-SRm160

molecules were identified. This supports the idea that level of GFP-SRm160

is enhanced by the presence of ESE sequences even in the presence of an

oligonucleotide complementary to U1 snRNA. Surprisingly, the presence of an

oligonucleotide complementary to U2 snRNA significantly reduced the number
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of SRm160 molecule to a single molecule in the absence of ATP. This result

in conjugation with the low colocalization efficiency suggest that the binding

of SRm160 is associated with U2 snRNP.

Briefly, in this research, it was demonstrated that the number of GFP-

SRm160 is enhanced via ESE sequences. The presence of an oligonucleotide

complementary to U1 snRNA identified no effect on the number of GFP-

SRm160 bound to pre-mRNA. Whereas the presence of an oligonucleotide

complementary to U2 represents a significant reduction in the number of

GFP-SRm160 molecules bound pre-mRNA. Integrally, the association of GFP-

SRm160 to pre-mRNA does not stimulated by Tra2 site.
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Figure 5.21: Bar chart of SRm160 association with SMN2 under different con-
ditions. Left column represents SMN2 without both Tra2 and ESE sequences.
Right column represents SMN2 without Tra2 but with the ESE sequence.
(a) and (b) Frequencies of SMN2 showing the binding of mGFP-SRm160 in
condition supporting the formation of the early complex E (no ATP). (c)
and (d) Using PhosStop in the absence of ATP. Single GFP-SRm160 was
identified. The number of bleaching steps indicates the number of mGFP-
SRm160 molecules bound to each molecule of RNA. The X axis shows the
distribution of this binding. The Y axis shows the percentage of SRm160
proteins binding. On the top of the chart; marker spots identify the number
of marker molecules (Cy5-labelled pre-mRNA), Coloc. spots identify the total
number of SRm160 molecules and Coloc. % identify the percentage of the
colocalisation.
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Figure 5.22: Bar chart of SRm160 association with SMN2 under different con-
ditions. Left column represents SMN2 without both Tra2 and ESE sequences.
Right column represents SMN2 without Tra2 but with the ESE sequence.
(a) and (b) Frequencies of SMN2 showing the binding of mGFP-SRm160 in
condition supporting the formation of the early complex E (no ATP). (c)
and (d) At complex A (with ATP). Single GFP-SRm160 was identified. The
number of bleaching steps indicates the number of mGFP-SRm160 molecules
bound to each molecule of RNA. The X axis shows the distribution of this
binding. The Y axis shows the percentage of SRm160 proteins binding. On
the top of the chart; marker spots identify the number of marker molecules
(Cy5-labelled pre-mRNA), Coloc. spots identify the total number of SRm160
molecules and Coloc. % identify the percentage of the colocalisation.
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Figure 5.23: Bar chart of SRm160 association with SMN2 under different con-
ditions. Left column represents SMN2 without both Tra2 and ESE sequence.
Right column represents SMN2 without Tra2 but with the ESE sequence.
(a) and (b) At the early complex E (no ATP) in the presence of anti-U1
oligo. (c) and (d) At the early complex E (no ATP) in the presence of both
phoSTOP and anti-U1 oligo. Single GFP-SRm160 was identified. The number
of bleaching steps indicates the number of mGFP-SRm160 molecules bound
to each molecule of RNA. The X axis shows the distribution of this binding.
The Y axis shows the percentage of SRm160 proteins binding. On the top of
the chart; marker spots identify the number of marker molecules (Cy5-labelled
pre-mRNA), Coloc. spots identify the total number of SRm160 molecules and
Coloc. % identify the percentage of the colocalisation.
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Figure 5.24: Bar chart of SRm160 association with SMN2 under different con-
ditions. Left column represents SMN2 without both Tra2 and ESE sequence.
Right column represents SMN2 without Tra2 but with the ESE sequence. (a)
and (b) At complex A (with ATP) in the presence of anti-U1 oligo. (c) and
(d) At complex A (with ATP) in the presence of anti-U2 oligo. Single GFP-
SRm160 was identified. The number of bleaching steps indicates the number
of mGFP-SRm160 molecules bound to each molecule of RNA. The X axis
shows the distribution of this binding. The Y axis shows the percentage of
SRm160 proteins binding. On the top of the chart; marker spots identify the
number of marker molecules (Cy5-labelled pre-mRNA), Coloc. spots identify
the total number of SRm160 molecules and Coloc. % identify the percentage
of the colocalisation. .
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5.5 SRm160 Vs. the 5’ exon

As all constructs used in this work consist of a strong 5’ exon and one intron,

it will be more interesting to investigate whether the appearance of a binding

behaviour of SRm160 protein is depended on the presence of those ESEs in

the 5’ exon.

To establish the investigation of this hypothesis, a series of GloC sub-

strates were used. Those substrates differed in the length of the 5’ exons.

These substrates were basically designed from GloC. The procedure of the

preparation is as follows:

a. Designing a proper primers that complement to the right length of the

5’ exon site and to ensure annealing temperature to be around 55-60◦C.

b. PCR as in Chapter 2, section 2.1.1.1.

c. Agarose gel electrophoresis as in Chapter 2, section 2.1.1.1.

d. Purification as in Chapter 2, section 2.1.1.2.

e. Checking the concentration using nanodrop.

After ensuring that all resulted fragments (designed oligonucleotides)

are corresponding to the write size, standard splicing reaction were imple-

mented (Chapter 2, section 2.1.3.1 to 2.1.3.2). The obtained results indicates

that the ESEs are not important for the splicing of GloC. (Figure 5.25, 5.27,

5.28 and 5.29) as all substrates shows a splicing activity with different efficien-

cies (Figure 5.30, 5.31 and 5.32).

Overall, short exons substrates used here in this work shows a splicing

signal whether ESEs exist or not. This findings raised a thought that the ESE
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sites at the 5’ exon might be a reason for bound-SRm160 molecules remaining

on a substrate that lacks a 3’ ESE or the intron or the 5’ ss.

GloC 16 17

Pre-mRNA

mRNA

5’ exon

Lariat intron

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) Ctrl

Lariat 

intermediate

Figure 5.25: The in vitro splicing reaction for a series of GloC with different
lengths. Ctrl represents the control experiments using a full length of GloC
(labelled as GloC 16 17). Sample (1) indicates the next shorter length of
GloC after the original one. Samples from (2) to (10) represent the shorter
after sample number (1) and so on. Functional nuclear extract were use. 6%
polyaccrelymide gel electrophoresis were implemented to analyse the splicing
results. The gel was scanned via Tyfoon. Number 17 represents the name of
primer used in the PCR experiments.
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GloC 16 E3

Pre-mRNA

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)Ctrl

Figure 5.26: The in vitro splicing reaction for a series of GloC with differ-
ent lengths. - Ctrl represents the control experiments using a full length of
GloC but without the 3’-U1-binding site (labelled as GloC 16 E3). Sample
(1) indicates the next shorter length of GloC after the original one. Samples
from (2) to (10) represent the shorter after sample number (1) and so on.
Functional nuclear extract were use. 6% polyaccrelymide gel electrophoresis
were implemented to analyse the splicing results. The gel was scanned via
Tyfoon. E3 represents the name of primer used in the PCR experiments.
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GloC

Pre-mRNA

mRNA
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GloC 16 17
(2) (3) (4)
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GloC 16 E3

Lariat 

intermediate

(1)

Figure 5.27: The in vitro splicing reaction for a series of GloC with different
lengths. Two Ctrl were used; one represents the control experiments using a
full length of GloC but with the 3’-U1-binding site (labelled as GloC 16 17) and
the other represents the control experiments using a full length of GloC but
without the 3’-U1-binding site (labelled as GloC 16 E3). Sample (1) indicates
the next shorter length of GloC after the original one. Samples from (2) to (4)
represent the shorter after sample number (1) and so on. Functional nuclear
extract were use. 6% polyaccrelymide gel electrophoresis were implemented to
analyse the splicing results. The gel was scanned via Tyfoon. Numbers 16, 17
and E3 are the name of primers used in the PCR experiments.
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GloC

Pre-mRNA

mRNA

5’ exon

Lariat intron
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GloC 16 17 (6) (7)
Ctrl

GloC 16 E3(5)

Figure 5.28: The in vitro splicing reaction for a series of GloC with different
lengths. Two Ctrl were used; one represents the control experiments using a
full length of GloC but with the 3’-U1-binding site (labelled as GloC 16 17)
and the other represents the control experiments using a full length of GloC
but without the 3’-U1-binding site (labelled as GloC 16 E3). Samples from
(5) to (7) represent the shorter substrates after sample number (1) and so on.
Functional nuclear extract were use. 6% polyaccrelymide gel electrophoresis
were implemented to analyse the splicing results. The gel was scanned via
Tyfoon. Numbers 16, 17 and E3 are the name of primers used in the PCR
experiments.
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Figure 5.29: The in vitro splicing reaction for a series of GloC with different
lengths. Two Ctrl were used; one represents the control experiments using a
full length of GloC but with the 3’-U1-binding site (labelled as GloC 16 17)
and the other represents the control experiments using a full length of GloC
but without the 3’-U1-binding site (labelled as GloC 16 E3). Samples from
(5) to (7) represent the shorter substrates after sample number (1) and so on.
Functional nuclear extract were use. 6% (the left gel) and 12% (the right gel)
polyaccrelymide gel electrophoresis were implemented to analyse the splicing
results. The gel was scanned via Tyfoon. Numbers 16, 17 and E3 are the
name of primers used in the PCR experiments.
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Figure 5.30: The in vitro splicing efficiency for a series of different length of
GloC substrates. A comparison between substrates with and without the 3’
U1 binding site. The two charts represent the splicing efficiency calculated
depends on the mRNA product. The top one represents the results for all
substrates without the 3’ U1 binding site. The bottom one represents the
results for all substrates with the 3’ U1 binding site.
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Figure 5.31: The in vitro splicing efficiency for a series of different length of
GloC substrates. A comparison between substrates with and without the 3’
U1 binding site. The two charts represent the splicing efficiency calculated
depends on the pre-mRNA product at the zero time point. The top one
represents the results for all substrates without the 3’ U1 binding site. The
bottom one represents the results for all substrates with the 3’ U1 binding site.
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Figure 5.32: The in vitro splicing efficiency for a series of different length
of GloC substrates. A comparison between substrates with and without the
3’ U1 binding site. The two charts represent the splicing efficiency calculated
depends on lariat product. The top one represents the results for all substrates
without the 3’ U1 binding site. The bottom one represents the results for all
substrates with the 3’ U1 binding site.
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Figure 5.33: The in vitro splicing activity for a series of different length of
GloC substrates. All substrates were without the 3’ U1 binding site. a The
activity was calculated for all substrates depending on the mRNA results. b
The activity was calculated for all substrates depending on the pre-mRNA
results at the zero time point. c The activity was calculated for all substrates
depending on the lariat intron results.
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Figure 5.34: The in vitro splicing activity for a series of different length of GloC
substrates. All substrates were with the 3’ U1 binding site. a The activity was
calculated for all substrates depending on the mRNA results. b The activity
was calculated for all substrates depending on the pre-mRNA results at the
zero time point. c The activity was calculated for all substrates depending on
the lariat intron results.
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Figure 5.35: The in vitro splicing activity for a series of different length of
GloC substrates. A comparison between substrates with and without the 3’
U1 binding site. a The activity was calculated for all substrates depending on
the mRNA results. b The activity was calculated for all substrates depending
on the pre-mRNA results at the zero time point. c The activity was calculated
for all substrates depending on the lariat intron results.
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Chapter 6

Analysis of Complexes

Flexibility Using FRET

This chapter begins with a description of the donor and acceptor

dyes used to demonstrate the FRET interaction and why these dyes

were chosen. The modification of the sample chamber is also dis-

cussed. Finally, the general experimental procedures and character-

isation techniques are presented.
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6.1 Fluorescence Dyes

6.1 Fluorescence Dyes

In the first part of the work presented here, FRET was achieved using a donor

dye called ATTO. It’s fluorescence emission band is at 610 nm. The acceptor

is Cy5 that fluorescence at 650 nm. The donor ATTO overlaps sufficiently

with the absorption band of the Cy5 acceptor dye. The ATTO dye has many

benefits including its strong absorption, high quantum efficiency, and large

Stokes shift. Cy5 is also one of the most widely used fluorescent dyes for

labelling biological molecules. The absorption and the emission wavelengths

are in the visible red spectral region, which is sufficiently removed from the

intrinsic fluorescence of most biological tissues, to suppress the background

noise. As a FRET pair, those two dyes have a clear Stokes shift, which reduces

cross talk and improves the accuracy of the results.

One of the drawbacks to these dyes is that they are photosensitive and

can photo-bleach easily when irradiated continuously, making them harder to

handle. Photobleaching results in the loss of the dyes ability to absorb light of

a particular wavelength, due to photo degradation of the dye molecules, thus

reducing their emission. This can be minimized by keeping the dye samples in

the dark and limiting their exposure to ambient light. Also, by using reagents

to prevent bleaching such as scavengers.

6.2 Fluorescence Resonance Energy Transfer;

FRET

Alongside single molecule colocalisation measurements, single molecule FRET

microscopy was initiated in the start of a project to look at FRET signals

under conditions supporting the formation of the early complex E, complex
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6.2 Fluorescence Resonance Energy Transfer; FRET

A and the presence of anti-U1 oligo. Additionally, using our home-made ex-

tract (SRm160) might open a gate to more investigation of its state as a rigid

molecule (160 KDa).

As previously explained in (Chapter 1), this technique was used to probe

inter- or intra-molecular energy transfer between two fluorophores (donor and

acceptor) on the range of 1 - 10 nm length scale making it ideal to investigate

the structure, dynamics, and orientations of the molecule of interest.

Here in the following sections, few FRET results were achieved using

our home-made single molecule microscope under different conditions.

6.2.1 Branched Substrate

Branched DNA structures (Figure 6.1)play critical roles in DNA replication,

repair and recombination in addition to being key building blocks in DNA

nanotechnology. This can be investigated in solution by detection of the in-

ternal distances between two fluorescent dyes, donor (D) and acceptor (A) via

FRET. This structure is used here in this work as a simple model in order to

optimize the FRET system.
 

D 

A 

5’ 

3’ 

3’ 

5’ 

Figure 6.1: Schematic diagram of the DNA branched structure (forked DNA).
- The solid black line represents two complementary DNA. - Star in green
represents the donor fluorophore (D; Cy3). - Star in red represents the acceptor
(A; Cy5).
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6.2 Fluorescence Resonance Energy Transfer; FRET 

 

Cleaned coverslip 

Cleaned and functionalized 

coverslip 

Double-sided tape  

Sample pathway 

Pipette tip to 

load the 

solution 

Figure 6.2: An exemplary of sample chamber. The chamber is prepared by
sandwiching two cleaned coverslips by double-sided tape. The double-sided
tape is used to create a channel in abut 2 mm. The sample is introduced into
the chamber via pipette tip that contains the solution (sample of interest).

To perform FRET experiments, a slide chamber is designed by sand-

wiching double-sided tape between a pre-cleaned slide and a cover slip (Figure

6.2). For stable and specific immobilization of the sample to the slide, a bi-

otin streptavidin linkage is used. Biotinylated bovine serum albumin (BSA)

that adsorbs to slide surface is used. BSA binds the biotinylated molecules

through streptavidin (Figure 6.3). The assembled chamber is checked for pu-

rities before and after application of BSA/Biotin or streptavidin by imaging

the surface in the absence of any solution. If there are no fluorescent spots ap-

peared, the cleaned slide is deemed acceptable. A biotinylated biomolecule is

added in concentrations (nanometers) that allow us to achieve immobilization

at the desired single-molecule density. Additionally, slides were tested after the

addition of streptavidin and BSA in order to ensure there is no contamination

can contribute with the final results (Figure 6.4)
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6.2 Fluorescence Resonance Energy Transfer; FRET
 

Donor 

Acceptor 

Biotin-BSA 

Biotin 

Streptavidin 

Figure 6.3: Sample immobilization. The cleaned slide is first treated via Biotin-
BSA and then via streptavidin in order to minimize the non-specific binding
to the slide surface. The sample of interest that has biotin at one end then
introduced which can immobilize to the surface via streptavidin. The purity
of each step was tested (see Figure 6.4).

In addition, cross-talk between the detected channels needs to be cor-

rected before calculating the true FRET efficiency. To do this, sample of donor

only and acceptor only are used. With sample contains donor-only, molecules

were excited at a donor excitation wave lengths, the leakage of donor emission

in to the acceptor channel is determined. Similar to donor-only, the leakage

of acceptor emission via its excitation wave length into donor channel is also

identified. The obtained results indicate no cross-talk is measured. Addition-

ally, the cross-talk was optimized using specific correction filters suitable for

both donor (ATTO647N) and Acceptor (Cy5), see (Figure 6.5). Those fig-

ures were a result of experiments done in the absence of any correction filters.

The obtained results shows appearance of a signal on the acceptor detection

panel which refer to cross-talk. The cross-signal could contribute with the real
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6.2 Fluorescence Resonance Energy Transfer; FRET

 

Cleaned slide only 

After the application 

of BSA 

After the application 

of streptavidin 

After washing the 

slide with T50 buffer 

Checking the dilution 

buffer 

Checking the 

scavenger solution 

Figure 6.4: Testing cover slips (slide champer) before and after the addition
of any solutions (streptavidin and BSA). The obtained results identified that
all reagents (streptavidin, BSA and imaging buffers) are acceptable for single
molecule FRET experiments. Each image is labelled via its condition on the
right side. All the obtained results were measured using single molecule FRET
microscope.
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6.2 Fluorescence Resonance Energy Transfer; FRET

data. To solve this, correction filters specific for Cy3 and (ATTO647N) were

used. The resulted signals shows no cross-talk is exist, see (Figure 6.6). More-

over, a fluorescent microspheres sample is used in order to ensure an accurate

correspondence between the donor and acceptor images.
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Figure 6.5: Schematic diagram of Cy3-Sample only. Single molecule experi-
ments were implemented at 532 nm. No correction filters were used. Slides
were treated via BSA and Streptavidin. The X axis represents the intensity.
The Y axis represents the time in seconds. - The top panel represents the donor
detection panel. The bottom panel represents the donor detection panel.
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Figure 6.6: Schematic diagram of Cy3-Sample only. Single molecule experi-
ments were implemented at 532 nm. Correction filters were used - Slides were
treated via BSA and Streptavidin. The X axis represents the intensity. The
Y axis represents the time in seconds. - The top panel represents the donor
detection panel. The bottom panel represents the donor detection panel.

For FRET measurements, a biotinylated branched molecule (DNA) is

used which has a single donor dye (Cy3) and an acceptor dye (Cy5), see

figure 6.1. Immobilization was done via BSA-streptavidin linkage as described

previously.

FRET signals were acquired by imaging surface immobilized molecules

with the objective-TIRF microscope. An oxygen scavenger, such as PCA

(Protocatechuic Acid) and PCD (Protocatechuiate-3,4-dioxygenase) were used

in combination with Ascorbic acid and Parquet to suppress the photobleach

and the fluorescence instability, respectively.

At the beginning of FRET project, a prism-based TIRF microscope was
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6.2 Fluorescence Resonance Energy Transfer; FRET

used. The microscope was optimised via Dr. Dmitry Cherny. Experiments

were modified and compared in order to optimise conditions. The obtained

results show a FRET signal (Figure 6.7 and 6.8). The single molecule FRET

time trajectories from the branched DNA (forked DNA) indicates two bleach-

ing steps. This might refer to two conformational states that exist.

Moreover, similar experiments were performed via the objective-based

TIRF microscope. The one used with single molecule colocalisation experi-

ments. All conditions were repeated and modified to be suitable under the

objective-based microscope. The obtained results were similar. FRET signals

were recorded. The analysed bleaching steps indicate two bleaching steps.

This results confirm the findings via prism-based TIRF microscope (Figure

6.9 and 6.10)
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Overlay 

Acceptor probes Donor probes 

Figure 6.7: Total internal reflection fluorescence microscopy imaging. View
from fluorescence microscopy, Prism-based TIRF is used to look at the FRET
of the forked DNA. Top row; donor probes which is represented as green spots
and acceptor probes which appears as red spots. Bottom row; the overlay
image showing colocalized spots which are represented as yellow spots. Green
spot refers to Cy3 fluorophores. Red spots refer to Cy5 fluorophores.
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Figure 6.8: Total internal reflection fluorescence microscopy imaging. Repre-
sentative single molecule FRET time trajectories from the branched DNA.
Green and red traces represent the fluorescence intensity of the donor dye
(CY3) and the acceptor dye (CY5), respectively. (a)High FRET signal. (B)
Second state showing FRET.
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Figure 6.9: Schematic diagram of FRET signal of Forked DNA sample. Single
molecule FRET experiments were implemented under the condition supported
the optimization of FRET). Treated Slide chamber were used.
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Figure 6.10: Schematic diagram of FRET signal of Forked DNA sample. Single
molecule FRET experiments were implemented under the condition supported
the optimization of FRET). Treated Slide chamber were used.
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Intron Exon 
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Figure 6.11: The structure of the double-labelled RNA construct. From left;
the blue box represents the 5’ exon, star in red represents the acceptor dye
(ATTO647N), solid line represents the intron and the star in green represents
the donor fluorophore (Cy3) which incorporate to the RNA at its 3’ end.

6.2.2 Double-labeled RNA

Single molecule FRET was used to study the effect of nuclear extract media

in the absence and presence of ATP and snRNPs such as U1 snRNP on the

conformational changes and dynamics of RNA of interest.

To do this experiment, FRET system was optimized as previously ex-

plained. Pre-cleaned slides were modified and treated via BSA/Biotin and

streptavidin. Simple biotinylated double-labeled RNA substrate was used (a

kind gift from Prof.Eperon). This RNA consists of a 5’ exon containing ESE

sequence, a bit of intron (about 13 nucleotides), a single donor dye (Cy3)

at the 3’ end and an acceptor dye (ATTO647N) at 5’ exon (Figure 6.11).

Functional commercial nuclear extract was available. Home made nuclear ex-

tract (SRm160) was also introduced. Samples were prepared in the absence

and presence of ATP, diluted and injected to the modified slides. An oxygen

scavenging system was used too.

With the double-labeled RNA, an appropriate wavelength (532nm) was

used in order to excite the donor molecule (ATTO647N) and to asses FRET

experiments. In this experiment, FRET is expected to identify when the
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ATTO647 and Cy3 are brought close together. In the presence of ATP, FRET

signals between ATTO647N and Cy3 were monitored over time (Figure 6.14

and Figure 6.15). The FRET time traces results of individual molecules over

time do not exhibit significant fluctuations, indicating that the observed FRET

arises from relatively static heterogeneity among RNA rather than conforma-

tional fluctuations. This static FRET is probably because of the presence of

rigid molecule (SRm160; 160kDa).

The absence of ATP revealed no FRET to be made between ATTO647N

and Cy3 dyes (Figure 6.12 and Figure 6.13).

In contrast, signals were observed in the ATTO647N detected channel

after 50 seconds, presumably because molecules are getting out of focus during

the experiment. Interestingly, addition of an oligonucleotide complementary

to U1 snRNP in the presence of ATP showed quite similar (Figure 6.16). This

result suggest two possibilities; very low FRET identified between the two

dyes, or unknown transition is occurred.

All previous FRET data were analysed via Dr. Robert Weinmeistei’s

program which originally designed for colocalisation analysis [Weinmeister,

2014]. In order to detects spots and hence calculate the FRET, multiple steps

were suggested by Dr. Robert Weinmeistei as following

a. Manually click on a spot from a donor channel, search and click on the

corresponding spot on the acceptor channel.

b. Repeat the previous step for each spot.

c. Calculate the traces.

d. Export data the Excel file.
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Figure 6.12: Schematic diagram of FRET signal of the double-labelled RNA.
Single molecule FRET experiments were implemented under the condition
supported the formation of the early complex E (-ATP). Functional home
made nuclear extract (SRm160) was used.
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Figure 6.13: Schematic diagram of FRET signal of the double-labelled RNA.
Single molecule FRET experiments were implemented under the condition
supported the formation of the early complex E (-ATP). Functional home
made nuclear extract (SRm160) was used.
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Figure 6.14: Schematic diagram of FRET signal of the double-labelled RNA.
Single molecule FRET experiments were implemented under the condition
supported the formation of complex A (+ATP) in the presence of anti-U6
oligo). Functional home made nuclear extract (SRm160) was used.
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Figure 6.15: Schematic diagram of FRET signal of the double-labelled RNA.
Single molecule FRET experiments were implemented under the condition
supported the formation of complex A (+ATP) in the presence of anti-U6
oligo). Functional home made nuclear extract (SRm160) was used.
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Figure 6.16: Schematic diagram of FRET signal of the double-labelled RNA.
Single molecule FRET experiments were implemented under the condition
supported the formation of complex A (+ATP) in the presence of anti-U1
oligo. Functional home made nuclear extract (SRm160) was used.

193



6.2 Fluorescence Resonance Energy Transfer; FRET

However, those steps have to be done manually. As each spot has

two traces, one corresponds to donor channel and the other corresponds to

acceptor channel, a screen shot has to be taken for each trace panel in order

to represented in a document. All traces were plotted in one color and the

overlap signal does not exist which make the comparison difficult between the

donor and the acceptor. Also, if the number of detected spots on one channel

are not equal to the those on the corresponding channel, interfering occurs in

the total number of traces. These steps are subject to multiple errors and time

consuming.

To overcome these limitations I developed a tool by Matlab with help

from Dr. Alaa Khadidos. The tool reads the corresponding cells from each

Excel file automatically to calculate the signal of the donor spot (in green),

the acceptor spot (in red), the overlap signal between them and the FRET

signal through different number of frames. Automatically, all resulted data

are stored in different formats such as .EPS and .PDF to easily represented in

a document.

Moreover, we develop a program that allows us to automatically calcu-

late the FRET signals by clicking spots on donor channel. The corresponding

spots on the acceptor channel are automatically detected, analysed and stored.

The Figure 6.17 shows an example of a spot calculated using ImageJ, Robert

Weinmeistei’s and our program. Note that our program is still under develop-

ment.
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Figure 6.17: A comparison diagrams for single molecule signals through differ-
ent programs. (a) A time trace for the acceptor fluorophore was analysed via
ImagJ. (b) A time trace for the donor fluorophore was analysed via ImagJ.
(c) A time trace for the acceptor fluorophore was analysed via Dr. Robert
program. (d) A time trace for the acceptor fluorophore was analysed via Dr.
Robert program. (e) A time trace shows the overlap between the acceptor
fluorophore and the donor fluorophors analysed via our additional program.
Same spots were detected in order to compare.

195



Chapter 7

Discussion

The main purpose of this research was to investigate whether the co-

activator splicing factor (SRm160) is involved in: the early complex

E or complex A, influenced by a specific RNA construct, depends

on the presence of ESE sequences, recognizing candidate sites or

whether it binds to the selected sites in response to other factors.

In addition, it is important to investigate whether SRm160 is acting

as a large single molecule (as a bridge) binding to 5’ splice site

through the U1 snRNP, to the branch site through the U2 snRNP,

and to the 3’ exon via other SR proteins at the same time as it was

believed in all previous researches.
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Reasoning draws a conclusion, 
but does not make the conclusion 
certain, unless the mind discuses 

it by the path of experience …. 

 

Roger Bacon .. 
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Figure 7.1: Summary diagram. - The state of SRm160 protein at single
molecule level.
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Figure 7.2: Summary diagram. - The state of Forked DNA at single molecule
level through the fluorescence resonance energy transfer microscopy scope.

200



CONTENTS

 

 

D
 

A
 

In
tr

o
n

 
E

x
o

n
 

5
’ 

3
’ 

F
R

E
T

 

m
ic

ro
sc

o
p

y
 

 

In
tr

o
n

 
E

x
o

n
 

5
’ 

3
’ 

 

In
tr

o
n

 
E

x
o

n
 

5
’ 

3
’ 

 

In
tr

o
n

 

E
x
o
n

 

5
’ 

3
’ 

N
o

 

F
R

E
T

 
X
 F

R
E

T
 

N
o

 

F
R

E
T

 
X
 

X
X

X
X

 

X
 
(a

) (b
) 

(c
) 

re
p

re
se

n
ts

 t
h
e 

S
R

m
1

6
0

 

m
o

le
cu

le
. 

re
p

re
se

n
ts

 t
h
e 

A
n
ti

 U
1

 

o
li

g
o

. 

A
 

D
 

re
p

re
se

n
ts

 t
h
e 

ac
ce

p
to

r 

fl
u
o

ro
p

h
o

re
. 

re
p

re
se

n
ts

 t
h
e 

d
o

n
n
er

 

fl
u
o

ro
p

h
o

re
. 

Figure 7.3: Summary diagram. - The state of Double-labelled RNA at single
molecule level through the fluorescence resonance energy transfer microscopy
scope in the presence of our home-made nuclear extract (SRm160).
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7.1 The Microscope

Single molecule colocalisation measurements in combination with the analysis

of intensity time traces is an essential process in order to investigate and iden-

tify the state of the binding of proteins of interest to RNA. It is also important

obtaining quantitative information about the number of bound proteins.

Total internal reflection fluorescence (TIRF) is a perfectly suited tech-

nique for these measurement that allows a selective illumination of surface-

bound molecules during a period of time. The TIRF microscope used in this

research work was accomplished by Dr. Andrew Hudson from the Chemistry

Department at The University of Leicester.

Before doing any experiments, the alignment is a fundamental step in

order to use the TIRF microscope. In our home-made microscope, laser beams

are generated separately and merged together into the beam combiner. The

input and output of the beam are aligned to maximise the laser output to

prevent the laser output to be weak.

After emerging from the laser combiner, the laser beams goes to the

objective lens via a polarising beam splitter, a beam expander and a lens that

focuses the beam on to the back focal plane of the objective. The objective

then directs light to the surface of the slide chamber (cover slip). All of the

mirrors involved were also aligned for accuracy detection. Furthermore, there

are a few laser filters between the objective and the camera, depending on

which laser is used.

Multiple beam splitters, filters and cameras were used for a simulta-

neous or sequential acquisition in order to separate any resulting fluorescent

emission.
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7.1 The Microscope

Once the laser beams reflect from the cover slip, they can excite fluo-

rescent molecules immobilized on the cover slip. Those spots can be captured

by the camera located on the right side or the bottom side of the microscope

set up. There are two translational controls on the stage to adjust the position

of the stage. This kind of control helps us to take the image from different

positions of the slide.

Ethanol (about 80 %) and length tissues were used to wipe off any dirt

on the laser filters or mirrors surfaces in order to ensure nothing accumulate

on their surfaces and hence affect the recorded data (signals).

Settings on the LabView interface were also important. The (BM Gain)

on EMCCD has to be set to 300 and has to be turned on to make sure there is

enough light to be captured by the camera. In the (Binning) window, although

the camera built into the microscope could take pictures of a 512×512 pixel

field, only 256×256 pixel images were decided to be taken.

When preparing splicing samples for the TIRF microscope, it was im-

portant to adjust the intensity of the spots to an appropriate level. Also, it is

important to adjust the number of spots on each acquisition to maximise the

efficiency (see Chapter 3, section 3.5).

The presence of two different fluorescent dyes (fluorophores) in the sam-

ple of interest is the main key of using TIRF which allows us to employ a la-

belled protein (GFP-SRm160) with the labelled pre-mRNA (Cy5-pre-mRNA)

for single molecule colocalisation experiments. It also allows us to employ the

forked DNA (Double-labelled DNA) and the double-labelled RNA for FRET

experiments.

The presence of fluorophores helps us to look at the relationship between

the substrate (mRNA) and the protein of interest (SRm160) or to investigation
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7.1 The Microscope

the state of fluctuations of a molecule of interest (forked DNA or double-

labelled RNA).

Here in this work, regarding the colocalisation measurements, the cho-

sen fluorophores were GFP (fluorescence in green) and Cy5 (fluorescence in

red). Cy5 was easily attached to mRNA molecules as described previously

and GFP was available in existing vector that allows us to clone them into our

proteins of interest. The wavelength of 488 nm excites a single fluorophore of

GFP while the wavelength of 561 nm excites Cy5.The chosen fluorophores for

FRET measurements were Cy3 (fluorescence in green) and Cy5 (fluorescence

in red) in the branched DNA. ATTO fluorophore (fluorescence in green) and

Cy5 (fluorescence in red) were used in the double-labelled RNA.

Detection of the fluorophores was done sequentially in the colocalisation

measurements by carefully choosing the order of excitation depending on the

wavelengths used for excitation in order to avoid the excitation of a second

fluorophore. An initial excitation with the longest wavelength excites only

a single fluorophore. The illumination is continued until this fluorophore is

bleached. A subsequent excitation with the next shorter wavelength for the

next fluorophore is now applied. By this stage, the subsequent wavelength is

restricted only to this second fluorophore. This sequence of excitation guaran-

tees separate detection from the two employed fluorophores. While all FRET

samples were illuminated via 532 nm (donor emission wavelength)

Moreover, the principle key in using the TIRF method is the intensity

of the input signal (the intensity of the excitation wavelength) and hence the

emission wavelengths. For this reason, the intensity of the signal has to be

optimised. One way to optimise the signal intensity is to increase the intensity

of the excitation which lead to an increased emission. Unfortunately, this step
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7.1 The Microscope

shorts the time before the fluorophores bleach (fast bleaching) which might

leads to intervals between individual bleaching steps that can not be resolved

and unobserved bleaching during the initial frames and hence detection diffi-

culty. Conversely, decreasing the intensity of the excitation results in a lower

signal, complicating the detection of spots and hence the time traces analy-

sis. Also, lowering the excitation intensity leads to a longer active time of

the fluorophores before bleaching which increases the average time between

bleaching events for an easier detection of steps in the intensity time traces.

This leads to increasing the necessary acquisition times (each fluorophore has

to be bleached completely).

Additionally, acquisition times should be enough to ensure a consistent

state of the sample over the whole set of acquisitions and not to increase the

amount of recorded data which makes data handling, storage and analysis

more complicated.

Another side of optimising the signal intensity is the background noise.

The ambient light in the room is a source of this noise as it is interference with

the acquisition. This was avoided by covering the microscopic set-up with an

opaque cover.

Optimising the length (period) of the recorded data is important too.

Its related to the positional stability of the sample over time. This position has

to be guaranteed in term of stability during the experiment. The implemen-

tation of an auto-focus compensated for the occurring changes. The ability to

automatically focus in correspondence to the currently used wavelength pro-

vides the additional advantage of a quick and precise switch between different

wavelengths without skipping the valuable first frames. Another important

setting is the exposure time of the camera. The time exposure affects the
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7.2 The Analysis

signal-to-noise ratio. Such that, longer exposure times lead to an increased

signal-to-noise ratio. A good compromise was found with an exposure time of

0.1 s.

An important feature of the microscope is its interface with the com-

puter. The lasers, the stage and the camera are all interfaced with the com-

puter. The advantages of it lead to; increasing the ease of handling, allowing

the implementation of the automatic focus, allows to automate the acquisition,

also reducing the time needed to perform one set of experiments, minimising

the potential for human errors during the acquisitional process and ensuring

a high consistency between different acquisitions. Both connections with the

computer and implementations were done using a software named LabView

(national instruments). This program simplifies the interaction with the mi-

croscope, allows a quick familiarisation for new users and automatically creates

documents of performed experiments for the later analysis of the data. This

development was kindly accomplished by Dr. Robert Weinmeister.

In conclusion, optimizing the microscopic in terms of detection effi-

ciency, the lowest possible background and noise levels is a fundamental pro-

cess before performing any experiments. This optimisation ensures a reliable

identification of colocalisation and bleaching steps. Overall, the performance

of the set up with these various improvements resulted in a good quality of

the acquisitions.

7.2 The Analysis

Following the optimisation of the microscope, performing the experiment,

recording of all data and documentation of results, analysis of the obtained
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7.2 The Analysis

results is the key to understand all findings. This analysis consists of several

steps:

a. images have to be assigned to a wavelength,

b. spots have to be identified,

c. their positions have to be determined,

d. colocalised spots have to be assigned to each other,

e. the intensity time traces of the colocalized spots have to be generated,

f. the number of bleaching steps have to be analysed,

g. the resulting formation has to be documented and presented in an easy

way,

h. documented results have to be presented in a clear and easy way to

understand.

Regarding analysis, employing algorithms for these steps opens the door

for further automation.

In the end, the output from the all algorithms used had to be refined to

enhance the quality of the step assignment. The implementation of the data

analysis with these algorithms was done in Matlab. Algorithms and MatLab

were modified by Dr. Robert Weinmeister.

Next, the presentation of the data is done as a bar chart in order to

quickly convey the information extracted from the recorded data. The per-

centage of SRm160 proteins bind to pre-mRNA is shown on the X axis. The

distribution of the number of fluorescent proteins present can vary at each
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distinct complex (Y axis). The number of marker spots and the number of

colocalised spots is shown to give an indication of the statistical relevance of

the results shown. The category for uncertain assignments of bleaching steps,

represented as X, was included not to exclude colocalization events where the

intensity time traces are of poor quality.

7.3 The Preparation

It was decided to prepare nuclear extracts from 293T cells with GFP-SRm160.

The expression levels were performed via western blot experiment in compare

to an available commercial nuclear extract without a labelled protein. To

prepare nuclear extracts containing fluorescent-labelled SRm160, the mEGFP-

SRm160 plasmid was transfected into 293T cells. The transfected cells were

then used to make nuclear extracts. The labelling efficiency for GFP-SRm160

nuclear extract was high enough ensuring that the SRm160 proteins are almost

labelled via GFP.

Optimising the annealing conditions of pre-mRNA substrates was the

next step. Conditions used for this purposes allow for almost no free Cy5-oligo

present as seen on a denaturing gel. This was comparable with the colocal-

isation experiments. Analysis of an experiment that allows the formation of

the early complex E or complex A via calculating the un-colocalised spots

(Cy5-pre-mRNA) revealed almost one main binding which indicates that each

single molecule of RNA is labelled via Cy5-oligo. Also, SRm160 was found

to not bind Cy5 oligo in the absence of pre-mRNA. These results guarantee

that the presence of any free-Cy5 oligo somehow does not affect the binding of

SRm160 to pre-mRNA. Also, any remaining amount of free pre-mRNA with-
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out any fluorescent label does not affect the results as it is unlabelled and not

visible and does not interfere with the splicing progress of labelled pre-mRNA.

Labelled pre-mRNA showed its ability to immobilize to the surface of

the un-modified slide in the presence of a nuclear extract. This attachment

does not increase in the presence of a straptavidin. As the presence of a

straptavidin can provide binding sites for the biotin end of Cy5 oligo, it was

logically expected that the presence of streptavidin on top of a slide chamber

increases the amount of attached pre-mRNA confined to the surface. However,

this was not found to be the case. Two explanation might exist;

a. The biotin of the end of the Cy5 oligo is not accessible to the streptavidin

b. the activity of the biotin at the end of the Cy5 oligo is inactivated by

the protein complex forming around the pre-mRNA.

7.4 The Protein; SRm160

7.4.1 The SM-Colocalisation Vs. SRm160

The binding sites of SRm160 on pre-mRNA, its role and presence during the

splicing reaction are so far unknown. There is nothing known about the actual

number of bound SRm160 during splicing at a distinct splicing complex. Here

in this research work, we identified the behaviour of how many SRm160 pro-

teins are present, the possible factors that influence their numbers to gain a

deeper understanding and a clearer investigation of the role of SRm160 protein.

As the complex formation of individual pre-mRNA molecules can occur

at different rates during splicing, we stalled the formation of splicing at the

early complex E and complex A following our group procedures. All conditions

used in this research allowed an efficient stalling of the complex formation.
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7.4 The Protein; SRm160

Stalling the splicing progress at the early complex E was performed by

a depletion of ATP. This step led to proportions of one, two, or a multitude

of SRm160 molecules present (12% of the Glo C pre-mRNA were found to

contain multiple bound molecules of SRm160). The prominent occurrence of

a multiple numbers of the SRm160 present could be referred to as aggregates.

These aggregates are not seen in the absence of pre-mRNA, even after RNase

treatment.

The addition of ATP and anti-U6 oligo stalled the splicing at complex

A. The pattern is dramatically different. Strikingly, all complexes contain one

to two molecules of SRm160 accompanied by increasing in colocalisation. This

leads to kind of breakup of aggregates presented at the early complex E.

The amount of bound SRm160 in the early complex E and complex A

stands out. Most research papers showed that SRm160 protein exists only in

the lariat product and the 5’-exon product. Additionally, there is no research

paper identified that SRm160 protein can bind pre-mRNA at the early complex

E at least. This alludes to an existing mechanism behind our findings (the

binding of SRm160 at a splicing complexes).

The addition of a nucleotide complementary to U1 snRNP at condi-

tion supporting the formation of the early complex E demonstrate that the

distribution binding of SRm160 does not differ from the one obtained in the

absence of this oligo (anti-U1 snRNP). No significant differences exist even in

the percentage of the colocalisation (dropped from 12% at the early complex E

to 10% at same condition but with the addition of anti-U1 oligo). This result

that the binding of SRm160 does not depend on the presence of U1 snRNP as

SRm160 still binds pre-mRNA in condition blocking the binding of U1 snRNP.

This result argues against the idea that SRm160 proteins are highly dependent
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7.4 The Protein; SRm160

on the presence of U1 snRNP and stabilised via the presence of U2 snRNP.

It was and still believed that U1 snRNP mediates the interaction between

SRm160 molecules and the pre-mRNA as SRm160 does not consist of RNA

binding domains (RRM).

The U1 snRNP binds to the 5’ splice site and selects the 5’ splice site

in conjunction with SRm160. A random amount of SRm160 is bound to the

pre-mRNA without a strong consensus 5 splice site present in GloM and si-

multaneously blocking of the U1 snRNP with a large proportion of aggregates.

The binding distribution of SRm160 in conditions that support the formation

of the early complex E has no clear definitions as is dominated by accumu-

lations of SRm160 at the pre-mRNA. In the presence of ATP and anti-U6

oligo, there is a significant increase in the biding to one bound SRm160. This

condition lowers the amount of aggregates and increases the colocalisation effi-

ciency (from 24% to 33%). The aggregates still form at levels equal to Globin

C in the early complex E and complex A without the blocked U1 snRNP. The

absence of any significant changes regarding the binding of SRm160 in both

complexes with blocked U1 snRNP nor with the addition of anti-U1 snRNP

or by using GloM substrate seemingly independent of the presence of a strong

consensus 5’ splice site and hence the presence of U1 snRNP.

Although GloM construct was supposed not to form complex A because

it lacks a strong consensus 5’ splice site, incubation with ATP does clearly lead

to multiple bound SRm160 proteins. This ensures that SRm160 proteins not

only depends on the presence of U1 snRNP but there is something else that

affects binding or recruiting more molecules of SRm160 proteins.

The RS domain of SRm160 is heavily phosphorylated and phosphory-

lation changes of SRm160 play an important role in splicing. Incubation with
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PhosStop at the early complex E led to no changes in the binding distribution

of SRm160. According to this result, the appearance of no significant changes

of SRm160 binding introduced by the addition of ATP might be linked to

phosphorylation changes.

The fact that PhosStop did not show any effect on SRm160 itself sug-

gests that the phosphorylation of SRm160 itself does not play a role at this

stage. The phosphorylation of SRm160 might be involved in other controlling

mechanisms.

SRm160 in the nuclear extract used is overexpressed compared to un-

transfected nuclear extracts. We found that the overexpression of SRm160

shifts the binding pattern towards higher colocalisation with a distribution

dominated by aggregates. Such that, the aggregates might be thought due to

the overexpression of SRm160. By using an abundance of available commercial

nuclear extracts in order to decrease the ratio of SRm160 showed no signifi-

cantly different binding pattern in both the early complex E and complex A.

The only difference was the smoothed pattern. We conclude from these results

that our levels of expression of SRm160 did not affect the observed binding

patterns and hence our findings.

For the construct SMN2, we investigated whether or not the presence of

the ESE increased the splicing efficiency and the number of SRm160 molecules

bound to the pre-mRNA. The number of bound SRm160 is generally seen to

increase as a splicing enhancer is increases. This relation was demonstrated

to be influenced by specific sequences, such as GAA-repeats sites. We found

that in the absence of ATP, pre-mRNA associates with a multiple numbers

of GFP-SRm160 molecules. The number of bound GFP-SRm160 is strikingly

increased with increasing in colocalisation percentage (from 13% to 24%) in
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SMN2 containing an ESE sequence. In the presence of ATP, binding of GFP-

SRm160 is restricted to two defined molecules in the presence of an ESE and

one to two molecules in the absence of an ESE. These results indicate that the

number of GFP-SRm160 that bind pre-mRNA substrate is highly dependent

on the ESE sequence. Additionally, SMN2 with and without ESE sequences

were used in extract pre-incubated reaction to deplete ATP in the presence of

anti-U1 oligo. This experiment showed that the association of GFP-SRm160

with SMN2 substrate does not depend on U1 snRNP even in the presence

of an ESE sequence. These findings conflict with the previous observation

that the SRm160 does not bind to pre-mRNA in the absence of U1 snRNP.

Unexpectedly, a single GFP-SRm160 molecule was identified when anti-U2

oligo is present. These results demonstrate various points; the association of

SRm160 with SMN2 pre-mRNA is enhanced via ESE sequences, and is highly

dependent on U2 snRNP but not U1 snRNP.

Other factor might affect the recruitment of SRm160 molecules is the

presence of Tra2β. SMN2 substrate without both Tra2β and ESE sequences

is used in comparison to SMN2 without Tra2β site containing ESE sequence.

We found that after the incubation in nuclear extract pre-incubated to deplete

ATP, 11% and 14% of the RNA complexes contained multiple molecules of

GFP-SRm160 were identified in the absence and the presence of ESE sequence,

respectively. Phostop treatment in the absence of ATP resulted in single de-

fined GFP-SRm160 molecule and a single molecule in the absence of the ESE

sequence, and one to two molecules in the presence of ESE sequence. With

ATP, the presence of ESE sequence recruited more GFP-SRm160 molecules.

Two GFP-SRm160 molecules were identified. The colocalization efficiency was

increased from 9% in the absence of ESE to 19% in the presence of the ESE
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sequence. These results indicate again that the presence of ESE sequences re-

cruit more GFP-SRm160 in SMN2 substrate which conflicts with the previous

studies that the association of SRm160 protein is specific for ESE-dependent

splicing containing GAA repeats.

Moreover, the addition of anti-U1 oligo to ATP-depleted reaction, the

binding of SRm160 to SMN containing ESE sequences is slightly higher with

similar distribution pattern in comparison to SMN2 in the absence of this

oligonucleotide. These results indicate the absence of U1 snRNP does not

affect the binding of GFP-SRm160 to pre-mRNA. Whereas in the absence of

ESE sequence, one to two GFP-SRm160 molecules were identified. This sup-

ports the idea that level of GFP-SRm160 is enhanced by the presence of ESE

sequences even in the presence of an oligonucleotide complementary to U1

snRNA. The presence of an anti-U2 oligo significantly reduced the occurrence

of single molecule in the great majority of complexes formed in the absence of

ATP. This result in conjugation with the low colocalization efficiency suggests

that the binding of SRm160 is associated with U2 snRNP. In summary, the

number of GFP-SRm160 is enhanced via ESE sequences. The absence of U1

snRNP had no affect on the binding distribution. Integrally, the association

of GFP-SRm160 to pre-mRNA is not stimulated by the Tra2β site. All the-

ses findings conflict with the previous studies which demonstrated that that

hTra2β of Drosophila Tra2β bind to ESEs containing GAA repeats and, in con-

jugation with SR family proteins such as SRm160, promote ESE-dependent

splicing.

As from all previous studies, the association of SRm160 to pre-mRNA

is dependent on the presence of U2 snRNP. If this is the case, the absence

of splicing signals might affect this interaction. SRm160 is supposed not to
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bind to spliced RNA (intron-less substrate) as there are no intron sequences

and hence no more U2 snRNP exists. Intron-less constructs were used to

investigate whether SRm160 is following this logic or not. Interestingly, sin-

gle molecule colocalisation experiments showed unexpected results in which

SRm160 proteins are still bound to the intron-less GloC construct in the early

complex E and complex A condition. In the absence of ATP, the distribution

pattern of SRm160 bound to the spliced RNA was very similar to GloC with

a high percentage of coloclisation efficiency. Similar results to GloC were also

observed in the addition of ATP. However, the presence of binding of SRm160

in the absence of U2 snRNP; where the intron sequences is deleted, the oc-

currence of the binding of SRm160 molecules might be due to the presence of

ESEs sites in the exons which is consistent with the results that the binding

of SRm160 is influenced by the presence of ESEs sites. SRm160 needs its RS

domain to participate in splicing complexes formation. This is in agreement

with a published paper which indicates that the SRm160 could bind RNA via

a region named PWI. It was found that the U1 snRNP is required for the in-

teraction of SRm160 to pre-mRNA, but our findings suggest that most likely

this is not the case because SRm160 proteins are bound to pre-mRNA in a

condition that allows the blocking of U1 snRNP. We also found a clear effect of

the ESE sequences on recruiting more molecules of SRm160 proteins. We did

see a clear correlation between the binding of SRm160 and the presence of ESE

in SMN2 substrate. This finding in in-agreement with most published papers

which indicate that this protein is effectively reacted via specific sequences of

ESE sites in specific substrates.
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7.4.2 The FRET signal Vs. SRm160

FRET technique is a gate for a deeper investigation of a molecule of interest in

a real time. This technique allows hidden information in the ensemble methods

to be investigated.

The microscope set up was optimised as mentioned previously in this

chapter. Slides (cover slips) were also treated and modified to ensure an effi-

cient immobilisation of the sample of interest. The impurities of both slides

and reagents were also checked. The cross-talk signals were corrected. All

experiment conditions (concentrations and dilutions) were optimised too. All

those processes were performed using a branched DNA (forked DNA). As this

substrate has two suitable fluorescent dyes, FRET technique was implemented.

The obtained results indicate FRET signals. The FRET signal appeared in

two states. Those two states of FRET are a point of a molecule fluctuations.

Those results were obtained via both the prism-based TIRF microscope and

the objective-based TIRF microscope. Overall, the Holliday junction substrate

(Forked DNA) was a good model for use in FRET experiments as a control.

As SRm160 is the main feature of this research work, more investiga-

tions were initiated in parallel to the single molecule colocalisation measure-

ments. The state of SRm160 was followed at single molecule level but with

the FRET technique using a suitable double-labelled substrate.

A double-labelled RNA was used. Experiments were performed un-

der different conditions. The obtained results indicate no FRET signal was

recorded at a condition supporting the formation of the early complex E (no

ATP). The absence of the FRET signals might refers to two options: (1)

presence of multiple bound-factors to the substrate which might restrict the
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fluctuation and flexible movement and/or (2) the presence of a number of a

huge molecules of SRm160 which could affect the energy transfer between the

two fluorophores via limiting the movement of the substrate. This finding

was comparable to the single molecule colocalisation results. In the absence of

ATP, multiple molecules of SRm160 were bound to the substrate. On the other

hand, FRET signal was appeared at the condition supported the formation

of complex A (the addition of ATP and anti-U6 oligo). At this conditions,

the binding of SRm160 was controlled. This binding was identified to be

decreased in comparison to the early complex E condition through the colo-

calisation measurements. Those findings together indicate that the SRm160

molecule affected the appearance of fluctuations by and hence affecting the

FRET signal. As the number of SRm160 molecules is decreased, the greater

opportunity for the FRET signal to be detected. Additionally, the presence of

a high signal of FRET confirms the de-association step of some bound-factors

presented at the early complex E. Interestingly, the presence of αU1 (no U1

snRNP should occur at this stage) oligo affected the FRET signal. The ob-

tained results showed almost no FRET signal was detected. This could be

due to the remaining bound-molecules of SRm160 to the substrate which was

also investigated via the single molecule colocalisation experiments. Overall,

the 160 kDa molecule (SRm160) and the state of its binding to a substrate

affected the FRET signals and hence the substrate fluctuations.

7.5 Summary

The purpose of this research was to investigate the state of SRm160 protein

during the splicing reaction under conditions supported the formation of the

217



7.5 Summary

early complex E, or complex A and how its binding influenced via the presence

of other factors.

SRm160 was studied since 1994. It was found that SRm160 is a splicing

co-activator factor. It is localised in peackles. It was believed that SRm160

protein acts in conjugation with SR300 and it was found that SRm160 is mich

more important than SR300. SRm160 is the almost the leader. It was also

believed that SRm160 protein is recruited via ESEs sequences sites. It was

demonstrated that the recruitment of SRm160 protein was increased as the

number of those ESEs sequences are increased. It was also demonstrated that

the relationship between the recruitment and the number of ESEs is related to

a specific sequences (GAA-repeats). It was also found that SRm160 molecules

are recruited via Tra2β sequences sites.

However, All previous experiments were performed via an assembled

methods via a specific antibody. All published papers concluded that SRm160

reacts as one rigid molecule binding the 5’ ss via U1 snRNP, the 3’ ss via

U2 snRNP and the ESE sequence via SR proteins. It was identified that the

SRm160 binding depends on U1 snRNP and stabelizes via U2 snRNP. No sin-

gle molecule experiments were done so far. From this point, the investigation

of the state of SRm160 is completed.

The state of SRm160 protein is as the following:

a. Single molecule colocalisation experiments was performed here in this

work to look at the state of binding of SRm160 protein.

b. The binding of SRm160 protein to GloC construct showed a multiple

binding at the early complex E (no ATP) and complex A (with ATP

and with αU6 oligo).
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c. The binding of SRm160 protein to GloC construct showed no significant

differences in the binding distribution when the anti-U1 oligo is added.

d. The previous point was confirmed by using GloM construct (the 5’ ss is

blocked), the obtained results showed no significant differences in binding

distribution.

e. We concluded that SRm160 molecules remain bind to the RNA construct

in the presence and the absence of U1 snRNP. This finding argues with

the previous investigations (in the literature).

f. The binding of SRm160 protein to the intron-less substrate showed no

significant differences from the normal GloC.

g. The binding of SRm160 protein to SMN2 construct showed an increasing

level when the ESE site is involved (multiple conditions were tested, refer

to Chapter 5).

h. The binding of SRm160 protein to SMN2 construct showed no significant

differences when anti-U1 is added to the reaction.

i. The binding of SRm160 protein to SMN2 construct showed one single

bleaching step (a single bound SRm160) when anti-U2 is added to the

reaction.

j. The binding of SRm160 protein to SMN2 construct showed that the asso-

ciation of SRm160 to pre-mRNA does not stimulated by Tra2β. Overall,

the presence and the absence of Tra2β site does not significantly affected

the state of binding of SRm160.
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k. We concluded that SRm160 molecules showed a significant differences

regarding the binding to RNA construct only in two cases; the absence

of U2 snRNP and the presence of ESE sequences sites. This finding is

totally argues with all what was believed on regarding the biding of SRm

160 proteins.

Moreover, it was very interesting to investigate whether a rigid molecule

such as SRm160 can have an influence on the FRET signals at a distinct

splicing complex. Results performed in this work concludes the following:

a. No FRET signal was appeared at the condition supporting the formation

of the early complex E (no ATP). This is comparable with the colocal-

isation results which indicates a multiple binding of SRm160 molecules

alongside the pre-mRNA substrate. This means that the presence of a

multiple number of a huge molecule (SRm160) prevent the energy trans-

fer. Additionally, this result could refer to the limitation of the possibility

of fluctuation which caused by the presence of this rigid molecule.

b. FRET signal was appeared at the condition supporting the formation

of complex A (+ATP+αU6 oligo). Also, this finding was in agreement

the colocalisation results at the same condition. The phosphorylation

was decreased the number of SRm160 proteins. This means the energy

transfer between the two flurophores is nearly possible.

c. The presence of anti-U1 oligo prevent the FRET signal to be detected.

This means that SRm160 were remain bind to the construct. Remaining

of a huge molecules affected the FRET signal as identified at the early

complex E condition. This findings confirms our conclusion that the

binding of SRm160 does not depend on the presence of U1 snRNP.
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7.6 Future Work

As all constructs used in this work consist of a strong 5’ exon and one intron,

it will be interesting to investigate whether the binding behavior of SRm160

protein depends on the presence of those ESEs in the 5’ exon or not. This

hypothesis is established in this thesis. A series of GloC substrates were used.

These substrates differed in the length of the 5’ exons. They were designed

from GloC. Standard splicing reaction was implemented. Overall, short exons

substrates used here in this work shows a splicing signal with different efficien-

cies whether ESEs exist or not. These findings raised a thought that the ESE

sites at the 5’ exon might be a reason for bound-SRm160 molecules remaining

on a substrate that lacks a 3’ ESE or the intron or the 5’ ss. By this stage,

using a very short substrate that lacks ESE sites in bothe 5’ and 3’ exons, e.g.,

a substrate with only two nucleotides in the two locations (5’ and 3’ exons)

might outline another investigation regarding the effect of the presence of ESE

site to the binding state of SRm160.

Moreover, the enhancement of SRm160 binding which was observed in

the presence of ESE sites raised a question; does the number of ESE sites

affect the binding? Or does the increasing number of ESEs can recruit more

molecules of SRm160? To investigate this hypothesis; SMN2 substrates with

some ESEs might be the goal in the future. Additionally, Sequencing the

RNA through the genome-wide will be a good step to find where SRm160

is bound the RNA and which type of RNA are suitable to recruit SRm160

molecules. Also, analyzing the interaction of SRm160 with RNA substrates

to precisely locate where exactly SRm160 is bound the RNA by using cross-

linking immunoprecipitation (CLIP) technique is a significant forward step in
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the future.

These experiments with what I determined earlier in this thesis, might

outline a molecular framework for the binding of the SRm160 protein to pre-

mRNA in splicing reaction.
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8.1 Sequences of RNA Constructs

8.1.1 Glo C

[H]

1 GGGCTGCTGG TTGTCTACCC ATGGACCCAG AGGTTCTTCG AGTCCTTTGG

51 GGACCTGTCC TCTGCAAATG CTGTTATGAA CAATCCTAAG GTGAAGGCTC

101 ATGGCAAGAA GGTGCTGGCT GCCTTCAGTG AGGGTCTGAG TCACCTGGAC

151 AACCTCAAAG GCACCTTTGC TAAGCTGAGT GAACTGCACT GTGACAAGCT

201 GCACGTGGAT CCTGAGAACT TCAGGTAAGT TTGGGGACCC TTGATTGTTC

251 TTTCTTTTTC GCTATTGTAA AAATTCATGT TATATGGTCG ACTCTGCTAA

301 CCATGTTCAT GCCTTCTTCT TTTTCCTACA GCTCCTGGGC AACGTGCTGG

351 TTATTGTGCT GTCTCATCAT TTTGG

8.1.2 Globin M

1 GGGCTGCTGG TTGTCTACCC ATGGACCCAG AGGTTCTTCG AGTCCTTTGG

51 GGACCTGTCC TCTGCAAATG CTGTTATGAA CAATCCTAAG GTGAAGGCTC

101 ATGGCAAGAA GGTGCTGGCT GCCTTCAGTG AGGGTCTGAG TCACCTGGAC

151 AACCTCAAAG GCACCTTTGC TAAGCTGAGT GAACTGCACT GTGACAAGCT

201 GCACGTGGAT CCTGAGAACT TCAGGTTTGG GGACCCTTGA TTGTTCTTTC

251 TTTTTCGCTA TTGTAAAAAT TCATGTTATA TGGTCGACTC TGCTAACCAT

301 GTTCATGCCT TCTTCTTTTT CCTACAGCTC CTGGGCAACG TGCTGGTTAT

351 TGTGCTGTCT CATCATTTTG G
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8.1.3 Globin C GG

1 GGGCTGCTGG TTGTCTACCC ATGGACCCAG AGGTTCTTCG AGTCCTTTGG

51 GGACCTGTCC TCTGCAAATG CTGTTATGAA CAATCCTAAG GTGAAGGCTC

101 ATGGCAAGAA GGTGCTGGCT GCCTTCAGTG AGGGTCTGAG TCACCTGGAC

151 AACCTCAAAG GCACCTTTGC TAAGCTGAGT GAACTGCACT GTGACAAGCT

201 GCACGTGGAT CCTGAGAACT TCAGGTAAGT TTGGGGACCC TTGATTGTTC

251 TTTCTTTTTC GCTATTGTAA AAATTCATGT TATATGGTCG ACTCTGCTAA

301 CCATGTTCAT GCCTTCTTCT TTTTCCTACG GCTCCTGGGC AACGTGCTGG

351 TTATTGTGCT GTCTCATCAT TTTGG

8.1.4 Rabbit β-globin Sequence

1 GGGCTGCTGG TTGTCTACCC ATGGACCCAG AGGTTCTTCG AGTCCTTTGG

51 GGACCTGTCC TCTGCAAATG CTGTTATGAA CAATCCTAAG GTGAAGGCTC

101 ATGGCAAGAA GGTGCTGGCT GCCTTCAGTG AGGGTCTGAG TCACCTGGAC

151 AACCTCAAAG GCACCTTTGC TAAGCTGAGT GAACTGCACT GTGACAAGCT

201 GCACGTGGAT CCTGAGAACT TCAGGGTGAG TTTGGGGACC CTTGATTGTT

251 CTTTCTTTTT CGCTATTGTA AAATTCATGT TATATGGTCG ACTCTGCTAA

301 CCATGTTCAT GCCTTCTTCT TTTTCCTACA GCTCCTGGGC AACGTGCTGG

351 TTATTGTGCT GTCTCATCAT TTTGGCAGGT AAGTT
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8.1.5 CEC

1 GGGCTGCTGG TTGTCTAGGG CTGCTGGTTG TCTACCCATG GACCCAGAGG

51 TTCTTCGAGT CCTTTGGGGA CCTGTCCTCT GCAAATGCAG TTATGAACAA

101 TCCTAAGGTG AAGGCTCATG GCAAGAAGGT GCTGGCTGCC TTCAGTGAGG

151 GTCTGAGTCA CCTGGACAAC CTCAAAGGCA CCTTTGCTAA GCTGAGTGAA

201 CTGCACTGTG ACAAGCTGCA CGTGGATCCT GAGAACTTCA GGTAAGTTTG

251 GGGACCCTTG ATTGTTCTTT CTTTTTCGCT ATTGTAAAAA TTCATGTTAT

301 ATGGTCGACT CTGCTAACCA TGTTCATGCC TTCTTCTTTT TCCTACAGCT

351 CCTGGGCAAC GTGCTGGTTA GGCCCAGAGG TTCTTCGAGT CCTTTGGGGA

401 CCTGTCCTCT GCAAATGCTG TTATGAACAA TCCTAAGGTG AAGGCTCATG

451 GCAAGAAGGT GCTGGCTGCC TTCAGTGAGG GTCTGAGTCA CCTGGACAAC

501 CTCAAAGGCA CCTTTGCTAA GCTGAGTGAA CTGCACTGTG ACAAGCTGCA

551 CGTGGATCCT GAGAACTTCA GGTAAGTTTG GGGACCCTTG ATTGTTCTTT

601 CTTTTTCGCT ATTGTAAAAA TTCATGTTAT ATGGTCGACT CTGCTAACCA

651 TGTTCATGCC TTCTTCTTTT TCCTACAGCT CCTGGGCAAC GTGCTGGTTA

701 TTGTGC

8.1.6 Primer 16

1 AAATTAATAC GACTCACTAT AGGG-CTGCT GGTTGTCTAC CCA

8.1.7 Primer 17

1 AACTTAC-CT GCCAAAATGA TGAGACAGCA TGAGACAGCA
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8.1.8 SMN2

1 GGGCTGCTGG TTGTCTACCC ATGGACCCAG AGGTTCTTCG AGTCCTTTGG

51 GGACCTGTCC TCTGCAAATG CTGTTATGAA CAATCCTAAG GTGAAGGCTC

101 ATGGCAAGAA GGTGCTGGCT GCCTTCAGTG AGGGTCTGAG TCACCTGGAC

151 AACCTCAAAG GCACCTTTGC TAAGCTGAGT GAACTGCACT GTGACAAGCT

201 GCACGTGGAT CCTGAGAACT TCAGGGTGAG TTTGGGGACC CTTGATTGTT

251 CTTTCTTTTT CGCTATTGTA AAATTCATGT TATATGGTCG ACAGACTATC

301 AACTTAATTT CTGATCATAT TTTGTTGAAT AAAATAAGTA AAATGTCTTG

351 TGAAACAAAA TGCTTTTTAA CATCCATATA AAGCTATCTA TATATAGCTA

401 TCTATATCTA TATAGCTATT TTTTTTAACT TCCTTTATTT TCCTTACAGG

451 GTTTTAGACA AAATCAAAAA GAAGGAAGGT GCTCACATTC CTTAAATCAG

501 GAGTAAGTCT GCCAGCATTA TGAAAGTGAA TCTTACTTTT GTAAAACTTT

551 ATGGTTTGTG GAAAACAAAT GTTTTTGAAC ATTTAAAAAG TTCAGATGTT

601 AGAAAGTTGA AAGGTTAATG TAAAACAATC AATATTAAAG AATTTTGATG

651 CCAAAACTAT TAGATAAAAG GTTAATCTAC ATCCCTACTA GAATTCTCAT

701 ACTTAACTGG TTGGTTGTGT GGAAGAAACA TACTTTCACA ATAAAGAGCT

751 TTAGGATATG ATGCCATTTT ATATCACgtc gacTCTGCTA ACCATGTTCA

801 TGCCTTCTTC TTTTTCCTAC AGCTCCTGGG CAACGTGCTG GTTATTGTGC

851 TGTCTCATCA TTTTGGCAGG TAAGTT

8.1.9 Reverse Tra2β deletion (SMN2)

1 ATTTAAGGAA TGTGAGCACC GATTTTGTCT AAAACCCTGT AAGGAAAAAA

51 GGAAAA
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8.1.10 Reverse +ESE

1 CTTCCTCCGC CTTGCTTCCT CCGCCTTGAT TTAAGGAATG TGAGCACCTT

51 CCTTCTTTTT GA

8.1.11 Reverse Tra2β +ESE (SMN2)

1 CTTCCTCCGC CTTGCTTCCT CCGCCTTGAT TTAAGGAATG TGAGCACCGA

51 TTTTGTCTAA AACCCTGTAA GGAAAA

8.1.12 Frw.primer no (1)

1 AAATTAATAC GACTCACTAT AGGGACCCAG AGGTTCTTCG A

8.1.13 Frw.primer no (2)

1 AAATTAATAC GACTCACTAT AGGGTCCTTT GGGGACCTGT CCT

8.1.14 Frw.primer no (3)

1 AAATTAATAC GACTCACTAT AGGGCTGCAA ATGCTGTTAT GAACAAT
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8.1.15 Frw.primer no (4)

1 AAATTAATAC GACTCACTAT AGGGAATCCT AAGGTGAAGG CTCA

8.1.16 Frw.primer no (5)

1 AAATTAATAC GACTCACTAT AGGGCAAGAA GGTGCTGGCT GGTGCTGGCT

8.1.17 Frw.primer no (6)

1 AAATTAATAC GACTCACTAT AGGGCCTTCA GTGAGGGTCT GAGT

8.1.18 Frw.primer no (7)

1 AAATTAATAC GACTCACTAT AGGGACCTGG ACAACCTCAA AGGCA

8.1.19 Frw.primer no (8)

1 AAATTAATAC GACTCACTAT AGGGACCTTT GCTAAGCTGA GTGAA
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8.1.20 Frw.primer no (9)

1 AAATTAATAC GACTCACTAT AGGGACTGCA CTGTGACAAG CTGCA

8.1.21 Frw.primer no (10)

1 AAATTAATAC GACTCACTAT AGGGCGTGGA TCCTGAGAAC TTCA

8.1.22 Promoter 7

1 AAATTAATAC GACTCACTAT AGGG

8.1.23 β-globin 5’ Cy5

1 Cy5-UAGACA ACCAGCAGCC C-biotin

8.1.24 α-U1

1 GCCAGGUAAG UAU-biotin
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8.1.25 α-U6

1 CUGUGUAUCG UUCCAAUUUU

8.1.26 SRM160

1 MDAGFFRGTS AEQDNRFSNK QKKLLKQLKF AECLEKKVDM SKVNLEVIKP

51 WITKRVTEIL GFEDDVVIEF IFNQLEVKNP DSKMMQINLT GFLNGKNARE

101 FMGELWPLLL SAQENIAGIP SAFLELKKEE IKQRQIEQEK LASMKKQDED

151 KDKRDKEEKE SSREKRERSR SPRRRKSRSP SPRRRSSPVR RERKRSHSRS

201 PRHRTKSRSP SPAPEKKEKT PELPEPSVKV KEPSVQEATS TSDILKVPKP

251 EPIPEPKEPS PEKNSKKEKE KEKTRPRSRS RSKSRSRTRS RSPSHTRPRR

301 RHRSRSRSYS PRRRPSPRRR PSPRRRTPPR RMPPPPRHRR SRSPVRRRRR

351 SSASLSGSSS SSSSSRSRSP PKKPPKRTSS PPRKTRRLSP SASPPRRRHR

401 PSPPATPPPK TRHSPTPQQS NRTRKSRVSV SPGRTSGKVT KHKGTEKRES

451 PSPAPKPRKV ELSESEEDKG GKMAAADSVQ QRRQYRRQNQ QSSSDSGSSS

501 SSEDERPKRS HVKNGEVGRR RRHSPSRSAS PSPRKRQKET SPRGRRRRSP

551 SPPPTRRRRS PSPAPPPRRR RTPTPPPRRR TPSPPPRRRS PSPRRYSPPI

601 QRRYSPSPPP KRRTASPPPP PKRRASPSPP PKRRVSHSPP PKQRSSPVTK

651 RRSPSLSSKH RKGSSPSRST REARSPQPNK RHSPSPRPRA PQTSSSPPPV

701 RRGASSSPQR RQSPSPSTRP IRRVSRTPEP KKIKKAASPS PQSVRRVSSS

751 RSVSGSPEPA AKKPPAPPSP VQSQSPSTNW SPAVPVKKAK SPTPSPSPPR

801 NSDQEGGGKK KKKKKDKKHK KDKKHKKHKK HKKEKAVAAA AAAAVTPAAI

851 AAATTTLAQE EPVAAPEPKK ETESEAEDNL DDLEKHLREK ALRSMRKAQV
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8.1.27 Double-Labelled RNA

1 GGGAGGAGGA CGGAGGACGG AGGACA1UCG CUGUCUGCGA GGGCCAGCUG

51 UUGGGGUGAG UACUCCCUCU C
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Huranová, M., Ivani, I., Benda, A., Poser, I., Brody, Y., Hof, M., Shav-Tal,
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Karlström, A. and Nygren, P.-Å. (2001). Dual labeling of a binding protein

allows for specific fluorescence detection of native protein. Analytical bio-

chemistry, 295(1):22–30.

Kelemen, O., Convertini, P., Zhang, Z., Wen, Y., Shen, M., Falaleeva, M., and

Stamm, S. (2013). Function of alternative splicing. Gene, 514(1):1–30.
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