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1 Summary

The removal of introns from nuclear pre-messenger RNA (pre-mRNA) is
catalysed by the spliceosome. One of the major building blocks of the human
spliceosome is the 25S U4/U6.U5 tri-snRNP. The purified tri-snRNP from HelLa
cells contains in addition to the U4, U5 and U6 snRNAs at least 29 distinct
proteins. One set of seven Sm proteins is associated with both U4 and U5
snRNAs, while one set of LSm 2-8 proteins is bound to the 3’ end of U6 snRNA.
Proteins 15.5K, 20K, 60K, 61K, and 90K interact specifically with the U4/U6
snRNPs. U5 snRNA, in contrast, is associated with the 220K, 200K, 116K,
102K, 100K, 40K, and 15K U5-specific proteins. Three proteins, namely 110K,
65K, and 27K, more stably associated with the tri-snRNP than with free U4/U6-

or US-particle, represent the tri-snRNP specific group.

The tri-snRNP particle has to be assembled from U4, U6 and U5 snRNPs prior
to association with the pre-spliceosome. First, U4 and U6 snRNPs interact
through extensive base-pairing of their respective snRNAs to form the U4/U6
snRNPs. Subsequently, the U4/U6 snRNPs interacts with U5 snRNP to form
the U4/U6.U5 tri-snRNP. The recruitment of tri-snRNP to the pre-spliceosome
initiates the activation of the spliceosome, which undergoes a series of
rearrangements to form the catalytic core. The proteins of the tri-snRNP play a
central part in the tri-snRNP assembly and the activation of the spliceosome,
and thus in the splicing of pre-mRNA. In this work, yeast two-hybrid techniques
and in vitro binding assays were established to investigate the protein-protein

interactions in these particles.

Two-hybrid data allowed me to define the regions through which proteins 220K,
200K, and 116K interact with each other. These regions include the N-terminal
and C-terminal domains of protein 220K, the second helicase domain of 200K,
and the C-terminal domain of 116K. Strikingly, most of the binding domains are
also identified in the interactions of the yeast orthologue proteins Prp8p, Brr2p,
and Snu114p.
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Protein 102K interacts with several particle-specific proteins of both the U5 and
the U4/U6 snRNP, and thus very probably acts as a bridging or scaffolding
protein in the formation or structural stabilisation of the tri-shnRNP. The
interactions with U5-220K, 200K and 116K allow the 102K protein to bind stably
to the U5-snRNP particle. The 102K protein is the only U5-specific protein
identified in this work that interacts with U4/U6-specific proteins 61K and 90K.
The former interaction has been proved to be critical for the formation of the tri-
snRNP. One of the missense mutations (A194E) in the 61K protein responsible
for the disorder retinitis pigmentosa has been shown a reduced interaction with
the 102K in this study. The possible mechanisms of this are discussed.
Mutational analysis showed that the TPR repeats of 102K protein are each
dedicated to the interactions with specific partners. All repeats participate in the
interaction with the U4/U6-61K, whereas only the first nine repeats interact with
110K, 200-4 fragment of 200K, and the 220-1 fragment of 220K.

The U4/U6-90K protein interacts with 60K within the 20K+-60K*90K heterotrimer
and contacts the U6 snRNA in the stem Il region in the U4/U6-snRNP particle.
In this study, it was shown that this protein interacts with human recycling factor
U6-p110 and thus functions in the recycling of U4/U6 snRNPs. Mutational
analysis showed that the C-terminal domain of 90K, comprising amino acids
417-683, is responsible for this binding. During the formation of tri-snRNP, the
U5-102K protein interacts with 90K protein in the same domain, suggesting that
U5-102K might function in the release of U6-p110. Protein 90K also interacts
with U2-associated protein SPF30/SMNrp through its N-terminal region, and

therefore functions in the recruitment of tri-snRNP into pre-spliceosome.

The tri-snRNP-specific 110K protein interacts with U4/U6-90K, U5-102K and
U5-200K through the C-terminal region lacking an RS domain. Since the
absence of 110K protein does not compromise the stability of the tri-snRNP, it
appears reasonable that anchoring 110K to these proteins may be required to
properly position 110K for its contribution in connecting the tri-snRNP to the pre-

spliceosome.
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The U5-52K protein interacts with the U5-102K and 15K proteins, suggesting
that these interactions contribute to its integration into the U5 particle. Binding
studies performed with 52K deletion mutants revealed that the N-terminal two-
thirds of 52K interact with the 102K protein, whereas its C-terminal GYF-domain
binds the 15K protein. The GYF domain has been characterised previously as a
polyproline-targeting molecule. As the 15K protein lacks a proline-rich tract,
these data indicate for the first time that a GYF-domain can also engage in
specific protein-protein interactions in a polyproline-independent manner. The
crystallography study of the 52K GYF domain in complex with 15K, a
cooperative work with the laboratory of Prof. R. Ficner at the University of
Gottingen, showed that the 15K protein makes contact with the distinctive
surface of GYF domain, as does the proline-rich target. The data from this study
and others demonstrated that the 52K protein is the only 20S U5-specific

protein that is not integrated into the tri-snRNP.

On the basis of the data obtained in this work, | propose a model of the
assembly of the U4/U6.U5 tri-snRNP.



2 INTRODUCTION 4

2 Introduction

2.1 Pre-mRNA Splicing

Eukaryotic pre-mRNAs must undergo several posttranscriptional modifications
before their export to the cytoplasm as functional mMRNAs. Most pre-mRNAs
contain intervening sequences (introns) that must be removed in order to place
the coding sequences (exons) in a protein-reading frame. The mechanism of
this critical processing event, known as pre-mRNA splicing, has been
extensively studied (reviewed in Brow, 2002). It has long been known that intron
removal and the ligation of exons occurs through two sequential
transesterification reactions that are carried out by a multicomponent complex
that is known as the spliceosome. Most introns have common consensus
sequences near their 5' and 3' ends that are recognized by spliceosomal
components and are required for spliceosome formation. The assembly of a
spliceosome onto a pre-mRNA is an ordered process that involves five small
nuclear ribonucleoprotein particles (SnRNPs; U1, U2, U4, U5 and U6), as well
as a large number of non-snRNP proteins. The spliceosome acts through a
multitude of RNA-RNA, RNA-protein and protein-protein interactions to
precisely excise each intron and join the exons in the correct order. However,
the regulation of splicing is still not well understood, particularly in the context of

the structure of the spliceosome.

2.2 The Chemistry of the Splicing Reaction

2.2.1 The two-step splicing reactions

Splicing comprises two transesterification reactions (figure 2.1; Ruby and
Abelson, 1991; Sharp et al., 1987). In the first step, the phosphodiester bond at
the 5’ splice site (SS) is cleaved by a nucleophilic attack by the 2’-hydroxyl
group of the conserved adenosine (A) located at the intron branch point. This
generates a 2'-5’ phosphodiester bond between the branch site and the 5’ end
of the intron as well as a free 3’ hydroxyl group on the 5’ exon. The cleavage
also results in two RNA molecules, i.e., a free exon 1 and a “lariat” intron-exon 2.

In the second step, the free 3’ hydroxyl on the end of the 5 exon attacks the
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phosphodiester bond at the 3’ splice site, resulting in the joining of the exons
and release of the lariat intron. The basic chemistry of pre-mRNA splicing is
similar to that of the group Il introns, also called self-splicing introns, that are
found in organelles. This group of introns catalyze their own removal and
require no protein cofactors (Cech, 1990a, b; Michel and Jacquier, 1987). In
contrast to these self-splicing introns, nuclear pre-mRNA splicing requires an
input of energy and protein cofactors that are organized into a large

ribonucleoprotein particle called the spliceosome.
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Figure 2.1. Pre-mRNA splicing occurs by two sequential transesterification reactions.
A schematic pre-messenger RNA is shown on the left as a single intron (solid line)
flanked by two exons. The first and second steps of splicing involve nucleophilic
attacks (red arrows) on the terminal phosphodiester bonds (blue dots) by the 2' hydroxyl
of the branch-point adenosine (A) and by the 3' hydroxyl of the upstream exon,
respectively. The ligated exons and the lariat intron products are shown on the right
(from Patel and Steitz, 2003).

2.2.2 The consensus sequence of the introns

Intron removal occurs in a process called nuclear pre-mRNA splicing after the
gene has been transcribed. Conserved sequence elements within the primary
RNA transcript provide the signals required for precise intron removal. These
sequences include 5 and 3’ splice sites (SS), a branch point sequence
containing a strictly conserved adenosine residue, and a stretch of pyrimidines

that is located between the branch point and the 3’ splice site (figure 2.2).

5' Splice Site Branch site 3' Splice Site

Metazoa 5-_ AG|GURAGU —— YNYURAC—(Yn)—YAG[a__ |3
S. cerevisiae 5'- GUAUGU ————  UACUAAC CAG -3

5' Exon 3' Exon

Figure 2.2. Conserved sequences of the introns in a typical metazoan or yeast pre-
mRNA. The intron consensus sequences direct spliceosome assembly and define the
splice sites and branch site (Y denotes pyrimidine; R denotes purine).
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Interestingly, although the conserved sequence at the 5" and 3’ splice sites and
branch point are similar in all organisms, these signals are much more
conserved in the yeast Saccharomyces cerevisiae than in mammals. The 5’ SS
sequence signal in yeast is almost always GUAUGU while in humans only the
first two positions (i.e., GU) are very highly conserved. Similarly, the branch
point sequence found in yeast introns is almost always UACUAAC, but the
sequence is very degenerate in mammalian introns. In both yeast and
mammals, the 3’ SS signal is rather short, consisting of a pyrimidine (U or C)
followed by AG. The differences in signal sequence conservation probably
reflect the relative complexity of the systems. As a simple, single-celled
eukaryote, yeast has few introns and no alternative splicing. Their introns can
therefore have very strong, clear-cut signals. Higher organisms that utilize
alternative splicing, however, have a number of weaker signals that allow a

choice between their usages under various conditions.

2.3 The Splicing Machinery

2.3.1 The spliceosome

Splicing is accomplished in a complex cellular machine called the spliceosome,
which co-ordinates the removal of introns from pre-mRNAs. Since the discovery
that a large complex was responsible for splicing, the list of spliceosome
components has grown to include five small nuclear RNAs (snRNAs) and more
than 180 proteins (Burge et al., 1999; Brow, 2002; Jurica and Moore, 2003).
Each of the five snRNAs (U1, U2, U4, U5 and UG6) is found in a complex with a
number of proteins to form small nuclear ribonucleoprotein particles or snRNPs.
Non-snRNP proteins are also required for splicing and are likely to interact with
other splicing components only transiently. One particular class of proteins
found in metazoans that are not present in yeast is the SR family of proteins. All
SR proteins have a similar bipartite structure composed of two functional
domains: an N-terminal RNA binding domain, comprising multiple RNA-
recognition-motifs (RRMs), and a C-terminal arginine-serine-rich (RS) domain.
Whereas the RRMs are sufficient for sequence-specific RNA binding, the RS

domain is required for enhancement of splicing activities.
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Until now, two distinct spliceosomes have been identified (reviewed by Padgett
et al., 2002). The large majority of introns are called U2-dependent introns and
are spliced by the major spliceosomal snRNPs U1, U2, U4, U5 and UG6.
Interestingly, a minor class of introns have been identified in some more
advanced organisms including Arabadopsis, Drosophila, Xenopus, mice and
humans. This rare class of introns are called U12-dependent and are spliced by
a group of less abundant snRNPs including U11, U12, U4atac and U6atac in
coordination with the standard U5 snRNP. This class of introns was first
identified by their unusual intron termini, which contained an AT-AC sequence
instead of the otherwise highly conserved GT-AG sequence (Burge et al., 1999).
It was later found that the 5’ splice site and branchpoint sequences in this class
of introns were complementary to stretches of the U11 and U12 snRNAs, two
low-abundance snRNAs with previously unknown function. The involvement of
these two snRNAs in splicing was supported by evidence of interactions
between U11, U12, and U5 (Hall and Padgett, 1996; Tarn and Steitz, 1996a).
Two additional novel shRNA components, U4atac and U6atac, which appear
functionally analogous to U4 and U6 in the standard U2-type spliceosome, were
also identified (Tarn and Steitz, 1996b).

2.3.2 Spliceosomal snRNAs

The major spliceosome contains five snRNAs, U1, U2, U4, U5, and U6, which
are packaged as ribonucleoprotein particles (snRNPs). The primary and
secondary structure of the snRNAs is shown in figure 2.3. Spliceosomal
snRNAs are uridine-rich RNA molecules. These snRNAs associate dynamically
with each other and with pre-mRNA substrates in the spliceosome assembly
and splicing catalysis. Among the five snRNAs and the snRNP particles they
form, U1, U2, U4 and U5 are similar. The U1-U5 snRNAs are transcribed by
RNA polymerase Il and modified by a unique trimethylguanosine cap structure
that is not found in the U6 snRNA. Similarly, only U1, U2, U4, and U5 snRNAs
contain a conserved Sm site, a structural domain that allows binding to Sm core
proteins, B/B’, D1, D2, D3, E, F and G (Branlant et al., 1982; Mattaj et al., 1986).
In contrast, U6 snRNA has no Sm site and consequently does not associate
with the Sm proteins. Moreover, its biogenesis pathway differs in many respects
from that of the other snRNAs, as it is transcribed by RNA polymerase Il
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(Dahlberg and Lund, 1991) and capped with y-monomethyl triphosphate (Singh
and Reddy, 1989). Finally, U6 does not leave the nucleus during snRNP
biogenesis (Vankan et al., 1990; Terns et al., 1993; Boelens et al., 1995).
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Figure 2.3. The primary and secondary structure of human U snRNAs U1, U2, U4, U5
and U6. The Sm site which binds Sm core proteins is indicated (provided by Dr. C. Will
in the laboratory of Prof. Lithrmann).
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2.3.3 The spliceosomal snRNP proteins

The protein composition of the major spliceosomal snRNPs has been best
characterized in HelLa cells and yeast (Saccharomyces cerevisiae) and is
summarized in table 2.1. Proteins associated with the U1, U2, U5, and U4/U6
snRNPs fall into two classes. The first class consists of the so-called common
or Sm proteins, which are tightly associated with all snRNP particles. The
second class is comprised of the particle-specific proteins, which associate with
a particular snRNP particle or complex. These proteins exhibit a wide range of
binding affinities, and their association with an snRNP particle is thus

dependent on the ionic strength of the particle’s environment.

2.3.3.1 The common proteins

The U1, U2, U4, and U5 snRNPs contain seven common Sm core proteins. The
human Sm proteins were initially identified by their ability to cross-react with
antisera from patients with the autoimmune disorder systemic lupus
erythematosus and were named B/B’, D1, D2, D3, E, F and G based on their
relative mobilities during gel electrophoresis (Lerner and Steitz, 1979; van
Venrooij, 1987). B and B’ are encoded by alternatively spliced transcripts of the
same gene. The homologues of the Sm proteins have been identified in
Saccharomyces cerevisiae and named after their respective human
counterparts. These proteins are known to initiate snRNP assembly in the
cytoplasm by associating with the conserved Sm site in the U1, U2, U4, and U5
snRNAs upon their export from the nucleus (Branlant et al., 1982; Mattaj and
De Robertis, 1985). The association of the Sm proteins then allows
hypermethylation of the 5-m’G cap of these snRNAs to convert it to a 2,2,7-tri-
methylguanosine (m3G) which together with the Sm proteins provides a signal
for import into the nucleus (Fischer and Luhrmann, 1990; Hamm et al., 1990).
After returning to the nucleus, the remainder of the snRNP specific proteins
associate with the particle to complete the maturation process (Zieve and
Sauterer, 1990). In contrast, U6 snRNP contains seven Sm-like (LSm) proteins,
LSm2-8. LSm proteins bind directly to the 3’-end of U6 snRNA. All Sm and LSm
proteins share a conserved Sm sequence motif consisting of two segments,
Sm1 and Sm2, interrupted by a spacer region of variable length (Cooper et al.,
1995; Hermann et al., 1995; Seraphin, 1995).
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Homo sapiens Saccharomyces cerevisiae
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52K ® GYF domain ® Snu40
40K L4 ® WD40 motif .
15K ® [ Thioredoxin fold ® Dip1
90K ) ° PWI, dsRNA bdg ° ® Prp3
61K ([ ] () Nop domain o [ J Prp31
60K [ ] ® WD40 motif ° [ ] Prp4
20K [ 4 (] Cyclophilin fold -
15.5K ® ) RNA bdg. motif ® ® Snu13
110K o RS domain [ ] Snu66
65K ) RS domain [ J Sad1
27K [ J RS domain -
- - ® Prp38
- Zn-finger ® Snu23
- PEST motif L4 Spp381

Table 2.1. Protein composition of the U snRNPs in human and yeast. The snRNP
proteins consist of the so called common Sm (grey spots) or LSm (light grey spots)

proteins, and particle-specific proteins (black spots).
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2.3.3.2 The snRNP-specific proteins

The mammalian 128 U1 snRNP consists of three particle-specific proteins, U1-
70K, A and C, in addition to the common Sm proteins. The two largest proteins,
U1-70K and U1-A, bind directly to U1 snRNA stem/loop | and I, respectively
(Nagai et al., 1994). The structure of the amino-terminal fragment of U1-A in
complex with the loop of stem |l has been solved by X-ray crystallography
(Oubridge et al., 1994). The smaller U1-C protein is probably attached by
protein-protein interactions with Sm proteins and U1-70K protein (Nelissen et al.,
1994).

The 17S U2 snRNP is a large particle containing two stably associated proteins:
U2-A' and U2-B" (Leal1p and Msl1p/Yib9p in yeast) (Luhrmann et al., 1990;
Tang et al., 1996; Caspary and Séraphin, 1998), and two multisubunit
complexes: SF3a and SF3b (Brosi et al., 1993). SF3a is composed of three
polypeptides (SF3a120, SF3a66, SF3a60, in human; Prp21p, Prp11p and
Prp9p in yeast; Kramer, 1995), while human SF3b was reported to contain
seven proteins (SF3b155, SF3b145, SF3b130, SF3b49, SF3b14a/pi14,
SF3b14b and SF3b10) (Gozani et al., 1996; Das et al., 1999; Will et al., 2002).
Yeast homologues of six of these factors have been characterized (Wells et al.,
1996; Igel et al., 1998; Caspary et al., 1999; Wang and Rymond, 2003;
Dziembowski et al., 2004). Interestingly, human SF3a acts exclusively during
the splicing of major introns (Will et al., 1999), while SF3b is required for
splicing of both types of introns by associating with U2 and U12 snRNPs,
respectively (Das et al., 1999; Will et al., 1999). Thus, both factors are essential
for splicing. Furthermore, many SF3b subunits can be crosslinked to the
branchpoint region of the pre-mRNA (Staknis and Reed, 1994; Gozani et al.,
1996; Query et al., 1996; McPheeters and Muhlenkamp, 2003). Several
additional human U2 associated proteins including SPF30/SMNrp, hPrp5p and
hPrp43p have been identified recently (Meister et al., 2001; Will et al., 2002).

U4 and U6 snRNAs contain extensive complementary sequence and interact to
form U4/U6 snRNP. In addition to the seven Sm proteins that bind the Sm site
of the U4 snRNA, and the seven LSm proteins that are associated with U6
snRNA, 13S U4/U6 snRNP contains five particle-specific proteins, 90K, 60K,
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20K, 61K, and 15.5K (the terminology is derived from their apparent molecular
weights in electrophoresis; reviewed in Will and Luhrmann, 2001). The proteins
20K, 60K, and 90K form a biochemically stable, heteromeric complex (Horowitz
et al., 1997; Teigelkamp et al., 1998). Protein 20K belongs to the cyclophilin
family of peptidyl-prolyl isomerases, termed cyclophilin H (CypH) or SnuCyp-20
or USA-Cyp (Horowitz et al., 1997; Teigelkamp et al., 1998). The crystal
structure of CypH shows a typical cyclophilin fold (Reidt et al., 2000). Protein
61K shares a homologous central domain with the proteins Nop56 and Nop58,
which are integral constituents of the box C/D snoRNPs (Gautier et al., 1997;
Makarova et al., 2002). The smallest protein 15.5K possesses a novel RNA-
binding domain and binds directly to U4 snRNA (Nottrott et al., 1999). This is
the first U4/U6G-specific protein identified as interacting directly with U4 snRNA,
and the structure of protein 15.5K in complex with the 5 stem-loop of U4
snRNA has been determined by X-ray crystallography (Vidovic et al., 2000).
Moreover, the binding of protein 15.5K to the U4 5’ stem-loop is required for
subsequent interaction of both 61K protein and the 20K.60K<90K protein
complex with U4/U6 snRNA duplex (Nottrott et al., 2002). In this respect, protein
15.5K functions as a nucleation factor. Interestingly, 15.5K protein is also
present in box C/D snoRNPs, providing a link between the pre-mRNA and pre-
rRNA processing machineries (Walkins et al., 2000). Except for the 20K protein,
orthologous proteins termed Snu13p (15.5K in human), Prp4p (60K), Prp3p
(90K) and Prp31p (61K) are also associated with the yeast U4/U6 snRNP
particle (Banroques and Abelson, 1989; Peterson-Bjgrn et al., 1989; Anthony et
al., 1997; Weidenhammer et al., 1997; Gottschalk et al., 1999; Stevens and
Abelson, 1999). Like their human counterparts, Prp4p and Prp3p interact
directly with each other (Wang et al., 1997; Gonzalez-Santos et al., 2002; Ayadi
et al., 1998). Genetic and biochemical studies in yeast and HelLa cells have
shown that all conserved U4/U6-specific proteins are essential for cell viability
and required for pre-mRNA splicing (Lustig et al., 1986; Banroques and
Abenlson, 1989; Peterson-Bjgrn et al., 1989; Weidenhammer et al., 1997,
Nottrott et al., 1999).

After each spliceosome cycle, the U4 and U6 snRNAs are released separately
and are recycled to the functional U4/U6 snRNP. The p110 (SART3) protein,
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the homologue of yeast Prp24p, has been identified in the mammalian system
which is required for recycling of the U4/U6 snRNP from singular U4 and U6
snRNPs (Bell et al., 2002). Protein p110 associates only transiently with U6

and U4/U6 snRNPs during the recycling phase of the spliceosome cycle.

Interestingly, recent biochemical evidence indicated that these U4/U6 snRNP-
specific proteins are also associated with the HelLa U4atac/U6atac snRNP
(Schneider et al., 2002).

U5 snRNP possesses a complex protein composition, with a sedimentation
coefficient of 20S (Bach et al., 1989). In addition to the seven common Sm
proteins and the U5 snRNA, 20S U5 snRNP consists of a total of eight particle-
specific proteins, referred to as 15K, 40K, 52K, 100K, 102K, 116K, 200K and
220K proteins (Bach et al., 1989; reviewed in Will et al., 1993). Of these, all
except the 40K protein have identifiable homologues in yeast (Stevens et al.,
2001). Proteins common to the U5 snRNPs from human and yeast (in
parentheses) include 220K (Prp8p), 200K (Brr2p), 116K (Snu114p), 100K
(Prp28p), 52K (Snu40p/Lin1p), and 15K (Dib1p). While protein 102K is stably
associated with U5 snRNP in human, the yeast homologue Prp6p is present in
the U4/U6 snRNP particle (Makarov et al., 2000; Abovich et al., 1990).

Most of the U5-specific proteins display significant domain features, and play
central roles in the splicing machinery (reviewed in Will and Luhrmann, 1997).
For example, protein 200K (Brr2p) and 100K (Prp28p) contain the RNA helicase
domain (Lauber et al., 1996; Teigelkamp et al., 1997). Protein 116K (Snu114p)
is the sole GTPase identified in the spliceosome to date and is related to
translation elongation factor EF-2 (Fabrizio et al., 1997; Stevens et al., 2001;
Jurica and Moore, 2003). Protein 220K is the most highly conserved splicing
factor among species, displaying 62% identity between the human and yeast
proteins throughout the entire amino acid sequence. However, it contains little
in the way of recognizable sequence motifs, so that its domain structure is
unclear and it is difficult to make testable predictions about the biochemical
activities of the protein. The functions of these proteins are discussed in

sections 24.2 and 244 in detail. The structural study using X-ray
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crystallography has indicated that the small protein 15K adopts a thioredoxin
fold, and may thus be involved in the extensive protein-protein interactions in
the spliceosome (Reuter et al., 1999). Protein 102K (Prp6p) contains multiple
34-amino-acid TPR motifs. TPR domains provide a structural unit of two
antiparallel o helices that assemble to a platform for specific protein-protein
interactions (reviewed in Blatch and Lassle, 1999). The 52K protein had not

been characterised when | started this work.

Although the composition of U5 snRNP is well defined, our knowledge of
structural organization of the particle is still limited. Interestingly, several studies
attempting to elucidate the protein-snRNA interactions in the U5 snRNP have
indicated that the protein-protein interactions may contribute to the formation of
U5-snRNP (Bach and Luhrmann, 1991; Dix et al., 1998; Black and Pinto, 1989).
First, the interaction of the U5-specific proteins with U5 snRNA was investigated
by comparison of the differential accessibility towards nuclease and
dimethylsulfate of defined regions of U5 snRNA in purified 20S and 10S U5
snRNPs (Bach and Luhrmann, 1991). The results indicated that only the central
part of stem/loop | of U5 snRNA contains binding sites for U5-specific proteins,
suggesting that most of the U5-specific proteins may be bound to U5 snRNP via
protein-protein interactions. These data support and extend the previous
investigation of Black and Pinto, who performed comparative structural probing
of naked U5 snRNA and U5 snRNP in HelLa nuclear extracts with chemical
reagents. Consistently with this, photo-crosslinking demonstrated that only
limiting proteins are in contact with U5 snRNA in the reconstituted yeast U5
snRNP (Dix et al., 1998). Among them, the Prp8p and Snu114p are significant
candidates. Some additional data further support the observation that protein-
protein interactions are the main building force in the U5 snRNP. For example,
US protein 40K and three large proteins 116K, 200K and 220K can form a
stable heteromeric complex in the absence of U5 snRNA (Achsel et al., 1998).
Co-immunoprecipitation experiments showed that the U5-102K protein does not
bind to either U5 snRNA or U5 core snRNP when this contains only U5 snRNA
and Sm proteins; instead, it binds stably to the 20S U5 snRNP. This result
suggested that one or more of the U5-specific proteins are required for the
association of the protein 102K (Makarov et al., 2000).



2 INTRODUCTION 15

The U4/U6 and U5 snRNPs must be pre-assembled in vivo as a U4/U6.U5 tri-
snRNP particle in order to join the spliceosome. Within the tri-snRNP particle
there is extensive base pairing between the U4 and U6 snRNAs, leading to the
formation of two stem structures, and the U5 snRNP appears to be associated
with the U4/U6 snRNP through protein-protein interactions. The tri-snRNP
particle can be purified in vitro from Hela nuclear extract and yeast cellular
extract at low salt concentration (150 mM NaCl) and sediments at 25S in
glycerol gradients (Behrens and Luhrmann, 1991; Fabrizio et al., 1994;
Gottschalk et al., 1999; Stevens and Abelson, 1999). The protein composition of
the tri-snRNP is well established. In human cells, the tri-snRNP contains at least
15 specific proteins, and many of these are essential for splicing (reviewed in
Will and Ldhrmann, 1997, 2001). The U4/U6-snRNP proteins 15.5K, 61K, the
20K-60K-90K complex and the U5-snRNP proteins including 220K, 200K, 116K,
102K, 100K, 40K and 15K are present in this particle. In addition, three other
proteins (110K, 65K and 27K) are more stably associated with the 25S tri-
snRNP particle, and are thus referred to as tri-snRNP-specific proteins.
Interestingly, all three tri-snRNP-specific proteins contain an N-terminal
arginine-serine-rich (RS) domain (Fetzer et al., 1997; Makarova et al., 2001). Of
these, the two largest proteins are shown to be required for the recruitment of

tri-snRNP to the pre-spliceosome (Makarova et al., 2001).

While some information has been accumulated on protein-protein and protein-
RNA interactions within the individual U4/U6 or U5 snRNP, little is known about
the interactions that bridge the U4/U6 and U5 snRNPs. There is no indication of
RNA-RNA interactions between the two particles (Black and Pinto, 1989).
Consistently with this, the tri-snRNP dissociates into U4/U6 and U5 snRNPs at
monovalent salt concentrations between 300 and 400 mM, suggesting that tri-
snRNP formation is mediated by protein-protein and/or protein-RNA interactions.
However, apart from a crosslink observed between the yeast U5 protein Prp8p
and U6 snRNA (Vidal et al., 1999), there is a paucity of information about
interactions that potentially mediate the association of the U5 and U4/U6
snRNPs. In yeast, Prp6p appears to be important for the interaction of the
U4/U6 and U5 snRNPs. Mutation of the PRP6 gene inhibits tri-snRNP

accumulation, while accumulation of the individual U4/U6 and U5 snRNPs is not
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affected (Galisson and Legrain, 1993). This suggests that the Prp6p protein is
not needed for the integrity and hence stability of the U4/U6 or U5 snRNPs, but
only for tri-snRNP formation. Consistently with this, recent data from a
mammalian system showed that U5-102K protein prepared by translation in
vitro binds to purified 13S U4/U6 snRNP (Makarov et al., 2000). To substantiate
the hypothesis that 102K protein bridges the U4/U6 and U5 snRNPs, it will be
important in future experiments to elucidate in detail the interaction partners of
102K in the tri-snRNP particle.

2.3.4 U4/U6.U5 tri-snRNP proteins and retinitis pigmentosa

The importance of tri-snRNP in human disease was realised recently as a result
of several studies (Vithana et al., 2001; McKie et al., 2001; Chakarova et al.,
2002). In the year 2001, McKie et al. showed that mutations of several highly
conserved residues in the C-terminal part of 220K/hPrp8p correlated with
autosomal dominant retinitis pigmentosa (RP13), while Vithana et al. found that
mutations in another splicing factor, 61K/hPrp31p, are linked to the autosomal
dominant gene RP11. In the following year, mutations of the third gene
encoding 90K/hPrp3p were implicated in RP18 (Chakarova et al., 2002). It was
recently found that two missense mutations (A194E, A216P) in the 61K gene
(PRPF31) may affect splicing by impeding the translocation of 61K protein into
the nucleus. The splicing defect of A216P was further demonstrated by the
finding that 61K with A216P failed to complement fully the functional deficiency
in a temperature-sensitive, Prp31p-deficient yeast strain at the high restrictive
temperature (higher growth rate, high demand for splicing) (Deery et al., 2002).
It was argued that rod photoreceptors may have a high demand for splicing of
important molecules such as opsin mRNA, and subtle defects in splicing due to
loss of function of protein 61K may lead to a disease in this system (RP).
However, the molecular mechanism of retinitis pigmentosa caused by mutations

in these three tri-snRNP proteins is unclear at present.
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2.4 The Dynamic Nature of the Spliceosome

2.4.1 The spliceosome cycle

Studies in both the yeast and mammalian systems have revealed a cycle of
spliceosome assembly and disassembly on a pre-mRNA (figure 2.4) (Cheng
and Abelson, 1987; Konarska and Sharp, 1986; Konarska and Sharp, 1987).
The first step that commits a pre-mRNA to the splicing pathway is recognition of
the 5 SS by the U1 snRNP, initiating the early (E) complex in mammals. This
initial step does not require energy (ATP) for formation. U1 is the only
component that can bind in the absence of ATP, and its interaction with the pre-
mMRNA is in general required for the other shnRNPs to bind. After the association
of the U1 snRNP with the 5’ SS, the U2 snRNP recognizes and binds to the
branchpoint to form complex A. Addition of the U2 snRNP is the first energy-
dependent step in the splicing pathway, and binding of the U2 snRNP is
mediated in part by the U1 snRNP as well as additional non-snRNP factors that
bridge the two components. After U2 snRNP binding, the U4/U6.U5 tri-snRNP
particle joins the A complex to form complex B. Complex B is structurally
rearranged to form the catalytically activated spliceosome (B*), which
subsequently catalyses the first transesterification reaction, generating complex
C. After the second step of splicing, the mRNA is released, the post-
spliceosomal complex dissociates, and the snRNPs are recycled for new

rounds of splicing.

Thus, spliceosome assembly goes through many intermediate stages, the most
stable of which (e.g., the A, B, C complexes) can be detected biochemically, for
example, by native gel electrophoresis. Some additional stable intermediates,
such as the immunoaffinity-purified activated spliceosome B* and pre-catalytic
complex, which contains intact U4/U6.U5 tri-snRNP but lacks U1 snRNP
(designated BAU1) have been also reported recently (Makarov et al., 2002;
Makarova et al., 2004).
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Figure 2.4. Schematic diagram of spliceosomal and snRNP remodelling events. In the
early phase of spliceosome formation, Ul snRNA base pairs with the 5’ splice site, and
U2 snRNA interacts with the branch site to form the pre-spliceosomal A complexes.
Spliceosome assembly is completed by the addition of the 25S U4/U6.U5 tri-snRNP
particle, forming spliceosomal complexes B and C. Complexes with a red U5 snRNP
contain the SKIP protein (from Makarov et al., 2002).

2.4.2 Dynamics of RNA-RNA interactions in the spliceosome
The most decisive step during the spliceosome maturation process is the
conversion of complex B into the catalytically activated spliceosome B*. This

occurs after the recruitment of U4/U6.U5 tri-snRNP into pre-spliceosome.

Once all five snRNPs are present, the complex undergoes a series of
rearrangements. The interaction between the U1 snRNA and the 5 SS is
disrupted, and the U1 snRNP particle is released from the complex. Similarly,
the base pairing between the U4 and U6 snRNAs is also disrupted, allowing the
release of the U4 snRNP and new base-pairing to form between the U2 and U6
snRNAs (Villa et al., 2002). The resulting RNA network forms the catalytic core
of the spliceosome (figure 2.5). U2 and U6 snRNAs interact with the branch
point and 5 splicing site respectively, and provide a structural basis for
juxtaposing the branch site and 5 splicing site for the first catalytic step. U5
snRNA bears a highly conserved stem-loop that is implicated in aligning the
exons for the second catalytic step (O’Keefe et al., 1996). The U6 snRNA is

proposed to be the actual catalytic entity, indicating that the spliceosome may
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be a true ribozyme. Most RNA enzymes require metal ions as cofactors for
catalysis, and it was recently determined that specific bases in the U6 snRNA
bind Mg?* ions, a strong indication that this molecule may indeed be the
catalytic agent (Collins and Guthrie, 2000; Yean et al., 2000). A protein-free
complex of the U2 and U6 snRNAs is able to bind a small RNA and activate the
attack of a branch point adenosine on a catalytically important region of UG6.
This reaction is similar to the first step of splicing, further supporting the
potential catalytic activity of the U2 and U6 snRNAs (Valadkhan and Manley,
2001).

U

- U5 snRNA
Pre-mRNA 5
U6 snRNA le 13L
U2 snRNA
Helix Il

Figure 2.5. Model of the catalytic RNA core of the spliceosome. The U2 and U6
snRNAs are extensively base-paired with one another and with the branch site sequence
and 5 splice site respectively. An invariant loop sequence in the U5 snRNA interacts
initially with Exon 1, and then also with Exon 2 after the first catalytic step (modified
from Dr. P. Fabrizio in the laboratory of Prof. Liihrmann).

In addition to the U6 and U2 snRNA molecules, Prp8p (220K in human) has
also been proposed to play a critical role at the catalytic core of the
spliceosome. Prp8p is a component of the U5 snRNP in both mammalian and
yeast systems and is the most highly conserved splicing factor among species.
Prp8p is unique in making extensive contacts with U5 and U6 snRNAs and with
the pre-mRNA substrate at the splice sites and intron branch site (Wyatt et al.,
1992; Teigelkamp et al., 1995; Dix et al., 1998; Vidal et al., 1999). Prp8p
probably plays a role in stabilizing the interactions between the U5 snRNA loop
sequence and the exons (Teigelkamp et al., 1995) and may also be responsible

for juxtaposing the U5 loop with the rest of the catalytic core. Mutational studies
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of Prp8p (Kuhn et al., 2002; Collins and Guthrie, 1999; Siatecka et al., 1999;
Kuhn and Brow, 2000; Query and Konarska, 2004) also support the view that
this protein is intimately involved in the functions of the catalytic core of the

spliceosome.

2.4.3 Dynamic changes of protein components of U4/U6.U5 tri-snRNP
during the spliceosome cycle

The restructuring that the U4/U6.U5 tri-snRNP undergoes during the
spliceosomal cycle affects not only its RNA components but its proteins as well.
This has become evident from proteomic analysis of purified spliceosomal
complexes at defined functional stages. Mass spectrometry of a purified pre-
catalytic spliceosomal B complex containing U2, U4/U6 (still base-paired) and
U5 snRNAs but lacking U1 snRNA (therefore termed BAU1) revealed that all of
the U4/U6- and U5-specific proteins (with the single exception of U5-100K) are
stably bound at this spliceosomal assembly stage (Makarov et al., 2004). In
striking contrast, all of the U4/U6-specific proteins as well as the U5-15K protein
are significantly destabilized upon transformation of complex B into the
catalytically active spliceosome (complex B*) such that these proteins are no
longer retained in complex B* when this is isolated under the same stringent
conditions as complex BAU1 (Makarova et al., 2002). Of the tri-snRNP-specific
proteins, only 110K remains stably bound in complex B*. Recently, a novel 35S
RNP particle containing U5 snRNA was identified in nuclear extracts from Hela
cells, and its protein composition was characterized by mass spectrometry. This
particle contained — in addition to the established US5-specific proteins (220K,
200K, 116K and 40K) — a group of splicing factors (such as the human Prp19
protein complex) that are stably integrated into the spliceosome during the
transformation of complex B into the catalytically activated B* spliceosome,
indicating that the 35S U5 snRNP complex represents a post-spliceosomal
disassembly intermediate of the splicing machinery (Makarov et al., 2002;
Makarova et al, 2004). Interestingly, several proteins which are
stoichiometrically present in 20S U5 snRNPs — namely, the U5-specific 102K,
100K and 15K proteins — are completely absent in the 35S U5 RNP particle
(Makarov et al., 2002). Thus, the protein composition of the U5 snRNP changes
within the framework of the spliceosome, and the resulting U5 particle has to be
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extensively reformed before it can build a U4/U6.U5 tri-snRNP and then re-
enter the spliceosome. Very little is known about these remodelling steps or the

proteins possibly involved.

U4/U6.U5 BAU1 45S activated 35S U5 snRNP

tri-snRNP (Makarova et al., spliceosome (B*) | (Makarov et al.,
2004) (Makarov et al., 2002) **

2002) **

Sm Proteins Sm Proteins Sm Proteins Sm Proteins

B.D1,D2,D3.E,F,G | B,D1,D2,D3,E,F,G | B,D1,D2,D3,E.F,G | B,D1,D2,D3,E,F,G

LSm proteins LSm proteins LSm proteins LSm proteins

LSm2,3,4,5,6,7,8 | LSm 3,4,7,8 LSm 2,3 -

US snRNP US snRNP US snRNP US snRNP

220K 220K 220K 220K

200K 200K 200K 200K

116K 116K 116K 116K

40K 40K 40K 40K

102K 102K 102K -

15K 15K - -

100K - - -

tri-snRNP tri-snRNP tri-snRN\P tri-snRN\P

110K 110K 110K -

65K - - -

27K - - -

U4/U6 snRNP U4/U6 snRNP U4/U6 snRNP U4/U6 snRNP

90K 90K - -

60K 60K - -

20K 20K - -

61K 61K - -

15.5K 15.5K - -

Table 2.2. The protein composition of the U4/U6.U5 tri-snRNP in the complex BAUI,
the 45S activated spliceosome (B*), and 35S U5 snRNP. ** A number of proteins
(including CDC5/Prp19 complex) recruited in B* and associated with 35S U5 snRNP
are not showed in this table.

2.4.4 The roles of tri-snRNP proteins in the activation of spliceosome

Although the splicing reactions themselves do not directly require energy input,
remodelling of a network of RNA-RNA and RNA-protein interactions in the
spliceosome consumes a number of ATP molecules. These rearrangements are
catalysed by several ATP-dependent RNA helicases and may also involve the
activity of a GTPase related to the translation elongation factor EF-2. The
largest class of energy-requiring proteins involved in splicing belongs to the

DEXD/H box family: these proteins are commonly known as RNA helicases but
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in some cases may act as RNPases (ribonucleoproteinases), which disrupt

RNA-protein complexes in the spliceosome (Schwer, 2001).

While the U4/U6 snRNP part of the tri-snRNP contributes a substantial
component of the catalytic RNA network (described in section 2.4.2), the driving
force of catalytic activation and the rearrangements of the spliceosome all
appear to be U5 snRNP residents. U5 snRNP contains three NTPases: 100K
(Prp28p in yeast), 200K (Brr2p) and 116K (Snu114p). The NTPases of the U5
snRNP are involved in the critical switch in which U1 is replaced by U6 at the 5°
splice site (figure 2.6). This is an important stage in spliceosome activation,
which contributes to the fidelity of 5" splice site recognition. The two unwinding
events that disrupt base-pairing between U1 snRNA and the 5 splice site, and
between U4 and U6 snRNAs, allow the 5” splice site, U6 and U2 catalytic core
structure to form (described in section 2.4.2; Brow, 2002). It has been shown
that Prp28p in yeast has a role in destabilizing the U1 snRNA interaction with
the 5 splice site. This DEXD/H box protein may unwind the helix formed
between the 5" splice site and U1 snRNA (Staley and Guthrie, 1999).
Alternatively, it is a prime candidate to act as an RNPase. Under normal
conditions, Prp28p is an essential protein in yeast, but if the U1C protein (a
factor that stabilizes the interaction between U1 and the 5° splice site) is
mutated, then Prp28p becomes dispensable (Chen et al., 2001). This suggests
that Prp28p participates in disrupting the U1C interaction, either by acting
directly against the protein or by disrupting the double helix between the U1

snRNA and the 5” splice site that forms its site of interaction.
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Figure 2.6. Model of the 5’ splice site switch. During spliceosome assembly, the 5’
splice site is initially recognized by the Ul snRNP. This interaction is later replaced by
U6, which must base-pair with the 5’ splice site before the first catalytic step. The
unwinding of U4:U6 is also required for the spliceosome to become active. These
events occur concurrently and allow the release of Ul and U4 snRNPs from the
spliceosome. The roles that the US snRNP components, Prp28p, Brr2p and Snul 14p,
are hypothesized to perform during activation of the spliceosome are indicated: Prp28p
displaces U1 (and the U1C protein, see text) from the 5’ splice site presumably utilizing
ATP, whereas Brr2p and Snul 14p are involved in the unwinding of U4 and U6 snRNAs,
a process requiring ATP and GTP. This results in free U6 paired with the 5 splice site.
U6 is also capable of forming an intramolecular stem loop, a structure important for
catalysis, after release from U4. The 5° splice site consensus from Saccharomyces
cerevisiae is used with base-pairing to Ul and U6 snRNAs indicated. Adapted from
Turner et al., 2004.

Disruption of the interaction between U1 snRNA and the 5" splice site is
accompanied by the release of U6 from U4 (figure 2.6). The U4/U6.U5 tri-
snRNP contains the base-paired U4:U6 structure that prevents the formation of
catalytic core structures until the correct time. In vitro work has shown that the
200K/hBrr2p protein is capable of unwinding RNA helices including a base-
paired U4:U6 complex (Laggerbauer et al., 1998). Furthermore, it has been
shown that a mutation in the ATPase domain of the yeast homologue Brr2p
(brr2-1) inhibits the ATP-dependent disruption of U4/U6.U5 tri-snRNPs in yeast
cell extracts (Raghunathan and Guthrie, 1998). These studies suggest that
200K protein is the motor that drives the release of U6 before formation of the
U6:5 -splice-site and U6:U2 structures. Both Snu114p and Prp8p (a large U5
snRNP protein) are supposed to control the action of Brr2p (Bartels et al., 2002,
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2003; Kuhn et al., 1999, 2002). Elegant studies using an Snu114p mutant that
switched specificity from GTP to XTP allowed dissection of this regulatory role
of Snu114p (Bartels et al., 2003). It was shown that stalled complexes would
only unwind the U4:U6 helices when supplied with hydrolysable XTP, implying
that Snu114p has a role either in unwinding U4:U6 or, more probably, in
controlling the action of Brr2p. Prp8p has been implicated in several aspects of
spliceosome remodelling and activation, in addition to putative cofactor activity
in catalysis (described in section 2.4.2). These aspects include a central role in
governing the activities of the Brr2p and Prp28p RNA-dependent ATPases
(Kuhn et al., 1999, 2002). A mutation in PRPS8, prp8-201, was identified as a
suppressor of the U4-cs1 mutation. U4-cs1 extends the base pairing between
the U4 and U6 snRNAs into the ACAGA box of the U6 snRNA, preventing its
interaction with the 5’ SS. This led to the proposal that Prp8p may trigger the
unwinding of the U4 and U6 snRNAs only after correct recognition of the 5° SS
by the ACAGA box of U6. Like many other PRP8 mutations, this alteration in
Prp8p maps to the C-terminal domain of the protein (Kuhn et al., 1999).
Additional genetic interactions indicate that Prp8p may regulate Brr2p, the
putative U4/U6 helicase, and Prp28p, the putative U1/5’-SS helicase, in order to
control the rearrangements that they promote and thus to allow spliceosome
activation (Kuhn and Brow, 2000; Kuhn et al., 2002).

Interestingly, experimental evidence also indicated a role for the 15.5K/Snu13p
and Prp4p proteins in the transition of fully assembled spliceosome toward an
active form (Ayadi et al., 1997; Nottrott et al., 1999).

2.5 The Aims of the Current Studies

The 25S U4/U6.U5 tri-snRNP, pre-assembled from U4/U6 and U5 snRNPs, is
one of the major building blocks of the spliceosome. As mentioned in section
2.3.3, this particle contains — in addition to the U4, U6 and U5 snRNAs — ca. 30
distinct proteins which make up approximately 80% of the tri-snRNP's total
mass. Most of the tri-snRNP proteins exhibit significant domain features,
possibly providing hints of the potential functions of these proteins. For instance,
the TPR repeats of U5-102K, the WD40 domain of U4/U6-60K and U5-40K, the
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cyclophilin fold of U4/U6-20K, and the thioredoxin fold of U5-15K all predict a
rich diversity of protein-protein interactions and protein modifications within the
tri-snRNP particle (see section 2.3.3 for detailed description). The following
evidence also suggests that the protein-protein interactions might be the major
building force of the tri-snRNP. First, the stable heteromeric complexes
20K+60K+90K and 220K-200K+116K+40K could be isolated separately in vitro in
the absence of snRNAs (see section 2.3.3.2). Second, protein U5-102K binds in
vitro directly to the latter heterotetrameric complex (Makarov et al., 2000).
However, this is probably only part of protein-protein interaction map in such a
large complex. For example, little is known about the interactions that bridge the
U4/U6 and U5 snRNPs although it has been suggested that the protein-protein

interactions may dominate this connection (see section 2.3.3.2).

There is evidence that the DExH-box RNA helicase U5-200K and the GTPase
U5-116K are driving forces behind the disruption of the U4/U6 snRNA helices
(see section 2.4.4). However, the mechanism — that is, how these U5-specific
proteins actually disrupt the U4/U6 RNA helices, i.e. by directly contacting the
RNAs or more indirectly, by modulating the activity of U4/U6 snRNA binding

proteins via a network of protein-protein interactions — is still not understood.

Therefore, the knowledge of protein-protein interactions appears to be important
for understanding the mechanisms of the tri-snRNP assembly and its role in the
activation of spliceosome and catalysis of splicing. A major part of my PhD work
has been to identify the protein-protein interactions within the individual U4/U6
and U5 snRNPs, as well as protein contacts between these two snRNPs in the
tri-snRNP particle, and protein domains involved. The combination of all the
interaction data will allow me to draw up a comprehensive protein-protein
interaction map, and thus aid in the understanding of the structure and
functional mechanisms of the tri-snRNP complex and the dynamic nature of the
spliceosome. In addition, the knowledge of protein-protein interaction will
provide a basis for protein co-expression for the structure study by X-ray

crystallography.
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For this purpose, the yeast two-hybrid (Y2H) system and in vitro biochemical
methods were first established. The Y2H system was developed by Fields and
Song (1989) and is a sensitive method for identifying protein-protein interactions
in vivo. Briefly, the two-hybrid system takes advantage of the properties of the
GAL4 transcription factor, which has separable domains for DNA binding
(amino acids 1-147) and transcriptional activation (amino acids 768-881). The
proteins being studied are expressed as hybrid constructs with a DNA binding
domain or activation domain. If the two proteins interact with each other, both
domains of GAL4 transcription factor are brought into close physical proximity
and allow trans-activation of the reporter genes, e.g. HIS3 and ADE2. GST pull-
down assays and co-immunoprecipitation assays are the two methods used for
in vitro binding studies in this work. In the most case, one of the tested protein
pair has to be expressed in E. coli and purified as a functional recombinant

protein. Mutational analysis was used for identified the interacting domains.

The same methods are also applied in the following other studies. The
interactions between tri-snRNP proteins and the U6-associated protein p110
and the U2-associated splicing factor SPF30/SMNrp are investigated in order to
elucidate the functions of tri-snRNP proteins in the recycling of U4/U6 and the
recruitment of tri-snRNP to the pre-spliceosome. Furthermore, | am interested in
the role of tri-snRNP proteins 220K, 90K and 61K in retinitis pigmentosa, in the
context of protein-protein interactions. To understand the function of protein
200K, the N-terminal 434-amino-acid fragment of 200K was used as a prey in a

yeast two-hybrid screen to identify the interaction partners of 200K.
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3 Materials and Methods

3.1 Materials

3.1.1 Chemicals

Acrylamide solution

Adenine sulfate

Agarose

Ammonium persulfate (APS)

Ampicillin

Amplify™

Bovine serum albumin (BSA), acetyliert
Bradford solution

Bromophenol blue

B-Per™ Bacterial Protein Extraction Reagent
Carrier DNA

Chloramphenicol

Coomassie Brillant Blau R250

Dimethyl sulfate (DMS)

Dimethyl sulfoxide (DMSO)
Dithioerythrol (DTE)

Dithiothreitol (DTT)

Sodium dodecyl sulfate (SDS)

Acetic acid

Ethanol

Ethylendiamine tetra-acetic acid (EDTA)
Ethidium bromide solution

Glutathion (reduced)

Glycin

Glycerol

Guanidinium hydrochloride

Heparin

HEPES

Imidazole

Isopropyl-p-D-thiogalactoside (IPTG)
Kanamycin

Lysozyme

Milk powder, instant

Magnesium chloride

Methanol
NDSB-256[3-(1-Pyridino)-1-propan sulfate]
1 kb DNA ladder
Phenylmethylsulfonylfluoride (PMSF)
p-Nitrophenyl a-D-Galactopyranoside (PNP-a-Gal)
Polyethylenglycol 3350 (PEG3350)
Ponceau S

Potassium chloride

Precision protein standard marker
Roti-Phenol/Chloroform

Silver nitrate

Sodium chloride

Sodium thiosulfate

N, N, N’, N’-Tetramethylethylendiamin (TEMED)
3-Amino-1,2,4-Triazole (3-AT)

tRNA, E. coli
Tris-(hydroxymethylen)aminomethan (TRIS)
Triton X-100

Roth, Karlsruhe
QBiogene, Heidelberg
Invitrogen, USA
Merck, Darmstadt
Sigma, Deisenhofen

Amersham Biosciences, Freiburg

Sigma, Deisenhofen
Biorad, Minchen
Merck, Darmstadt
Pierce, UK

Clontech, Heidelberg
Boehringer, Mannheim
Serva, Heidelberg
Fluka, Schweiz
Sigma, Deisenhofen
Sigma, Deisenhofen
Roth, Karlsruhe
Merck, Darmstadt
Merck, Darmstadt
Merck, Darmstadt
Roth, Karlsruhe

Roth, Karlsruhe
Sigma, Deisenhofen
Merck, Darmstadt
Merck, Darmstadt
Fluka, Schweiz
Sigma, Deisenhofen
Calbiochem, USA
Merck, Darmstadt
Sigma, Deisenhofen
Boehringer, Mannheim
Boehringer, Mannheim
Cenovis GmbH, Radolfzell
Merck, Darmstadt
Merck, Darmstadt
Calbiochem, USA
Invitrogen, USA
Boehringer, Mannheim
Sigma, Deisenhofen
Sigma, Deisenhofen
Serva, Heidelberg
Merck, Darmstadt
Biorad, Minchen
Roth, Karlsruhe
Merck, Darmstadt
Merck, Darmstadt
Merck, Darmstadt
Sigma, Deisenhofen
Sigma, Deisenhofen
Boehringer, Mannheim
Roth, Karlsruhe
Sigma, Deisenhofen
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Tween 20
X-a-Gal

Sigma, Deisenhofen

(5-Bromo-4-Chloro-3-indolyl a -D-galactopyranoside) Clontech, Heidelberg

X-Gal

(5-Bromo-4-Chloro-3-indolyl B-D-galactopyranoside)
Xylene cyanol FF

Urea

Clontech, Heidelberg
Fluka, Schweiz
Merck, Darmstadt

3.1.2 Media (Qbiogene, Eschwege, Germany)

CSM-Leu, CSM-Trp, CSM-His, CSM-Ade, CSM-Ura,

CSM-Leu-Trp,

CSM-Leu-Trp-His, CSM-Leu-Trp-His-Ade, DOB, DOBA, NYZ" Broth,
SOC Broth, SOB Broth, LB Broth, LB Agar, YPD Broth, YPD Agar

3.1.3 Nucleotides, radionucleotides and amino acids

Nucleotide

Deoxynucleoside-5-Triphosphate, 100 mM (dATP, dCTP, dGTP, dTTP)
Nucleoside-5-Triphosphate, 100 mM (ATP, CTP, GTP, UTP)

Radionucleotide (Amersham Biosciences, Freiburg)

[a-*P]-dATP 3000 Ci/mmol; 10 Ci/l
[y*2P]-ATP 6000 Ci/mmol; 10 Ci/l
[a-P]-UTP 3000 Ci/mmol; 10 Ci/l
[v->*]-pCp 3000 Ci/mmol; 10 Ci/l

Amino acid (Amersham Biosciences, Freiburg)
L-[*>S] Methionine 1000 Ci/mmol

3.1.4 Antibodies
Anti-c-myc-peroxidase

Penta.His Antibody

Monoclonal antibody, HA.11

c-Myc monoclonal antibody

HA-tag polyclonal antibody
Polyclonal anti-110K rabbit antibody
Polyclonal anti-60K rabbit antibody

3.1.5 Enzymes and inhibitors

AMV Reverse Transcriptase (15 U/pul)

DNase |

Pfu DNA Polymerase (2,5 U/pl)

Proteinase Inhibitor Cocktail Complete™, EDTA-free

Boehringer, Mannheim
Qiagen, Hilden

Covance, USA

Clontech, USA

Clontech, USA
Ldhrmann lab, a-pep 110

Lihrmann lab

Amersham Biosciences, Freiburg
Roche, Mannheim
Stratagene, Heidelberg

Roche, Mannheim
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Proteinase K (10 mg/ml)
Ready-To-Go T4 DNA ligase
Restriction Endonucleases
RNAsin (40 U/ul)

SP6 RNA Polymerase (20 U/pl)
Taq DNA Polymerase (5000 U/pl)
T4 DNA Ligase (400 U/ul)

T4 Polynucleotide Kinase (20 U/ul)
T3 RNA Polymerase (17 U/pl)

T7 RNA Polymerase (50 U/pl)
Thrombin Protease

Sigma, Deisenhofen

Amersham Biosciences, Freiburg
New England Biolabs, France
Promega, USA

Promega, USA

Promega, USA

New England Biolabs, Frankfurt
New England Biolabs, Frankfurt
Promega, USA

Promega, USA

Amersham Biosciences, Freiburg

3.1.6 Oligonucleotide primers for PCR (Table 3.1)

Protein Oligo Description | Sequence (5°—3’)
15.5K HPV-140 | fy]]-length CCTTCGAACATATGACTGAGGCTGATGTGAAT
' HPV-141 CCTTCGAACTCGAGTTAGACTAAGAGCCTTTCAAT
HPV-142 CCTTCGAACATATCGGCGGTGGCAAATTCAAGT
20K full-length
HPV-143 CCTTCGAACTCGAGCTACATCTCCCCACACTGCGA
HPV-148 CCTTCGAACATATGGGTCGCAGTCGCAGCCGC
27K full-length
HPV-149 CCTTCGAACTCGAGTCATGCAATGAAATCCAAAGG
HPV-82 CCCGGATCCCATATGATAGATCAGCAGAAGCGT
40K full-length
HPV-83 CCCCTCGAGTCACTGAATCTCTCCCATATAC
50K HPV-128 CCTTCGAACATATGCCAAAGAGGAAAGTGACC
128/129 full-length
( ) HPV-129 CCTTCGAACTCGAGTCAGGTGTAGAGGTCAAAGTC
52N(128/243) HPV-243 ) CCCCTCGAGTCACAACTCCTCAGCGAACATGTC
truncation
52C(242/129) HPV-242 CCCCATATGGCGGAGGAGGAACTGGAGACC
60Kmut HPV-144 CCTTCGAACATATGGCTTCCTCGCGAGCCTCT
full-length
HPV-145 CCTTCGAACTCGAGCTATTCCAGCATCCAC AGC TT
60K wt HPV-324 CCCGGATCCATATGGCTTCCTCGCGAGCCTCTTCC
full-length
HPV-325 CCCCTCGAGCTATTCAGCCATCCACAGCTTGAA
HPV-345 CCCCATATGTCTCTGGCAGATGAGCTC
61K full-length
HPV-346 CCCCTCGAGTCAGGTGGACATAAGGCCACTC
HPV-384 ) GAGGCCTGCGACATGGAGCTGGAGCTGAACGCCTCC
A194E mutagenesis
HPV-385 GCTTGGAGGCGETTCAGCTCCAGCTCCATGTCGCAGGCC
HPV-386 ) GTGGAGTCCCGGATGTCCTTCATCCCACCCAACCTGTCC
A216P mutagenesis
HPV-387 GATGGACAGGTGGGTGGGATGAAGGACATCCGGGACTCC
HPV-146 CCATCGATCATATGGCACTGTCAAAGAGGGAG
90K full-length
HPV-147 CCATCGATCTCGAGTCAATCAGTGGACTCTAACAC
90K N19%4 LSB-1 truncation GGTCTCCCATGGAATTCATGGCACTGTCAAAGAGGGAG
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HPV-46

90K N194 LSB-2 truncation AAACTCGAGGTACCTTAAGTGGCAGCCTGGGAGGGCTG
90K N309(1/8) LSB-8 ) AAACTCGAGGTACCTTAGGTATTGGATTCCATGTCTTC
truncation
90K N442(1/6) LSB-6 AAACTCGAGGTACCTTACTTGGTAAGATATACTCC
90K C267 LSB-5 i GGTCTCCCATGGAATTCCTTGTTGAACATCCAGCCCAGC
- truncation
LSB-4 AAACTCGAGGTACCTCAATCAGTGGACTCTAACAC
90K C381(7/4) LSB-7 ) GGTCTCCCATGGAATTCGAAGACATGGAATCCAATACC
truncation
90K C489(3/4) LSB-3 GGTCTCCCATGGAATTCATGAATGATGCCATTGAG
HPV-359 ) AAGCTGTTCAAGACCTCACGAAGGTAGAAGCCC
P493S mutagenesis
HPV-360 GTGGGCTTCTACCTTCGTGAGGTCTTGAACAGC
HPV-347 ) AAGCTGTTCAAGACCCCATGAAGGTAGAAGCCC
T494M mutagenesis
HPV-348 GTGGGCTTCTACCTTCATGGGGTCTTGAACAGC
HPV-235 CCCCCGCGGCATATGAACAAGAAGAAGAAACCGTTC
102K full-length
HPV-237 CCCGTCGACTCAGAAGGTGTTCTTGATGCGGCCGGC
102K-NTD HPV-272 | truncation CCCGTCGACTCACTTCTTGATATCATTGATGTC
(235/272)
102K-TPR M HPV-273 ) ARACCCCATATGGCGCGACTGCTCCTCAAGTC
273/278 - truncation
( ) HPV-278 CCCGTCGACTTAGGACTCCCGAGTGCCATGG
102K-TPR _C .
- HPV-2 AAACCCCATATGCTGGAAGCACTCCTGCAG
(279/237) V-279 | truncation
HPV-318 . CCCGAATTCCATATGGGGTCGTCCAAGAAG CAT
110K-RS truncation
HPV-319 CCCCTCGAGTCAGCTAGTTTTGGAGCTGGCAGC
HPV-320 ) CCCGAATTCCATATGTCAGGCGATGCCTCCTCACTC
110K-ARS truncation
HPV-321 CCCCTCGAGTCACTTGGTGATGGTGTTCGC
116K HPV-73 CCCGGATCCCATATGGATACTGACTTGTATGATG
73/74 full-length
( ) HPV-74 CCCCTCGAGTCACATGGGATAATTGAGCAC
116-1(73/88) HPV-88 truncation CCCCTCGAGTCAGCCAAGCTCGTCTAGGGTCCG
116-2 HPV-76 ) CCCCATATGCGACACATTGTGGATGAGGTC
truncation
HPV-89 CCCCTCGAGTCAAGGCTCAGCAATCATGGTGAT
116-3(78/74) HPV-78 truncation CCCCATATGCTTGATGGCCTGCGCAAG
HPV-29 CAGAGGTCCTGTCTTAGAAGCTTT
HPV-30 GTGCACTGACAACTCCAACTTGGG
HPV-31 ATGTGTCCTCTGCGCCAGTTCCGG
200K HPV-32 CDNA. cloning ATTGGGGTTCTGTGTCATGCGGCG
from library
HPV-33 GCCAAGCCTGTGTACCATGCTATC
HPV-34 CCCCTCGAGTCAATCTGAATCACTGTCTGTCTC
HPV-52 AGGGTCAACACGTAGAAAGGTGGC
HPV-63 ) CCGCGGCCGCATATGGCGGATGTAACCGCCCGTAGTC
200-1 truncation
HPV-50 CCCTCATGCCTGGGCATACTTTGGCAGCTT
HPV-59 ) CCCATATGGATCTCGACCAGGGTGGA
200-2 truncation
HPV-56 CCCTCACACTTGGGTGCCTTTGATGATGAC
HPV-36 . CCCATATGCAGGTTTTAGTTTCCACCGCAACT
200-3 truncation

AAATCAGTTGAAGTTCTGCACGTTCTTGCG
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HPV-38 ) CCCATATGGACCTGCAGCCCTTGCCCGTGT
200-4 truncation

HPV-44 AGCTCACATGCCTAGGTTCAGAGGCGCCAC

HPV-40 . CCCATATGTGTCAGGGCTCCAAGAAGGAT
200-5 truncation

HPV-34 CCCCTCGAGTCAATCTGAATCACTGTCTGTCTC

HPV-3 CCCTTCGAAGCATATGGCCGGAGTGTTTCCTTATC

HPV-4 CCCCTGAGACTGGTTCAACCGAGAC
20K HPV-5 cDNA cloning | CCCACTAGTTATAAGCATGACACCAAGTTGCTC

HPV-6 from library CCCCTCGAGACATTCCACTTATAGGAGGEC

HPV-7 ATATAAGATGAACTCTTCCTGTG

HPV-8 CCCCTCGAGTTCGAAAGGCTTCGGCCTCGGGAGGCTG

HPV-3 ) CCCTTCGAAGCATATGGCCGGAGTGTTTCCTTATC
220-1 truncation

HPV-66 CCCCTCGAGTCAGAAGGGCTCCACAAACTCCGG

HPV-25 ) CCCCATATGCTGAAGGACACACCCCTCTA
220-2 truncation

HPV-26 CCCCTCGAGTCAGAATGGGATGGGTGAAAACC

HPV-67 ) CCCGGATCCCATATGCCCCCACTCTCCTATAAGCAT
220-3 truncation

HPV-68 CCCCTCGAGTCAGTTGAGTCCAATCTTGATACG

HPV-27 ) CCCCATATGTCCAAGATGCCAAGTCGGTT
220-4 truncation

HPV-28 CCCCTCGAGTCATGACTTTCGGGGATGGATTG

HPV-69 i CCCGAATTCCATATGTATAAGATGAACTCTTCCTGT
220-5 truncation

HPV-70 CCCCTCGAGTCAATCCTTGAGCTGCACCTCGAC

HPV-71 ) CCCGAATTCCATATGCTGATCTTGGCTGACTACGGC
220-6 truncation

HPV-72 CCCCTCGAGTCAGGCATACAGGTCCTCCCG

HPV-71 ) CCCGAATTCCATATGCTGATCTTGGCTGACTACGG
220-6-AC truncation

HPV-326 CCCCTCGAGTCAGTTCGCCAGCTGTAGCTCATA

HPV-327 ) AAACCCCATATGCGCCAGAACACAGACAAGGGCAAC
220-6-AN truncation

HPV-72 CCCCTCGAGTCAGGCATACAGGTCCTCCCG

HPV-331 ) GAGCTACAGCTGGCGAACACCAAAGAGTTCTACC
220-6-AN P2301T mutagenesis

HPV-332 CCTCGTGETAGAACTCTTTGGTGTTCGCCAGCTGTAGC

HPV-333 ) GCGAACCCCAAAGAGTTGTACCACGAGGTGCACAGG
220-6-AN F2304L mutagenesis

HPV-334 GCCTGTGCACCTCGTGGTACAACTCTTTGGGGTTCG

HPV-335 ) GAGTTCTACCACGAGGTGCCCAGGCCCTCTCACTTCC
220-6-AN H2309P mutagenesis

HPV-336 TTGAGGAAGTCGAGAGGGCCTCGGGCACCTCGTGGTAGAAC
220-6-AN HPV-337 ] GAGTTCTACCACGAGGTGCGCAGGCCCTCTCACTTCC
H2309R mutagenesis

HPV-338 TTGAGGAAGTCGAGAGGGCCTGCGCACCTCGTGGTAGAAC
220-6-AN HPV-339 ) GAGTTCTACCACGAGGTGCACGGGCCCTCTCACTTCC
R2310G mutagenesis

HPV-340 TTGAGGAAGTGAGAGGGCCCGTGCACCTCGTGGTAGAAC
220-6-AN HPV-341 ) GAGTTCTACCACGAGGTGCACAAGCCCTCTCACTTCC
R2310K mutagenesis

HPV-342 TTGAGGAAGTGAGAGGGCTTGTGCACCTCGTGGTAGAAC
220-6-AN HPV-343 ) TGCACAGGCCCTCTCACTTACTCAACTTTGCTCTCCTGC
F2314L mutagenesis

HPV-344 AGGAGAGCAAAGTTGAGTAAGTGAGAGGGCCTGTGC
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LSB-17 CGCCGCCATATGTCAGAGGATTTAGCAAAGCAGC
SPF30/SMNrp full-length
LSB-18’ GGAACTCGAGGTACCTTATTGAGGCATCAAATGCC
HPV-361 AAACCCGAATTCATGGCGACTGCGGCCGAAACC
U6-p110 full-length
HPV-362 CCCCTCGAGTCACTTTCTCAGAAACAGCTTGG
pGEX-5’ GGGCTGGCAAGCCACGTTTGGTG
pGEX-6P-1 modification
pGEX-3’ CCGGGAGCTGCATGTGTCAGAGG

3.1.7 Vectors and plasmids (Table 3.2)

Plasmid Description Source
pBluescript I1 KS Cloning vector, T7 promoter, Amp" Stratagene

Y2H vector expresses proteins fused to GAL4 Clontech
pGADTY activation domain, LEU2 marker, Amp"

Y2H vector expresses proteins fused to GAL4 DNA | Clontech
pGBKTY binding domain, TRP1 marker, Kan"
pGEX-6P-1 GST expression vector, Amp" AP Biotech
pET-28a-c Expression vector, His-tag, T7 promoter, Kan" Novagen
pNoTA/T7 Cloning vector, T7 promoter, Amp" 5’—3’ Inc.
pGADT7-15K Cloning sites NdeT—Sall gi}}’n‘;r:}l‘l’fg)
pGBKT7-15K Cloning sites Ndel—Sall (}Ildll?i}:/r?nr:}l(l)lcfla el:)r)
pNoT-15.5K Introduce cloning sites NdeI—Xhol by PCR, Amp" | This study
pGADT7-15.5K Cloning sites NdeI—Xhol This study
pGBKT7-15.5K Cloning sites NdeI—Xhol This study
pNoT-20K Introduce cloning sites NdeI—XhoI by PCR This study
pGADT7-20K Cloning sites Ndel—Xhol This study
pGBKT7-20K Cloning sites NdeI—Xhol This study
pNoT-27K Introduce cloning sites Ndel—>Xhol by PCR This study
pGADT7-27K Cloning sites NdeI—Xhol This study
pGBKT7-27K Cloning sites Ndel—Xhol This study
pNoT-40K Introduce cloning sites Ndel—Xhol by PCR This study
pGADT7-40K Cloning sites NdeI—Xhol This study
pGBKT7-40K Cloning sites NdeI—Xhol This study
pNoT-52K Introduce cloning sites NdeI—Xhol by PCR This study
pGADT7-52K Cloning sites NdeI—Xhol This study
pGBKT7-52K Cloning sites NdeI—Xhol This study
pET28a-52K Cloning sites NdeI—Xhol This study
pGADT7-52N Cloning sites NdeI—Xhol, insert :1-255aa This study
pGBKT7-52N Cloning sites Ndel—Xhol, insert :1-255aa This study
pET28a-52N Cloning sites NdeI—Xhol, insert :1-255aa This study
pGADT7-52C Cloning sites NdeI—Xhol, insert :256-341aa This study
pGBKT7-52C Cloning sites NdeI—Xhol, insert :256-341aa This study
pET28a-52C Cloning sites Ndel—Xhol, insert :256-341aa This study
pNoT-60K (mut) Introduce cloning sites NdeI—Xhol by PCR This study
pGADT7-60K(mut) Cloning sites NdeI—Xhol This study
pGBKT7-60K(mut) Cloning sites Ndel—Xhol This study
pNoT-60K (wt) Introduce cloning sites NdeI—Xhol by PCR This study
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pGADT7-60K (wt) Cloning sites NdeI—Xhol This study
pGBKT7-60K (wt) Cloning sites NdeI—Xhol This study
pGEX6P-60K (wt) Cloning sites NdeI—Xhol This study
pGADT7-61K Cloning sites NdeI—Xhol ghl\r’ﬁl;ﬁ’é 6119)
pGBKT7-61K Cloning sites NdeI—Xhol (Cl)d\i/ihlt‘dnallgﬁilog 211))
pGEX6P-61K Cloning sites BamHI—Xhol S. Nottrott

(Lithrmann lab)
pNoT-61K-A194E Introduce cloning sites NdeI—XhoI by PCR This study
pGBKT7-61K-A194E | Cloning sites Ndel—Xhol This study
pNoT-61K-A216P Introduce cloning sites NdeI—XhoI by PCR This study
pGADT7-61K-A216P | Cloning sites Ndel—Xhol This study
pGBKT7-61K-A216P | Cloning sites Ndel—Xhol This study
pGADT7-65K Cloning sites ECORT—Xhol ?LZhl\r/fil;i;Oﬁ )
pGBKT7-65K Cloning sites ECORI—Xhol (OLYlhl\r/ﬁl;i;OL 2119)
pNoT-90K Introduce cloning sites NdeI—XhoI by PCR This study
pGADT7-90K Cloning sites Ndel—Xhol This study
pGBKT7-90K Cloning sites NdeI—Xhol This study
pNoT-90K-P493S Introduce cloning sites Ndel—Xhol by PCR This study
pGADT7-90K-P493S | Cloning sites Ndel—Xhol This study
pGBKT7-90K-P493S | Cloning sites Ndel—Xhol This study
pNoT-90K-T494M Introduce cloning sites NdeI—XhoI by PCR This study
pGADT7-90K-T494M | Clonign sites Ndel—Xhol This study
pGBKT7-90K-T494M | Cloning sites Ndel—Xhol This study
pGADT7-90K-N194 Cloning sites Ndel—Xhol This study
pGBKT7-90K-N194 Cloning sites NdeI—Xhol This study
pGADT7-90K-N309 Cloning sites EcORI—Xhol This study
pGBKT7-90K-N309 Cloning sites EcORI—Xhol This study
pGADT7-90K-N442 Cloning sites ECORI—Xhol This study
pGBKT7-90K-N442 Cloning sites ECORI—Xhol This study
pGADT7-90K-C267 Cloning sites ECORI—Xhol This study
pGBKT7-90K-C267 Cloning sites ECORI—Xhol This study
pGADT7-90K-C381 Cloning sites ECORT—Xhol This study
pGBKT7-90K-C381 Cloning sites ECORI—Xhol This study
pGADT7-90K-C489 Cloning sites ECORI—Xhol This study
pGBKT7-90K-C489 Cloning sites ECORI—Xhol This study
pGADT7-100K Cloning sites Ndel—Sall augie;i lab)
pGBKT7-100K Cloning sites Ndel—Sall DO rtlepp

(Lithrmann lab)
pNoT-102K Cloning sites Ndel—Sall This study
pGADT7-102K Cloning sites Ndel—Sall This study
pGBKT7-102K Cloning sites Ndel—Sall This study
pGEX6P-102K Cloning sites Ndel—Sall This study
pET28a-102K Cloning sites Ndel—Sall This study
pGADT7-102K-NTD | Cloning sites Ndel—Sall This study
pGBKT7-102K-NTD | Cloning sites Ndel—Sall This study
pET28a-102K-NTD Cloning sites Ndel—Sall This study




3 MATERIALS & METHODS 34
I;%}QDI\};]_IOZK_ Cloning sites Ndel—Sall This study
E}?EKI\E%IMK— Cloning sites Ndel—Sall This study
pET28a-102K-TPR M | Cloning sites Ndel—Sall This study
I,}gﬁDCT 7-102K- Cloning sites NdeI—Sall This study
l,}gchT 7-102K- Cloning sites Ndel—Sall This study
pGADT7-110K Cloning sites NdeI—Xhol gi\ghl\r/fsﬁ;og b)
pGBKT7-110K Cloning sites NdeI—Xhol fﬁf@ﬁ:ﬁg’g b
pET28a-110K Makarov et al., 2001 f]i\ghhr/ﬁ:r?flol\; b)
pGADT7-110K_RS Cloning sites NdeI—Xhol, 1-111 aa (insert) This study
pGBKT7-110K_RS Cloning sites NdeI—Xhol, 1-111 aa This study
pGADT7-110K_ARS | Cloning sites Ndel—Xhol, 112-800 aa This study
pGBKT7-110K_ARS | Cloning sites NdeI—Xhol, 112-800 aa This study
pNoT-116K Introduce cloning sites NdeI—XhoI by PCR This study
pGADT7-116K Cloning sites NdeI—Xhol, full-length 972 aa This study
pGBKT7-116K Cloning sites Ndel—Xhol, full-length 972 aa This study
pNoT-116-1 Introduce cloning sites NdeI—Xhol by PCR This study
pGADT7-116-1 Cloning sites NdeI—Xhol, 1-400 aa (insert) This study
pGBKT7-116-1 Cloning sites NdeI—Xhol, 1-400 aa (insert) This study
pNoT-116-2 Introduce cloning sites Nde[—Xhol by PCR This study
pGADT7-116-2 Cloning sites NdeIl—Xhol, 279-691 aa (insert) This study
pGBKT7-116-2 Cloning sites Ndel—Xhol, 279-691 aa (insert) This study
pNoT-116-3 Introduce cloning sites NdeI—Xhol by PCR This study
pGADT7-116-3 Cloning sites NdeI—Xhol, 603-972 aa (insert) This study
pGBKT7-116-3 Cloning sites Ndel—Xhol, 603-972 aa (insert) This study
pBlue(KS)-200K Cloning sites Notl—Xhol, full-length 2136 aa gl:n:]r?nr:rll?ﬁa ebr)
pGADT7-200K Cloning sites NdeI—Xhol, full-length 2136 aa This study
pGBKT7-200K Cloning sites NdeI—Xhol, full-length 2136 aa This study
pNoT-200-1 Introduce cloning sites Ndel at 5° end by PCR This study
pGADT7-200-1 Cloning sites Ndel—BamH]I, 1-434 aa (insert) This study
pGBKT7-200-1 Cloning sites NdeI—BamHI, 1-434 aa This study
pET28¢-200-1 Cloning sites Ndel—BamHI, 1-434 aa This study
pNoT-200-2 Introduce cloning site Ndel at 5° end by PCR This study
pGADT7-200-2 Cloning sites NdeI—~ECORI, 393-832 aa (insert) This study
pGBKT7-200-2 Cloning sites NdeI—ECcORI, 393-832 aa This study
pET28¢-200-2 Cloning sites NdeI—EcoRI, 689-832 aa This study
pNoT-200-3 Introduce cloning site Ndel at 5° end by PCR This study
pGADT7-200-3 Cloning sites NdeI—ECORI, 807-1449 aa (insert) This study
pGBKT7-200-3 Cloning sites NdeI—ECORI, 807-1449 aa This study
pET28¢-200-3 Cloning sites NdeI—EcoRI, 807-1449 aa This study
pNoT-200-4 Introduce cloning site Ndel at 5° end by PCR This study
pGADT7-200-4 Cloning sites NdeI—ECoRI, 1301-1816 aa (insert) This study
pGBKT7-200-4 Cloning sites NdeI—EcoRI, 1301-1816 aa This study
pET28¢-200-4 Cloning sites NdeI—EcoRI, 1301-1816 aa This study
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pNoT-200-5 Introduce cloning sites Nde[—Xhol by PCR This study
pGADT7-200-5 Cloning sites NdeI—ECORI, 1705-2136 aa (insert) This study
pGBKT7-200-5 Cloning sites NdeI—EcoRI, 1705-2136 aa This study
pET28¢-200-5 Cloning sites Ndel—EcoRI, 1705-2136 aa This study

s . . s HP Vornlocher

pNoT-220K-5 Introduce cloning sites BstBI/Ndel at 5 end by PCR (Liihrmann lab)

. L HP Vornlocher

pNoT-220K-Mi Introduce cloning sites Spel—Xhol by PCR (Liihrmann lab)

. . . s HP Vornlocher

pNoT-220K-Mi Introduce cloning sites Xhol/BstBI at 3” end by PCR (Liihrmann lab)
pBlue(KS)-220K Cloning sites NdeI—Xhol, full-length 2335 aa This study
pGADT7-220K Cloning sites NdeI—Xhol, full-length 2335 aa This study
pGBKT7-220K Cloning sites NdeI—Xhol, full-length 2335 aa This study
pNoT-220-1 Introduce cloning sites NdeI—XhoI by PCR This study
pGADT7-220-1 Cloning sites NdeIl—Xhol, 1-387 aa insert This study
pGBKT7-220-1 Cloning sites Ndel—Xhol, 1-387 aa This study

L HP Vornlocher

pET28c-220-1 Cloning sites Ndel—Sstl, 1-370 aa (Liihrmann lab)

. . HP Vornlocher

pNoT-220-2 Introduce cloning sites NdeI—Xhol by PCR (Liihrmann lab)
pGADT7-220-2 Cloning sites NdeI—Xhol, 388-827 aa insert This study
pGBKT7-220-2 Cloning sites NdeI—Xhol, 388-827 aa This study

L HP Vornlocher

pET28¢-220-2 Cloning sites NdeI—Xhol, 388-827 aa (Liihrmann lab)
pNoT-220-3 Introduce cloning sites NdeI—Xhol by PCR This study
pGADT7-220-3 Cloning sites NdeI—Xhol, 828-1304 aa insert This study
pGBKT7-220-3 Cloning sites NdeI—Xhol, 828-1304 aa This study

. . HP Vornlocher

pET28b-220-3 Cloning sites NdeI—Sstl, 1015-1274 aa (Liihrmann lab)

. . HP Vornlocher

pNoT-220-4 Introduce cloning sites NdeI—Xhol by PCR (Liihrmann lab)
pGADT7-220-4 Cloning sites Ndel—Xhol, 1305-1619 aa insert This study
pGBKT7-220-4 Cloning sites NdeI—Xhol, 1305-1619 aa This study

L HP Vornlocher

pET28¢-220-4 Cloning sites NdeI—Xhol, 1305-1619 aa (Lithrmann lab)
pNoT-220-5 Introduce cloning sites NdeI—Xhol by PCR This study
pGADT?7-220-5 Cloning sites NdeI—Xhol, 1620-1985 aa insert This study
pGBKT7-220-5 Cloning sites Ndel—Xhol, 1620-1985 aa This study

. . HP Vornlocher

pET28¢-220-5 Cloning sites BamHI—BgIII, 1736-2006 aa (Lithrmann lab)
pNoT-220-6 Introduce cloning sites Nde[—Xhol by PCR This study
pGADT7-220-6 Cloning sites NdeI—Xhol, 1986-2335 aa insert This study
pGBKT7-220-6 Cloning sites NdeI—Xhol, 1986-2335 aa This study

L HP Vornlocher

pET28¢-220-6 Cloning sites NdeI—Xhol, 1986-2335 aa (?) (Lithrmann lab)
pNoT-220-6-AC Introduce cloning sites NdeI—Xhol by PCR This study
pGADT7-220-6-AC Cloning sites NdeI—Xhol, 1986-2300 aa insert This study
pGBKT7-220-6-AC Cloning sites NdeI—Xhol, 1986-2300 aa This study
pET28a-220-6-AC Cloning sites Ndel—Xhol, 1986-2300 aa This study
pNoT-220-6-AN Introduce cloning sites NdeI—Xhol by PCR This study
pGADT7-220-6-AN Cloning sites NdeI—Xhol, 2239-2335 aa insert This study
pGBKT7-220-6-AN Cloning sites NdeI—Xhol, 2239-2335 aa This study
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pET28a-220-6-AN Cloning sites Ndel—Xhol, 2239-2335 aa This study
pNoT-220-6-AN- . . This study
P2301T Introduce a point mutation by PCR
1;23‘%]1)% 7-220-6-AN- Cloning sites Ndel—Xhol, 2239-2335 aa insert This study
PGBKT7-220-6-AN- | 0 ning sites Ndel—Xhol, 2239-2335 aa This study
P2301T
pNoT-220-6-AN- . . This study
F2304L Introduce a point mutation by PCR
II;%%EIT 7-220-6-AN- Cloning sites Ndel—Xhol, 2239-2335 aa insert This study
pGBKT7-220-6-AN- L This study
F2304L Cloning sites Ndel—Xhol, 2239-2335 aa
pNoT-220-6-AN- . . This study
H2309P Introduce a point mutation by PCR
PGADT7-220-6-AN-= | Cloning sites Ndel—Xhol, 2239-2335 aa insert This study
H2309P
pGBKT7-220-6-AN- L This study
H2309P Cloning sites NdeI—Xhol, 2239-2335 aa
pNoT-220-6-AN- . . This study
H2309R Introduce a point mutation by PCR
pGADT7-220-6-AN- . . . This study
H2309R Cloning sites Ndel—Xhol, 2239-2335 aa insert
pGBKT7-220-6-AN- . . This study
H2309R Cloning sites Ndel—Xhol, 2239-2335 aa
pNoT-220-6-AN- . . This study
R2310G Introduce a point mutation by PCR
1}3{(2}?1]())27—220-6—AN— Cloning sites Ndel—Xhol, 2239-2335 aa insert This study
pGBKT7-220-6-AN- L i This study
R2310G Cloning sites NdeI—Xhol, 2239-2335 aa
pNoT-220-6-AN- . . This study
R2310K Introduce a point mutation by PCR
pGADT7-220-6-AN- L . This study
R2310K Cloning sites NdeI—Xhol, 2239-2335 aa insert
pGBKT7-220-6-AN- L i This study
R2310K Cloning sites NdeI—Xhol, 2239-2335 aa
pNoT-220-6-AN- . . This study
F2314L Introduce a point mutation by PCR
POADIT220-6-AN 1 Cloning sites Ndel—Xhol, 2239-2335 aa insert This study
PGBKT7-220-6-AN-" 1 Cloning sites Ndel—Xhol, 2239-2335 aa This study
F2314L
pGADT7- L i This study
SPF30/SMNip Cloning sites Ndel—Xhol, full-length 239 aa
pGBKT7- L i This study
SPF30/SMNp Cloning sites Ndel—Xhol, full-length 239 aa
pGEX6P- L E This study
SPF30/SMNip Cloning sites NdeI—Xhol, full-length 239 aa
pNoT-U6-p110 Introduce cloning sites ECORI—Xhol by PCR This study
pGADT7-U6-p110 Cloning sites ECORI—Xhol, 2-963 aa (insert) This study
pGBKT7-U6-p110 Cloning sites ECORI—Xhol, 2-963 aa This study
pGADT7-p110-AN 537-963 aa insert; Medenbach et al., 2004 Bindereif lab
pGADT7-p110-AC 2-688 aa insert; Medenbach et al., 2004 Bindereif lab
pGADT7-p110-AF 2-350 aa insert; Medenbach et al., 2004 Bindereif lab
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3.1.8 Bacterial strains
E. coli BL21(DE3)

E. coli DH5a

E. coli HMS174(DE3)

E. coli XL-1 blue

3.1.9 Yeast strains (Clontech, USA)
AH109, Y187

3.1.10 Reaction sets (Kits)

ABI PRISM™ Dye Deoxy Cycle Sequencing Kit
Amicon Centriplus Concentrator

ECL Western Blot Detection Kit

GFX Purification Kit

Human Hela Marathon-Ready™ cDNA Library
Luminescent R-galactosidase Detection Kit Il
Matchmaker Yeast Two-hybrid System 3
Pretransformed Human HeLa cDNA Library
Prime-It® Il Random Primer Labelling Kit
Primer PCR Cloner™ Cloning System
pSTBlue-1 Perfertly Blunt™ Cloning Kit
QlAprep Spin Miniprep Kit

QlAquick Gel Extraction Kit

QIAquick PCR Purification Kit

TNT® 77 Coupled Reticulocyte Lysate System

3.1.11 Equipments

ABI PRISM™ 310 Genetic Analyzer
Biofuge (pico/fresco)
Electrophorese apparaturen
Gel documentation system
Gradient Master Modell 106
Heating block

Head over tail Rotor 7637-01
Hybridisation oven

Incubator BK-600

Incubation shaker Multitron
Petrischalen 92/16 mit Nocken
pH Meter

Phosphorimager Typhoon 8600

Novagen, Darmstadt
Invitrogen, USA
Novagen, Darmstadt

Stratagene, Heidelberg

Applied Biosystems, Weiterstadt
Millipore, France

Amersham Biosciences, Freiburg
Amersham Biosciences, Freiburg
Clontech, Heidelberg

Clontech, Heidelberg

Clontech, Heidelberg

Clontech, Heidelberg
Stratagene, Heidelberg

5—3’ Inc., USA

Novagen, Darmstadt

Qiagen, Hilden

Qiagen, Hilden

Qiagen, Hilden

Promega, USA

Applied Biosystems, Weiterstadt
Heraeus, Hanau

BiorRad, Minchen

Biorad, Minchen

BioComp Instruments, Canada
Hybaid Biometra, UK
Cole-Parmer, USA

Hybaid, Biometra

Heraeus, Hanau

Infors, Switzerland

Sarstedt, Nimbrecht
MettlerToledo,Switzerland

Molecular Dynamics
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Replica plater

SMART System

Sonifier

Sorvall Rotor

Speed Vac Concentrator 5301
Spectrophotometer Ultropsec 300 pro
SW60 Rotor

Scintillation counter LS 1701/TRI-CARB 2100TR
Ultra centrifuge

UV Lamp 254nm

Thermal Cycler

Vortex

X-ray film developer X-Omat 2000

3.1.12 Special materials
Amylose Resin

Cuvettes for Monolight 3010
Collodium Bags

Dialysis cassettes

Falcon tubes (5, 15, 50 ml)
Glass Beads (425-600 microns)
Glutathione Sepharose 4B
Nylon membrane Hybond-(N+)
Pipettes

Protein A Sepharose

Protein G Sepharose

Protran Nitrocellulose Membrane
Reaction tubes (0.5; 1.5; 2 ml)
Sterile filter (0.2; 0.45 um)
Talon metal affinity resin
Vivaspin concentrators

X-ray film BioMax MR

Qbiogene, Eschwege
Pharmacia Biotech
Heinemann Labortechnik
Kendro, USA

Eppendorf, Hamburg
Amersham Biosciences, Freiburg
Beckman, USA
Beckman/Packard, USA
Sorvall/Beckman, USA
Bachofer, Reutlingen

Hybaid Omni Gene, UK
Janke & Kunkel, Staufen i. Br.
Kodak, USA

New England Biolabs, France
Pharmingen, USA

Sartorius GmbH, Géttingen
Pierce, USA

Greiner, Kremsmiinster

Sigma, Deisenhofen

Amersham Biosciences, Freiburg
Qiagen, Hilden

Eppendorf, Hamburg

Amersham Biosciences, Freiburg
Amersham Biosciences, Freiburg
Schleicher & Schuell, Dassel
Eppendorf, Hamburg

Millipore, France

Clontech, Heidelberg
Vivascience, Sartorius

Kodak, USA
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3.2 Methods

3.2.1 Molecular Cloning

Two strategies were used for the plasmid construction and the cDNA cloning in
this work. In one strategy, DNA was amplified and the desired restriction
enzyme sites were introduced at the 5’ end by PCR (section 3.2.1.1). The PCR
products were subcloned into a shuttle cloning vector pNoTA/T7 which is
provided in the PRIMER PCR CLONER cloning system (5'—3’ Inc., Boulder,
Colorado, USA). The correct insert in the pNoTA/T7 was subsequently
transferred into the target vectors such as pGADT7 and pGBKT?7. In the other
strategy, PCR products were purified from agarose gel (section 3.2.1.2); the
purified DNA was digested with appropriate enzymes and ligated with target
vectors after purification (section 3.2.1.3). 1-2 pl ligation reaction was used for
transformation (section 3.2.1.4). The positive colony was inoculated in LB
medium and the plasmid DNA was prepared (section 3.2.1.5). 2 yl DNA sample
from mini-preparation was digested with appropriate enzymes and checked on
the agarose gel. The insert with the right size was verified by sequencing
(3.2.1.6).

3.2.1.1 PCR amplification

Polymerase chain reaction (PCR) was mostly used as a tool for cDNA cloning
and plasmid construction in this work. For this purpose, forward and reverse
primers were designed to introduce compatible restriction enzyme sites and 3-6
additional bases were added at the 5’ ends to allow efficient digestion by
restriction enzymes (table 3.1). The following text describes a typical PCR
reaction and a PCR cycling programme. The annealing temperature can be
chosen on the basis of the melting temperature of the primers. This may work,
but sometimes the results may not match up to expectations. Therefore, a
simple procedure used many times in this work was to use an initial annealing
temperature of 53°C (usually good for most primers with a length around 20 bp
or more). If non-specific products resulted, this temperature was increased. If

there were no products, the temperature was decreased.
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PCR reaction mixture (50 pl)

1.0 pl DNA sample (~20ng)
5.0 ul 5’ oligo (10 pmol/pl)
5.0 ul 3’ oligo (10 pmol/pl)
5.0 pl 10x cloned Pfu buffer
5.0 ul DMSO

1.0 ul dNTP (25 mM each)
2.0 ul Pfu polymerase

26.0 pl H,O

PCR cycling programme

1x 95°C 1’
30 x 95°C 307, 563°C 1’, 72°C 2'/kb
1x 72°C @’

hold temperature at 4°C

3.2.1.2 Agarose gel electrophoresis and DNA fragment isolation

For analysis of plasmid DNA, 0.8% agarose gel was usually used in this study.
A 1-kb DNA ladder at a concentration of 0.05 mg/ml was loaded in one lane as
a marker. Gel was run in 1 x TBE buffer and stained in 0.5 pg/ml ethidium
bromide (EtBr). DNA was visualized under UV light.

10x TBE buffer (pH 8.3)
1T™ Tris base
0.83 M Boric acid
10 mM EDTA

5x DNA loading buffer

30% glycerol (v/v)
0.25% bromophenol blue (w/v)
025% xylene cyanol FF (w/v)

QlAquick gel exaction kit (Qiagen, Hilden, Germany) was used for isolation of
DNA fragments from agarose gel. The samples (PCR products or enzyme-
digested DNA samples) were electrophoresed through 0.8% agarose gel and
stained with EtBr. The band of interest was identified using a UV-illuminator and
cut out of the gel. The gel slice containing the DNA fragment was placed in the
prepared tube and weighed. Every 100 mg of gel was dissolved in 300 ul buffer
QG at 50°C for 10 minutes. After the gel slice has dissolved completely, it was
applied to the QlAquick column and spun down for 1 minute. The column was
washed once with 0.75 ml wash buffer PE and the DNA sample was eluted with
30 pl elution buffer EB (10 mM Tris-HCI, pH 8.5).
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3.2.1.3 Enzyme digestion and ligation

For the ligation reaction, the vector DNA and the insert DNA have to be
prepared by digesting with appropriate restriction enzymes and then purifying
with either GFX purification kit (Amersham Biosciences) or QIAquick PCR
Purification Kit (Qiagen) according to the manufacture’s protocol. The ligation
reaction was established as follows. For the optimal ligation efficiency, two DNA
molecules were added in the reaction in the range of 3:1 to 5:1 molar ratio of
insert to vector. The reaction mixture was incubated at 16°C for 3 hours or more
and was then incubated at 65°C for 15 minutes to inactivate the enzyme. The

sample was spun down briefly and 2 ul was used for transformation.

20 ul ligation reaction mixture

2.0yl 10x buffer for T4 DNA ligase
2.0 ul linearised vector DNA

8.0 ul insert DNA

7.5l H.O

0.5 ul T4 DNA ligase (400 U/pl)

3.2.1.4 Bacterial transformation
Two methods were used for the bacterial transformation in this work.

3.2.1.4.1 Transformation of E. coli cells by electroporation

* Preparation of competent cells

One litre of culture was incubated until an ODeoo of 0.4-0.6 was reached. The
culture was centrifuged at 4000 x g for 15 minutes. The pellet was washed twice
with 500 ml ice-cooled, sterile water, once with 200 ml ice-cooled, sterile 10%
glycerol and once with 50 ml ice-cooled, sterile 10% glycerol. The last pellet
was resuspended in 4 ml of ice-cooled, sterile 10% glycerol. 50 ul aliquots were
prepared and were shock-frozen in liquid nitrogen and placed in the —70°C

freezer for storage.

* Transformation

Before transformation, a 50 pl aliquot of competent cells was thawed on ice.
The DNA to be transformed was then added to competent cells and the cell
mixture was transferred to a pre-chilled electroporation cuvette (BioRad). After a

brief incubation on ice, the cells were exposed to a voltage of 1.8 kV (for
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cuvettes with 0.1 mm width) using the E. coli Pulser (BioRad). 950 ul of LB
medium was added to the cuvette after electroporation. The cells were
transferred to a 1.5-ml microcentrifuge tube, incubated at 37°C for 40-60
minutes, spread on LB plates containing appropriate antibiotics and incubated
at 37°C overnight.

3.2.1.4.2 Transformation of E. coli cells by heat shock

* Preparation of competent cells (rubidium chloride method)

250 ml culture was incubated until an ODeoo of 0.4-0.6 was reached. The culture
was centrifuged at 4000 x g for 15 minutes at 4°C. The cell pellet was
resuspended in 100 ml ice-cooled TFBI buffer and incubated on ice for 10
minutes. The resuspension was centrifuged at 4000 x g for 5 minutes at 4°C.
The pellet was resuspended in 10 ml ice-cooled TFBII buffer and incubated on
ice for at least 15 minutes. 100 ul aliquots were prepared and were shock-

frozen in liquid nitrogen and placed in the —70°C freezer for storage.

TFBI

30 mM potassium acetate
100 mM rubidium chloride

10 mM calcium chloride

50 mM manganese chloride

15% viv glycerol
Adjust to pH 5.8 with acetic acid and filter (0.20 ym, Millipore) to sterilize.

TEBII
10 mM MOPS
75 mM calcium chloride

10 mM rubidium chloride
15% viv glycerol
Adjust pH to 6.5 with KOH and filter to sterilize.

* Transformation

Before transformation, a 100 pl aliquot of competent cells was thawed on ice.
The DNA or ligation reaction to be transformed was then added to the
competent cells and the cell mixture was incubated on ice for 20-30 minutes
and then at 42°C for 90 seconds for heat shock. 900 ul of LB medium was
added and incubated at 37°C for 45 minutes and then spread on the LB plates

containing appropriate antibiotic and incubated at 37°C overnight.
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3.2.1.5 Mini-preparation of plasmid DNA

QIAprep spin miniprep kit (Qiagen, Hilden, Germany) was used for this purpose.
The purification of plasmid DNA was performed following the methods
described by manufacturer. A single colony was inoculated into 5 ml LB liquid
medium containing appropriate antibiotic and grown overnight at 37°C with
shaking. 2 ml of overnight culture was transferred to a 2-ml microcentrifuge tube
and centrifuged at 13,000 rpm at 4°C for 10 minutes. The cell pellet was
resuspended in 250 pl buffer P1 and then 250 ul buffer P2 was added and
mixed gently by inverting the tube 4-6 times. After 5 minutes incubation at room
temperature, 350 pl buffer P3 was added and mixed immediately but gently by
inverting the tube 4-6 times. The tube was centrifuged at 13,000 rpm for 10
minutes. The supernatant was applied to a QlAprep spin column by decanting.
The column was spun down for 1 minute to remove the liquid and washed once
with 0.75 ml buffer PB and subsequently with 0.75 ml buffer PE. The residual
wash buffer was removed by additional centrifugation for 1 minute and air-dried
for 1 minute. To elute DNA, 50 ul elution buffer EB was added to the centre of
each column and the column was allowed to stand for 1 minute and centrifuged
for 1 minute to collect the DNA sample. For checking the insert, 2 pul DNA
sample was used for enzyme digestion and run on 0.8 % agarose gel.

3.2.1.6 DNA sequencing

To minimize potential misincorporation during PCR, | used high-fidelity Pfu DNA
polymerase. In addition, the sequence accuracy of PCR products for each
construct and cDNA was confirmed by sequencing. The sequencing reaction

and PCR cycling programme were established as follows.

20 ul sequencing reaction

10.0 pl H,O

6.0 ul BigDye (Applied Biosystems, Weiterstadt, Germany)
3.0l DNA sample (~250 ng)

1.0 pl sequencing oligo (10 pmol/pl)

PCR cycling programme

1x 96°C 1’

25 x 96°C 30”, 55°C 307, 60°C 4’
hold temperature at 4°C

Following the temperature cycling, the reaction was spun down briefly. To
precipitate the sample, 15 pl 3 M NaAc pH 5.3, 65 yl H,O and 300 pl 100%

ethanol were added and mixed. The tube was centrifuged at 13,000 rpm at
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15°C for 20 minutes. The pellet was washed once with 750 uyl 70% ethanol,
dried in air and resuspended in 25 pl of template suppression reagent (Applied
Biosystems, Weiterstadt, Germany). The DNA sample was sequenced by ABI
PRISM™ 310 Genetic Analyzer (Applied Biosystems).

3.2.1.7 PCR-based site directed mutagenesis

In vitro site-directed mutagenesis is an invaluable technique for studying protein
structure-function relationships, gene expression and vector modification.
Several methods have appeared in the literature, but many of these methods
require single-stranded DNA as the template. The reason for this, historically,
has been the need for separating the complementary strands to prevent
reannealing. The use of PCR in site-directed mutagenesis accomplishes strand
separation by using a denaturing step to separate the complementary strands
and allowing efficient polymerization of the PCR primers. PCR-based site-
directed methods thus allow site-specific mutations to be incorporated in
virtually any double-stranded plasmid, eliminating the need for M13-based

vectors or single-stranded DNA rescue.

In this study, this method was used to introduce single-point mutations into
human genes PRPF3 (U4/U6-90K) and PRPF8 (U5-220K). PfuTurbo DNA
polymerase from Stratagene (Heidelberg, Germany) was used in the PCR
reaction. | followed basically the protocol provided by Stratagene. The
mutagenic oligonucleotide primers were ordered from MWG Biotech (Ebersberg,
Germany) and are listed in table 3.1. Primers HPV-331-344 were synthesised
for U5-220K; HPV-347, 348, 359 and 360 for U4/U6-90K. The PCR reaction

and cycling programme were established as follows.

35 ul PCR reaction

1.0 pl DNA template (~16 ng)

3.5l 10x cloned Pfu buffer

2.0 ul 5’ oligo (10 pmol/ul)

2.0 ul 3’ oligo (10 pmol/ul)

1.0yl 25 mM dNTP

24.5 yl H,O

1.0 ul PfuTurbo DNA polymerase (2.5 U/ul)

PCR cycling programme
1 X 95°C 30”
12 x 95°C 307, 55°C 1’, 68°C 2’/kb
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Following the temperature cycling, the reaction mixture was cooled on ice for 2
minutes. To digest the methylated parental DNA template, 1 pl restriction
endonuclease Dpnl was added to the reaction and incubated at 37°C for one
hour. 1 ul of Dpnl-treated DNA was transformed into 50 ul XL-1 blue competent
cells by electroporation as described in section 3.2.1.4.1. The cells were spread
on the LB plates containing appropriate antibiotic and grown at 37°C overnight.
Several single colonies were inoculated into 5 ml LB medium at 37°C overnight
respectively. The protocol described in section 3.2.1.5 was used for preparing
plasmid DNA. The mutation was confirmed by DNA sequencing (section
3.2.1.6).

3.2.1.8 cDNA cloning from library

To clone U4/U6-60K, two oligonucleotides HPV-324 and HPV-325 (see table
3.1) corresponding respectively to the 5' and 3' ends of the ORF (gi|2708304)
were synthesized and used in PCR with human Marathon-Ready cDNA as
template. The amplified cDNA was cloned into the PCR cloning vector
pNoTA/T7 (5—3’ Inc.) to generate pNoT-60K. To construct pPGADT7-60K and
pGBKT7-60K, the Ndel-Xhol fragment of 60K was subcloned between the Ndel
and Xhol sites of pGADT7 and the Ndel and Sall sites of pGBKT7, respectively.
Since Ndel cleaves in the 3'-terminal region of 60K, Xhol-digested pNoT-60K
was partially digested with Ndel to isolate the intact ORF DNA.

To clone the U5-220K protein, three overlapping fragments comprising the &',
central and 3' regions of full-length 220K were amplified from Marathon-Ready
cDNA by PCR using three pairs of oligonucleotides: HPV-3/HPV-4,
HPV-5/HPV-6, and HPV-7/HPV-8 (see table 3.1). These were designed
according to the sequence deposited in the GenBank data base (gi|3661609).
The PCR products were cloned into the pNoTA/T7 vector. The three fragments
were then released from pNoTA/T7 and jointly cloned into pBluescript-lI-KS to
generate the pBlue(KS)-220K full-length cDNA. To construct pGADT7-220K
and pGBKT7-220K, 3.0-kb Ndel-Ndel and 3.9-kb Ndel-Xhol fragments of
pBlue(KS)-220K were jointly cloned between the Ndel and Xhol sites of
pGADT7 and the Ndel and Sall sites of pGBKT7, respectively.
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To clone the U5-200K gene, three overlapping fragments were PCR-amplified
from Marathon-Ready cDNA by using three pairs of oligonucleotides:
HPV-29/HPV-30, HPV-31/HPV-32 and HPV-33/HPV-34 (see table 3.1). These
are complementary to the partial cDNA sequence of 200K (gi|20521659;
Nagase et al., 1998). The three PCR products were cloned into pNoTA/T7 and
subsequently cloned jointly into pBluescript-1I-KS, resulting in a 4.8-kb 3'-region
of the 200K cDNA. To obtain the 5-end sequence, 5'-RACE PCR was
performed using Marathon-Ready cDNA and the gene-specific primer HPV-52
(see table 3.1). The resulting 2.0-kb 5' RACE product was sequenced (it shows
a 92-bp overlap with the sequence of the 3' region) and fused with the 3'
sequence to yield full-length pBlue(KS)-200K cDNA. To construct pGADT7-
200K and pGBKT7-200K, 1.0-kb Ndel-Dralll and 5.4-kb Dralll-Xhol fragments
were jointly cloned between the Ndel and Xhol sites of pGADT7 and the Ndel
and Sall sites of pGBKT7, respectively. To clone various truncated forms of the
200K protein in pGADT7 and pGBKT7, fragments were generated and amplified
by PCR by using pBlue(KS)-200K as a template. An Ndel site is at the same
time introduced at the 5' ends. PCR products were cloned into pNoTA/T7 to
generate the pNoT-200-(1 to 5) series. The Ndel-BamHI| fragment of pNoT-
200-1 was cloned between the corresponding sites of pGADT7 and pGBKT?7.
The Ndel-Ndel and Ndel-EcoRIl fragments of pNoT-200-2 were jointly
subcloned between the Ndel-EcoRl sites of pGADT7 and pGBKT7,
respectively. The Ndel-EcoRI fragments of pNoT-200-(3 to 5) were subcloned
between the Ndel-EcoRI sites of pPGADT7 and pGBKT?7, respectively.

To clone U2-SPF30/SMNrp, two oligonucleotides LSB-17 and LSB-18’ (see
table 3.1) corresponding respectively to the 5' and 3' ends of the ORF
(gi|54126076) were synthesized by introducing Ndel at 5" end and Xhol at 3’
end and used in PCR with human Marathon-Ready cDNA as template. The
PCR products were purified and digested with Ndel/Xhol and were subcloned
between the Ndel and Xhol sites of pGADT7 and the Ndel and Sall sites of
pGBKT7, respectively.



3 MATERIALS & METHODS 47

3.2.1.9 Plasmid construction for two-hybrid analysis

To construct two-hybrid plasmids for the U4/U6-15.5K, U4/U6-20K,
U4/U6.U5-27K, U5-40K, U5-52K, U4/U6-61K-A194E, U4/U6-61K-A216P,
U4/U6-90K, and U5-116K proteins, the corresponding ORFs were amplified by
PCR, at the same time including terminal Ndel and Xhol sites. PCR products
were cloned into pNoTA/T7, and Ndel-Xhol fragments were transferred into
pGADT?7 linearised with Ndel/Xhol or into pGBKT7 linearised with Ndel/Sall.
Fragments of the 52K, 116K and 220K proteins were constructed in a similar
manner. The cDNAs encoding full-length 100K and 102K were PCR-amplified,
introducing terminal Ndel and Sall sites, respectively. PCR products were
cloned into pNoTA/T7 to generate pNoT-100K and pNoT-102K respectively.
Ndel-Sall fragments were transferred to pGADT7 cut with Ndel/Xhol or
pGBKT7 cut with Ndel/Sall. To construct pGADT7-15K and pGBKT7-15K, the
Ndel-Sall fragment from pXC35-15K (Reuter et al., 1999) was subcloned
between the Ndel and Xhol sites of pGADT7 or between the Ndel and Sall sites
of pGBKT7. The EcoRI-Xhol fragment of pSK-65K and the Ndel-Xhol
fragments of pET28a-61K and pSK-110K (Makarova et al., 2001, 2002) were
processed in the same way to obtain pGADT7-65K and pGBKT-65K, pGADT7-
61K and pGBKT-61K or pGADT7-110K and pGBKT-110K, respectively. To
generate Y2H vectors expressing truncated forms of 102K, the fragments
indicated in figure 4.13 were PCR-amplified, again introducing terminal Ndel
and Sall sites. PCR products were restriction-digested with Ndel and Sall and
introduced into pGADT7 or pGBKT?7 linearised with Ndel and Xhol or Ndel and
Sall, respectively. The original constructs used for PCR cloning are showed in
the table 3.3.
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Table 3.3. List of the original constructs used in this study

Human Original mRNA %
. . Source Reference
protein construct Accession
Lauber et al.1997
U4/U6-90K EST-90K ¢i[2708306 S. Schieborr Horowitz et al.,
(aa205466) 1997
i pBISK(-)/zm27- . Dr. O.V. Makarova et al.,
U4/U6-61K 61K 2i|18249846 Makarova 2002
pTriEX-61K- .
U4/U6-61K mut A194F Dr.S.S. ;/(;I)hlana etal.,
U4/U6-61K mut | PTHEX-61K- Bhattacharya Deery et al., 2002
A216P
U4/U6-60K pNOT-60K 4i[2708304 this study Tamowitz €t al,
U4/U6-20K pKS-20K 43647229 Dr. D. Ingelfinger f;;ggdkamp etal,
U4/U6-155K | pKS-15.5K 4il6318598 Dr. S. Nottrott I;I;gtg"“ etal,
U5-220K pKS-220K 2i|3661609 this study Luo etal., 1999
. Dr. H.-P. Lauber et al.,
US5-200K pKS-200K gi|45861371 Vornlocher 1996
Fabrizio et al.,
U5-116K HA01047 gil434758 Dr. P. Fabrizio 1997 Nomura et
al., 1994
Makarov et al.,
) pKS-102K, . Dr. EM. 2000
Us-102K pET21a-102Kk | 817658290 Makarov Nishikimi et al.,
1999
Laggerbauer et
. Dr. O.V. al., 2005
U5-52K EST262201 gi|33875510 Makarova Bialkowska et al.,
2002
U5-40K pKS-40K 2i[3820593 Dr. T. Achsel ?;;lgsel etal,
US-15K pXC35-15K £i[6572635 Dr.K. Reuter | Nouier® al.,
. Dr. O.V. Makarova et al.,
U4/U6.U5-110K | pSK(-)/110K £i|13926067 Makarova 2001
. Dr. O.V. Makarova et al.,
U4/U6.U5-65K pSK-65K £i|13926070 Makarova 2001
U4/U6.U5-27K RY-1 2i|431952 Dr. P. Fabrizio Fetzer et al., 1997
i pFastBacHT- . . . Medenbach et al.,
U6-pl110 p110 2i|21327689 Dr. A. Bindereif 2004
Meister et al.,
U2- pGADT7- . . 2001
SPF30/SMNrp | SPF30/SMNrp | 814126076 this study Reppsilber et al.,
2001

* All these persons have been worked or are still working in the laboratory of
Prof. Lithrmann except Dr. Bindereif and Dr. Bhattacharya.

3.2.2 Yeast Two-hybrid System
The Matchmaker Two-Hybrid System 3 (Clontech, Palo Alto, USA) was used in
this study. Two vectors pGADT7 and pGBKT7, two yeast strains AH109 and
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Y187, and two plasmids pGADT7-T and pGBKT7-53 were provided in this
system. pGADT7-T encodes a Gal4 activation domain/SV40 large T-antigen
fusion protein, while pGBKT7-p53 encodes a Gal4 DNA binding domain/murine
p53 fusion protein. Murine p53 and SV40 large T-antigen are known to interact
in a yeast two-hybrid assay and therefore provide a positive control for
interacting proteins. The map of the vectors pGADT7 and pGBKT?7 is shown in
the Appendix; the genotypes of the yeast strains are shown in table 3.4. AH109
utilizes two nutritional markers HIS3 and ADEZ to control the stringency of
selection: the ADE2 gene, under the control of the GAL2 promoter, reduces the
number of false positives, while the HIS3 gene, under the control of the GAL1
promoter, provides sensitive growth selection that helps to identify weak
positive signals (section 3.2.2.1). B-galactosidase encoded by /acZ reporter can
be detected using a variety of assays that differ in their relative levels of
sensitivity (sections 3.2.2.2 and 3.2.2.3). | used yeast strain Y187 instead of
AH109 for B-galactosidase assays, because Y187 exhibits a higher level of
induced B-galactosidase activity than does AH109. X-a-Gal assay was used to
detect inherent yeast MEL1 gene expression level (section 3.2.2.4). The
phenotypes of the yeast strains AH109 and Y187 were verified before they were

used in a transformation or mating experiment.
The yeast co-transformation method is described in section 3.2.2.5. To check
protein expression after transformation into yeast cells, | followed the methods

given in sections 3.2.2.8 and 3.2.2.9.

Table 3.4 Yeast host strain genotype used in this study

Strain Genotype Reporters
AH109 MATa, trp1-901, leu2-3, 112, ura3-52,  HIS3, ADE?2,
his3-200, gal4A, gal80A, MEL1, lacZ

LYS2 :: GAL1UA3-GAL1 TATA -HIS3,
GAL2yas-GAL2 tata-ADE2
URA3 : : MEL1UA3 -MEL1TATA-IacZ
MEL1
Y187 MATa, ura3-52, his3-200, trp1, leu2, MEL1, lacZ
ade2-101, trp1-901, leu2-3, 112,
galdA, gal80A, met ™,
URAS3 : : GAL1UA3-GAL1TATA-/aCZ
MEL1
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3.2.2.1 Yeast two-hybrid analysis of known proteins for interaction studies
All cDNAs encoding full-length or truncated proteins were cloned into pGBKT7
(a Gal4 DNA-binding domain “bait” vector) and pGADT7 (a Gal4 activation
domain “prey” vector) as described in sections 3.2.1.8 and 3.2.1.9. Two-hybrid
assays were carried out according to procedures described in the
manufacturer's manual. To screen for protein-protein interactions, the bait and
prey plasmids were co-transformed into the yeast strain AH109 by using the
lithium acetate method (section 3.2.2.5). Co-transformation reaction mixtures
were plated onto minimal synthetic dropout (SD) medium lacking leucine and
tryptophan and incubated at 30 °C for 3-5 days. Co-transformants were then
replicated on two different selective media: SD/-His for activation of the GAL17-
HIS3 reporter gene and SD/-His-Ade for the activation of both the GAL7-HIS3
and the GAL2-ADEZ2 reporter gene. In each assay, empty vectors pGADT7 and
pGBKT7 were used as negative controls, and pGADT7-T/pGBKT7-53 as a
positive control. At least two independent co-transformants were tested for

each assay.

3.2.2.2 Colony-lift filter assay

The colony-lift filter assay is used to detect reporter lacZ gene activity. It
measures the B-galactosidase activity encoded by lacZ. It is used primarily to
screen the large number of cotransformants that survived the nutritional
selection. It can also be used to assay for an interaction between two known

proteins in a GAL4 two-hybrid system.

Plates were incubated at 30°C until colonies appear and grew to a size of 1-2
mm, and this usually took 4-5 days. For each plate of transformants assayed, a
sterile Whatman #5 or VWR grade 410 filter was used. It was placed in 2.5-5.0
ml of Z buffer/X-gal solution in a clean 150 mm plate. Using clean forceps, a
clean dry filter was placed over the surface of the plate of colonies and gently
rubbed with the side of the forceps, which helped the colonies to cling to the
filter. After the filter was evenly wetted, it was carefully lifted off the agar plate
and transferred to a pool of liquid nitrogen (colonies facing up). Liquid nitrogen
lyses the yeast cells, thus allowing detection of the reporter gene. The filters

were submerged for 10 seconds after which they were completely thawed at
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room temperature. The filter colony side facing up was then cautiously placed
on the presoaked filter, with care not to trap any bubbles between the two filters.
Filters were incubated at 30°C and checked periodically for the appearance of

blue colonies.

Z buffer

Na;HPQO,.7H,0 16.1 g/L
NaH4PO4H20 5.50 g/L

KCI 0.75 g/lL
MgS0O,.7H,0 0.246 g/L
Adjusted the pH to 7.0 and autoclaved

X-gal stock solution
20 mg /ml in DMF

Z buffer/ X-gal solution

100 ml Z-buffer

0.27 mi B-mercaptoethanol
1.67 ml X-gal stock solution

3.2.2.3 Chemiluminescence B-galactosidase assay

The chemiluminescence [-galactosidase assay can be used to verify and
quantify B-galactosidase activity in two-hybrid assays. In this work, | detected
the potential effect of the point mutations of U5-220K on the interactions of this
protein with U5-116K and U5-200K (see section 4.10.3) using the luminescence
B-galactosidase detection kit Il from Clontech (Palo Alto, USA).

As an example, the pGBKT7-116-3 and pGADT7-AN-P2301T were
cotransformed into yeast Y187. The cells were plated on the medium SD/-Leu-
Trp and incubated at 30°C until colonies appear and grew to size of 1-2 mm,
and this usually took 4-5 days. The colonies were grown in 5 ml SD/-Leu-Trp
liquid medium overnight at 30°C and the ODsoo should be 0.5-1.0 in the next day.
2 ml of overnight culture was added to 8 ml of YPD medium and the ratio was
adjusted so that the ODeoo is approximately 0.2. The culture was incubated at
30°C for 3-5 hours with shaking (250 rpm) until the ODsoo reaches 0.4-0.6. 1.5
ml of the culture was harvested and the pellet was washed once with 1.5 ml of Z
buffer. The cells were resuspended in approximately 300 ul of Z buffer to bring
the ODeoo to ~2.5. 100 I aliquot was transferred into a fresh tube. The tube was
placed in liquid nitrogen until the cells were frozen and then moved to a 37°C

water bath for 30-60 seconds to thaw the cells. This freeze/thaw cycle was
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repeated twice. The tube was centrifuged for 5 minutes at maximum speed and
the supernatant (i.e. yeast extract) was then transferred to a fresh tube and kept
on ice. Three aliquots of 25 pl of the yeast extract were prepared and each was
mixed with 200 pl of reaction buffer (4 pl reaction substrate+196 pl reaction
buffer supplied in the kit). The mixture was incubated at room temperature (20-
25°C) for 60 minutes. For measuring, the sample was transferred into a
luminometer tube (Cuvettes for Monolight 3010, 12X75 mm) and measured in
the Luminometer Monolight 3010 in the Department of Molecular
Developmental Biology in MPlbpc. The light emission was recorded as 5-
second integrals. The data from different samples including the negative and
positive control groups were collected. The linear range of the assay was

determined accordingly.

3.2.2.4 X-a-Gal assay

X-a-Gal is a chromogenic substrate for a-galactosidase, the product of the
yeast MEL1 gene in response to GAL4 activation. It can be used to detect
GAL4-based two-hybrid interactions directly on the nutritional selection plates.
As a-galactosidase accumulates in the medium, it hydrolyses X-a-Gal, causing
yeast colonies to turn blue. In this work, the X-a-Gal assay was used in the

yeast two-hybrid screening with pGBK-200K-1 (see section 4.11 for results).

The yeast dropout medium was poured onto the 15-cm plates and allowed to
cool down and harden at room temperature. 250 pl of X- a -Gal stock solution (2
mg/ml in DMF) was then evenly spread onto a 15-cm plate. When plates dried,

cells were plated and incubated at 30°C until blue colonies formed.

3.2.2.5 LiAc-mediated yeast co-transformation

Yeast colonies were grown in 15 ml YPDA/Kan medium overnight at 30°C to
stationary phase (ODs00>1.5) and were used to inoculate 150 ml of YPD
medium containing 0.003% adenine sulphate and 30ug/ml kanamycin to
produce an ODeoo of 0.2-0.3.The flask was incubated at 30°C for 3-5 hours with
shaking (230-270 rpm) to get a mid-log phase measuring an ODeoo of 0.4-0.6.
This culture is sufficient for 30 transformations. The culture was harvested in

sterile 50 ml centrifuge tube at 2000 rpm (Megafuge 1.0R) for 5 min at room
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temperature (20°C). The medium was poured off and 15 ml of sterile distilled
water was added to resuspend the cells. The cells were collected in one tube
and centrifuged again to remove the water. 3.0 ml of PEG/LiAc solution was
added to the pellet and the tube was vortexed to resuspend the cells. This
allows permeabilization of the yeast cells, resulting in competent cells. 100 pl
yeast competent cells were added to each 1.5-ml sterile microcentrifuge tubes
containing 5 pl salmon sperm DNA (10mg/ml) and ~ 1.0 ug DNA plasmids from
bait and prey and were mixed well by pipetting. The tubes were incubated at
42°C for 20-30 minutes for heat shock. The cells were chilled on ice for 1-2
minutes, and were centrifuged at 7000 rpm for 10 seconds to remove the
supernatant. 50-100 ml of sterile dH20 was added to the tubes and the pellet
was resuspended by pipetting gently. The transformation mix was spread on an

SD/ -Leu-Trp. The plates were incubated at 30°C until colonies appeared.

1 ml PEG/LiAc solution (prepare fresh just prior to use)
800 ul 50% PEG3350
100 pl 1 M LiAc pH7.5
100 ul 10 X TE pH7.5

3.2.2.6 Yeast two-hybrid screen with the N-terminal region of U5-200K

The fragment 200-1 of U5-200K (amino acids 1-434) was constructed as a bait
fusion (pGBKT7-200-1) as described in section 3.2.1.8. Before it was used for
screening library, the following tests were performed. (1) This fusion protein was
transformed into AH109, and the protein expression was confirmed by western
blotting (see sections 3.2.2.8 and 3.2.2.9 for the methods). (2) It was confirmed
that this fusion protein had no toxicity on the host strain by comparing the
growth rate in liquid culture (SD/-Trp) of cells transformed with the empty vector
pGBKT7 and cells transformed with pGBKT7-200-1. (3) The AH109 strain
transformed with pGBKT7-200-1 exhibited background growth on SD/-His
medium, but the background was eliminated by adding 20 mM 3-AT; it was

confirmed that there was no background growth on SD/-Ade-His medium.

The above experiments indicated that pGBKT7-200-1 was a suitable bait for the
library screening. The pGBKT7-200-1 was therefore transformed into AH109

and grown on the medium SD/-Trp for 5 days. A single colony (2-3 mm in
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diameter) was inoculated into 50 ml of SD/-Trp medium and incubated overnight
(~23 hours) at 30°C; the ODsoo was 1.6 on the following day. The cells were
harvested by centrifugation at 2000 rpm (Megafuge 1.0R) for 5 min at 4°C. The
cell pellet was resuspended in 5 ml SD/-Trp medium and kept in room
temperature. Just before use, one frozen aliquot (~1.0 ml) of the pretransformed
human HelLa cDNA library in Y187 (see below for description) was thawed in a
room-temperature water bath and mixed gently. 10 yl was taken out and kept
on ice for later titrating. The entire AH109:pGBKT7-200-1 culture and the ~1ml
library culture were combined in a 2-L sterile flask and 45 ml of 1X YPD
containing 0.003% adenine sulphate and 15ug/ml kanamycin were
subsequently added. The flask was incubated overnight (~24 hours) at 30°C
with gentle swirling (40 rpm). The mating mixture was transferred to a sterile 50-
ml centrifuge tube and the cells were harvested by centrifugation at 1500 rpm
for 10 minutes at 4°C. Meanwhile, the mating flask was rinsed with 1X YPD (2X
25 ml), and the rinses were used to resuspended the first pellet, and the cells
were spun down again and resuspended in 10 ml of 0.5X YPD medium. This is
the library mating mixture. 100 pl of the mixture was used for mating efficiency
analysis and the rest was then spread on the 50 large (150-mm) plates of SD/-
Leu-Trp-His-Ade at 200 pl per plate. The plates were incubated at 30°C. The
positive clones were selected between 5 and 12 days after incubation. These
clones were reselected on the more stringent plates of SD/-Leu-Trp-His-Ade+
20 mM 3-AT+X-a-Gal. From this step, 126 positive clones were selected for
preparing plasmid DNA samples (see section 3.2.2.7 for the method). The
samples were then sequenced. The data were collected and analysed (see
Results 4.11).

The pretransformed human HelLa cDNA library was purchased from Clontech
(Palo Alto, USA). It was cloned into pGAD GH and amplified in E. coli strain
DH10B. The plasmid DNA was isolated and used to transform yeast strain Y187.

3.2.2.7 Quick preparation of plasmid DNA from yeast
(Method from the Hahn laboratory)

The positive colony (2-3 mm in diameter) from the plate of SD/-Leu-Trp-His-
Ade+20 mM 3-AT+X-a-Gal was picked and resuspended in 200 pl of lysis buffer.
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An equal volume of glass beads (425-600 microns; Sigma) was added and the
mixture was mixed on a vortexer at top speed for 1 minute. 200 pl of
phenol/CHCI3 (2:1) was then added for extraction. The sample was centrifuged
at 13000 rpm at 4°C for 12 minutes. The supernatant was mixed with 2.5
volumes of 100% ethanol for precipitation of DNA at -20°C for one hour. The
DNA pellet was washed once with 80% ethanol. DNA was then dried and

resuspended in 100 pl TE buffer and used to transform E. coli.

Lysis buffer (10 ml)

100 mM NaCl

10 mM Tris-HCI pH8.0
1 mM EDTA

0.1% SDS

TE buffer pH8.0
10 mM Tris-HCI pH 8.0

1mM EDTApH 8.0

3.2.2.8 Preparation of yeast protein extract (Urea/SDS method)

For each transformed yeast strain assayed, a 5 ml overnight culture (using SD/-
Leu or SD/-Trp medium) was used to inoculate 50 ml of YPD medium
containing 0.003% adenine sulphate and 30pg/ml kanamycin to produce an
ODeso0o 0.4-0.6. 15 ODsoo units of each culture were taken (e.g. if ODe00=0.5,
take 30 ml of the culture) for centrifugation at 4°C and the cells were washed
once with cold water. The pellet can be stored at -80°C or go further for the next
step. The pellet was resuspended in 200 ul pre-warmed cracking buffer (60°C)
and the suspension was transferred to a 1.5-ml microcentrifuge tube containing
150 pl of glass beads. The mixtures were heated at 70°C for 10 minutes and
then vortexed vigorously for 1 minute. Unbroken cells and debris were removed
by centrifugation at 13000 rpm for 5 minutes at 4°C. The supernatant was

transferred into a fresh tube, boiled for 3 minutes and loaded onto the protein

gel.

Cracking buffer stock solution
8M Urea

5% (w/v) SDS

40 mM Tris-HCI pH 6.8
0.1 mM EDTA

0.4 mg/ml  Bromophenol blue

Cracking buffer

1 mi Cracking buffer stock solution
10 ul 3-mercaptoethanol
70 pl protease inhibitor cocktail

50 pl 0.1 M PMSF



3 MATERIALS & METHODS 56

3.2.2.9 Western blotting

Proteins were separated by SDS-PAGE (a pre-stained MW standards from Bio-
Rad were applied onto one lane as an indication of a successful transfer) and
transferred to Hybond C or Hybond P membrane using a semi-dry transfer
apparatus (Biometra). The gel, membrane and sheets of Whatman paper 3MM
were soaked in transfer buffer, and the sandwich containing the gel and
membrane was placed between sheets of 3MM paper. The transfer was
performed for 45 minutes at 10 W. To decrease non-specific binding of
antibodies, the membrane was blocked in TBS-Tween buffer containing 5%
non-fat dried milk for two hours at room temperature or at 4°C overnight on a
rocking platform. All further manipulations were carried out in TBS-Tween buffer
containing 1% non-fat dried milk. After blocking, the membrane was washed 3
times, and then incubated with primary antibody against the protein of interest
for one hour at room temperature on a rocking platform. The optimum dilution of
the antibody was determined by titration and was typically in the range of 1:500
to 1:5000.

The membrane was washed three times for 15 minutes each and then
incubated with either a secondary antibody or protein A, conjugated to
horseradish peroxidase (HRP), in a manner described for the primary antibody.
Protein A-HRP was used at 50 ng/ml, whereas the appropriate concentration for
the secondary antibody was determined by titration. The membrane was
washed three times and developed with enhanced chemiluminescence (ECL)
detection reagents (Amersham). Equal volumes of Amersham detection
reagents 1 and 2 (50-100 ul per 1 cm2 of the filter) were mixed and applied to
the membrane. After incubation for 60-90 seconds at room temperature, the
membrane was drained, wrapped in plastic film and exposed to X-ray film for 10
seconds to 5 minutes. The membrane could be re-probed with a different
antibody after stripping it of the previous one. For this purpose, the membrane

was incubated in stripping buffer at 50°C for 30 minutes.

10x Transfer buffer (1 liter)

30.3¢g Trizma base (= 0.25 M)
144 g Glycine (= 1.92 M)

pH should be 8.3; do not adjust
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1x Transfer buffer (1 liter)

100 ml 10x Transfer buffer
200 ml Methanol

700 ml H,O

TBS-Tween

20 mM Tris-HCI pH 7.5
150 mM NaCl
1% (vIv) Tween-20

Stripping buffer
62.5 mM Tris-HCI pH 6.7

2% SDS (w/v)
100 mM B-mercaptoethanol

3.2.3 In vitro Biochemical Methods

3.2.3.1 Transcription and translation in vitro

The T7 promoter of pGADT7 and pGBKT7 vectors is positioned immediately
upstream of the epitope tag (HA or c-Myc, respectively) and the insertion site of
the cloned cDNA. All constructs could therefore be used as transcription
templates in transcription/translation reactions in vitro to produce [*°S]-labelled
HA- or c-Myc-tagged proteins, using [*°S]-methionine. The TNT T7 coupled
reticulocyte lysate system (Promega, Madison, USA) was used. The procedure
was followed according to the manufacture’s instructions. Briefly, the reaction
components were assembled in a 1.5-ml microcentrifuge tube and the reaction
was incubated at 30°C for 90 minutes. This lysate was used for the subsequent

co-immunoprecipitation experiments.

50 ul volume of reaction component

25 ul TNT rabbit reticulocyte lysate

2yl TNT reaction buffer

1l TNT T7 RNA polymerase

1ul amino acid mixture, minus methionine (1 mM)

2 ul [358]-methionine (1000 Ci/mmol, Amersham Pharmacia Biotech)
1ul RNasin ribonuclease inhibitor (40 U/pl)

2 ul DNA template (~0.5 pg/ul)

16 ul nuclease-free H,O
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3.2.3.2 GST-102K pull-down assays (figures 4.9B, 4.11, 4.14B, 4.22A)

* Expression of U5-102K protein in E. coli

To express U5-102K protein in E. coli cells, pNoT-102K was digested with Ndel
and Sall, and the insert was subcloned into the same sites of pGEX-6P-1+,
which has been modified from pGEX-6P-1 by insert the Ndel site to the multiple
cloning site. The resulted pGEX-6P-102K plasmid was transformed into E. coli
strain BL21(DE3) for expression. Several small expression tests were
performed before the following step was started. 200 ml culture was induced at
ODeoo of 0.6 with 0.5 mM IPTG at 20°C for 3 hours. The culture was then
harvested and resuspended in 10 ml ice-cold 1x PBS (140 mM NaCl, 2.7 mM
KCI, 10 mM Nay;HPO4, 1.8 mM KH;PO4, pH 7.3) containing 1 x complete
proteinase-Inhibitor cocktail (Roche). The proteins were released from cell by
sonification for 4 x 15 seconds on ice. 20% Triton X-100 was added to a final
concentration of 1% and incubated by mixing gently at 4°C for 30 minutes to aid
in solubilisation of the fusion protein. The sample was centrifuged at 15,000 x g
for 10 minutes at 4°C and the supernatant was added to 500 ul bed volume of
glutathione—Sepharose, and incubation at 4°C for 20 minutes. The beads were
washed several times with 1 x PBS buffer, and the next steps were followed

below.

* GST pull-down assays

For GST pull-down assays, the GST-102K fusion protein bound to glutathione—
Sepharose 4B beads was washed four times with binding buffer (20 mM
HEPES pH 7.9, 100 mM KCI, 2.5 mM MgClz, 0.2 mM EDTA, 0.1% Triton X-100,
1 mM DTT and protease inhibitor cocktail). For each reaction, 20 pl of beads
(containing ~5 pg GST-102K protein) and 10 pl of [*°S]-labelled protein,
prepared as described above, were incubated in 300 pl of binding buffer for
2 hours at 4 °C. Beads were washed five times with binding buffer, and bound
proteins were eluted in SDS sample buffer and analysed by SDS-PAGE
followed by autoradiography.
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3.2.3.3 GST-61K pull-down assays (figure 4.10B)

This assay has been described by Makarova et al. (2002). Briefly, aliquots of
the [*°S]-labelled protein 102K, prepared by translation in vitro, were incubated
in 400 ul of TBST buffer (20 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.1% Triton X-
100) with either a recombinant fusion protein GST-61K or recombinant GST
alone. After incubation for 2 hours at 4°C, glutathione—Sepharose beads were
added to the mixtures and incubated for another 2 hours. Beads were
recovered by centrifugation, washed, and the bound material was eluted in SDS
sample buffer and analysed by SDS-PAGE.

3.2.3.4 His pull-down assays (figure 4.14C)

This assay has been described by Laggerbauer et al. (2005). Full-length 52K
protein and the truncated 52C protein were first subcloned into the pET28a
vector and the recombinant His-tagged proteins were then expressed in E. coli
BL21 and purified by affinity chromatography on Talon beads as described by
the manufacturer (Qiagen). ~6 ug of purified His-tagged 52K or 52C protein was
incubated with 10 pl of [*°S]-labelled HA-tagged 15K protein, which was
produced from pGADT7-15K by translation in vitro as described in section
3.2.3.1, and 30 pl Talon beads in 250 pl IP buffer (20 mM Tris-HCI pH 8.0,
150 mM NaCl, 0.5 mM B-ME, 0.5% NP-40) at 4 °C for 2 h. In the control
reaction, recombinant protein was omitted. Subsequently, beads were washed
four times with 0.8 ml of IP buffer. Bound proteins were eluted in SDS sample

buffer, analysed by SDS-PAGE, and visualised by autoradiography.

3.2.3.5 Co-immunoprecipitations

For the co-immunoprecipitations shown in figure 4.4B, 10 ug of purified His-90K
was incubated with 20 pl of HA-tagged 60K protein prepared by translation in
vitro for 1 hour at 4 °C. 1.6 yg of anti-pentahistidine antibody (mouse IgG1,
Qiagen) and 25 pl protein G—Sepharose were incubated in 400 pl buffer IP (20
mM Tris-HCI pH 8, 150 mM NaCl, 0.05% NP-40). The two tubes were then
combined for a further incubation for 1 hour at 4 °C until collection of beads.
Precipitates were washed four times with IP buffer and precipitated proteins

were analysed by SDS-PAGE followed by autoradiography.
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For the co-immunoprecipitations shown in figure 4.9C, 10 ug of His-tagged 15K
protein (Reuter et al., 1999) together with 1.6 pyg anti-pentahistidine antibodies
and 25 pl protein A—Sepharose were incubated in 400 pl IP buffer at 4 °C for
2 hours. His-tagged 15K was omitted in the control. Beads were spun down
and resuspended in 300 ul IP buffer. 10 pl of c-Myc-102K protein prepared by
translation in vitro were added to the sample and control reactions, and
incubation was continued for 2 hours. Beads were washed five times with
0.8 ml of IP buffer. Bound proteins were eluted in SDS sample buffer and

analysed by SDS-PAGE followed by autoradiography.

For the co-immunoprecipitations shown in figures 4.12B and 4.22B, the purified
His-tagged 110K protein was dialysed against a buffer containing 20 mM Tris-
HCI pH 8.0, 300 mM NaCl and 0.05% NP-40. [*°*S]-labelled full-length proteins
and fragments were prepared by translation in vitro as described above. 100 pl
of protein A-Sepharose beads were pre-incubated for 3 hours at 4 °C with
100 pl of affinity-purified anti-pep 110 antibody (Makarova et al., 2001) in a total
volume of 1 ml of phosphate-buffered saline (PBS) pH 8.0, containing 0.5 mg/ml
BSA and 50 pg/ml total yeast tRNA. Beads were then washed four times with
1 ml PBS and resuspended in 100 yl IP buffer, resulting in a final volume of
200 pl of a-pep-110 protein A—Sepharose beads. For each reaction, 30 yl of
these beads was incubated for 2 hours at 4 °C in 250 pl IP buffer together with
10 pl of [**S]-labelled proteins in the presence or absence of His-tagged 110K
protein. Beads were then washed four times with IP buffer, and bound proteins
were eluted with SDS sample buffer and analysed by SDS-PAGE followed by
autoradiography. The cloning, expression and purification of the 110K protein

have already been described (Makarova et al., 2001).

For the co-immunoprecipitation assays shown in figures 4.17 and 4.22C, the
coding sequences of the 90K and 60K proteins were transcribed in vitro with T7
RNA polymerase from the pGBKT7 constructs and translated with [>°S]-labelled
methionine by using a TNT coupled reticulocyte lysate system (Promega). A
total of 15 pl of translation reaction mixture was incubated with 500 ng of
baculovirus-expressed full-length p110 protein for 2 hours at 4°C in 250 pl of
buffer IP (20 mM Tris-HCI pH7.4, 120 mm NaCl, 5 mM MgCl;, 50 mM KCl,
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0.05% NP-40, 1 mM PMSF, 1 mM DTT). Complexes formed were precipitated
with p110 antibodies prebound to protein A—Sepharose, followed by seven
washes with 0.75 ml each of buffer IP. The bound proteins were eluted by being
heated in protein sample buffer, fractionated by SDS-PAGE, and visualized by

autoradiography.
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4 Results

The yeast two-hybrid (Y2H) system and in vitro binding assays were used to
detect protein-protein interaction in this study. The first part will present the
cloning work which is necessary for the complete yeast two-hybrid screening
(section 4.1). The following several parts are focused on the results of protein-
protein interactions within the tri-snRNP particle (sections 4.2—4.7). Furthermore,
the interactions of protein 90K with U6-p110 and U2-SPF30/SMNrp are
described (sections 4.8, 4.9). The analysis of point mutations related to retinitis
pigmentosa is shown in section 4.10. The final section concerns the Y2H screen

with the N-terminal region of protein 200K.

4.1 cDNA cloning
As shown in the table 3.3 in the Materials and Methods, cDNAs for the following

proteins had previously been cloned in the laboratory of Prof. Lihrmann:
U4/U6-specific proteins 15.5K, 20K, 61K, and 90K; U5-specific proteins 15K,
40K, 52K, 100K, 102K and 116K; U4/U6.U5-specific proteins 27K, 65K and
110K. The U6-p110 (SART1) cDNA was generously donated by the laboratory
of Prof. A. Bindereif (Medenbach et al., 2004). The cDNAs for the proteins 60K,
200K, 220K, and SPF30/SMNrp were cloned directly from a human Marathon-
Ready cDNA library (Clontech) in this study.

Since the sequence of the previously published U5-specific protein 200K
(Lauber et al. 1996; GenBank accession no. gi|12643640) does not provide the
entire N-terminal sequence, the complete 200K gene was cloned using
5'-RACE PCR techniques with a published partial cDNA sequence (Nagase et
al., 1998) as described in Materials and Methods. The full-length cDNA
encodes a protein that has 2136 amino acids and a calculated molecular mass
of 244 517 Da. The sequence has been deposited with GenBank (accession no.
gi|45861371). The protein not only contains two helicase domains; in addition,
each helicase domain is followed by a SEC63 domain, a domain of as yet
unknown function, possibly anchoring proteins to RNP complexes (shown
schematically in the lower part of figure 4.1) (Ponting, 2000). Orthologues of
human 200K protein display a high degree of conservation throughout the

eukaryotic kingdom, suggesting that this DExH-box RNA helicase plays an
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important role in all eukaryotes. The alignment of the N-terminal region (amino

acids 1-870) including the first (N-terminal) helicase domain is shown in figure

4.1. A putative nuclear localization sequence, RRAKRRKR, is present at amino
acids 67 to 74 of the human 200K protein. The C terminus of the second (C-

terminal) helicase domain (HELICc domain) shows little conservation, which is

consistent with its non-essential nature, in contrast to the first helicase domain,

which contains lethal mutation sites (Kim and Rossi, 1999).

Hs. (1) —-------mmmmmomo - MADV TARSLQYEYKANSNLEVEQADRSE 1DR- -~ LSE
S.c. (1) ——mmmmmmmmo MTEHETKDKAKK I RE 1 ¥R¥DEMSNK K VBKRFMNTSQNPQRBAE 1 SQPKEM
A.g. (1) ---mmmmmmmmmmoooo MADAAARQLQYEYKANSNLVEQADVRL I ER- --PRRDEATGEV I S
N € MADAAARQLQYEYKANSNLVEQADVRL I ER- - -PRRDEATGEVCSL
NS SRR ) Y —— MANLGGGAEAHARFKQYEYRANS SV T TONRPR- - - - —- DTHERTGEPETH
S.p. (1) MSSAHPKGDSKEPPKHGNSKEKPNYGQS@¥SYSAMSNIEY TQADRRFVSR----RDAERTGEPESHE
C.e. (1) —————————mmmmmmmm MADE LAR | QQYEYRONSNEVESVDYNETDR- - -RGREERTGEVLP1
NLS
H.s.  (44) WG-KLEGTRMGDKAQRTRR----—- QMQEERRAKRRKR----- DEDRHD I NKMKGYTLESEGIBE
S.c.  (53) SB-RISAKDMBQGLCNNIN----—- KGLKENDVAVERTG--—---- KSASLKKIQQHNTILNSSSD
A.g.  (44) NG-KLDGTRMGDRAQRSKE------EKTEERKAKRQKR----- DEAQYDFNSMKGATLESEGIBE
D.m.  (44) VG-KLDGTRMGDRYQRTKE------EKTEERKVKRQKR----- DEAQYDFERMKGATLESEGIBE
A.t.  (47) WE-KIDPRSFEDRVAKGRE------ QELEDKLKKSKKKERDVVBDMVN IRQSKRRRLREESVLTD
S.p.  (62) ¥N-RVSIADNGSRAR I EKBSTLPLELTQEVQEVRLPRKDAESLEIG IRQPEREKRSSAILKYFDS
C.e.  (44) TDKEMRKMKMGDRA IKGKA------ PVQDQKKKRKKKD-—-—- DEKAQQFG----RNVEVDNNEL
H.s. (97) MVGIIYKPKTKETRETYEVLESEIQAALG-DOPRDILCGAADEYVIEAVIK - - --NEKLRDKERRKE
S.c. (105) FR-LH¥YPKDPSNVERYEQIEQWVTEVEGNDIBHBL I 1ETADIFIRQEKENEENEDGN I EERKEK
A.g.  (97) MVGIVYRPKTQETRQTYEVL ESEIQEAIG-DQPRDILRGAADENEAVLK KKR
D.m.  (97) MVGIVNRPKTIQETROTYEVLESEIQEALG-DOPRDELEC
A.t. (105) TDDAVNOPKTKETRAAYEAMEGLEQKOEG
S.p. (126) FEILK¥YNPLEDETREVNDY IESEIQQYLEE
C.e.  (94) NG--A¥KRRTQETKQNYEV IESENL DAEG-DVPREVECEAADEVEL TEK - - - -NBKFRDKEKKKE
H.s. (157) [IDLEEG-QTDRTRYHVEVNEGKKIND GDKE 1QN-MBDNEDET YEVNVORE
S.c. (169) NQHEEGINIDSLKENEBVKEVKNEEDYE THPDNSNKQAVA I LADDEKSDEEEVTEMSNNANNILGG
A.g. (157) NDGEEG-SVADERFALIVNEGKKITDEGSDAATA 1GGAGQAGPGGDEPDETYE INVREE
D.m. (157) [DSEEG-AVTDEREALBVNEGKKETDEGSDAVNA LTAAPNN----EEQEDET YGINVQEE
A.t. (165) BEKEEN-KIENHEEDQIVSIGKLITDEQEG GDSGGGRANDPEGLBDDL BUAVERE
S.p. (186) NEEVESTELPQDRESQEVNEGNRLEDYTVE QEEELNEEGVNES-BVPYLEN
C.e. (152) VEABEG-PLTDDRIAVEINESKKESDESIE EENKPEGBGDIYENEGVANQED
H.s. (207) SDEEEGDEBVYGEVREEASDBDMEGDEAVVRCTLSENLVASGELMS--S-—--—-- KKK-DEHPR
S.c. (234) D IESVPIY
A.g. (216)
D.m. (212) ESEEESDNDMYGEIRDBDAQDEGE--EARIDHTLHAENLANEEAANNVK
A.t. (219) ENEEDDEESDPDMVEEBDDEEDDEPTRTGGMQVDAGINDEDAGDAN
S.p. (236) EADEE-EEAVEAMEEDEVAEDEDVVLETSISQEEEKKNIENPDTEVTFISADTKKVTEIPTVERR
C.e. (203) SDEEEDBGGMVNEIKGDSEEESEE--EEGVDTDYTATLKGDGHLTEDEQ
H.s. (262) DEDAFRWEQRQESRFYDDAIVSQK---KADEVEEIEK TASDDRECENQEVISBEGENTEDENKVERQ
S.c. (287) SEBEFFEQRKERSELGYKDTSVIQDLSEK ILNDEETLEHNPVALEQKEMDEEKFEN I SLAEFILK
A.g. (269) DEDAHWEQRCHRKY¥NDSMMSQA---KAL EVIISVIKESCDDRECENQEVISEEGYDCEDENKQEKK
D.m. (267) DEDAYWEQRCESKFYKDANMVSQS---KAADVIEKBEKRDAADDRDCENQEVISBEGYDCEDEIKQEKL
A.t. (273) DIDAYWEQRKISQANEQQIDPRQCQVLAEELEKIEAEG-DDRVVEDKELMHEQYEKESLVKFELR
S.p. (300) ENDAFWEQREIAKYFADAVVCQE---KTNQAFEABSADYDLGELENEEMS)FDYEHEYLVQLETK
C.e. (259) DEDAHWIQRSEAKYFKBPLIAQQ---KQTEVIGHERNAADDRDAENQEVIEEGFDORERIKCERQ
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OnXrorunI
DPT +3Q0OW0M

OnNX>»orunx
PO MH3QOWOM

OnXrorunI
PT +3Q0O0M

OnNX>»or>unx

PT +3Q0O0M

OnXrorunI
DPT +3Q0OW0M

OnXro>r»unx

PT +3Q0OW0M

OnNX>»orunx
PO MH3QOWOM

(324) HRVVNEYCTLEASAQSEAEKERNVGKMEAD -PEBSKFEYQEHE TEKEDL IREE-————————- RS
(352) NRSTHFWG I REAKST-ENE I PNL I EKMVAKG--BNDLVEQYKFRETTHSKR -~ — - - === ———
(331) NROMIEYCTMEAQSQSESDRAKLRDRMKSD-AABAKIERQEDTGKQEAQEA-————————————-
(329) NRQWMVENCTMEASAQTDSERQREREKMRGN - SABAKIERQEDTGKSEDQEE-———--——--—~--—
(337) NRLKVWWETREARAEDQEERNRNEEEMRGLGPEETANVEQEHATRATAKEREENLQKS INEEARR
(362) NRWTHVSEIMEKRBATDEERLGVEEQIRAA--GRSWIBEAERPGAIT IPDDGLN

(321) NRLMBEYCTLERQAN-EKERLQNEDDMRSR - PEEHPIEAL EQETDEGSVVQVE

(378) RRERVRQSRMDTDLETMDLDQ-GBEALAPRQVEDEEDEVETQGSHF
(400) -—-—-- ELDSGDDQPQSSEAKRTKFSNPA I PPV I DIBEK I KEDESEKIMTV TKVSEREGSEKRVKPQ

(381) -RDYANGGGADGSDTKTSLRS-RET ILGNRTVIEEEDEEAETOCSHENANKREQEPDESERKORKE
(379) -GEARGSKRGKGDAEDGGAAA-ABQVAGVRQLEEEEEMAETQGSHMANKRCQLPDESYRKQRKE
(402) LKDETGGDGGRGRRDVADRDSESEWVKGORQMEDEESEAEDQEGL EMANKKEDERPESYRSHGKE
(416) NNNVVEKAEPAPVSE I PLSKTLTSHK I VPKHQVDIEENYVETEGSREMSNKAVKEBEGSERR TCKG
(374) KRDAEKSKK--AATAANEAIS-ABOWQAGRKMEDENDETESQESHENSNKREEEPDGESYRROKKS

DEXHc

S

(442) VEEVAVPALKRKPECSEEQULPVEKEPKYAQAGEEG- - FKTENRIQSKEYRAALETDENL LLCAR
(460) NDEIHIPAPS--KPVI1DYEEKENTSERDCQEARPSSETTSENPIQSKVFHAAFEGDSNMEICAR
(444) VEEVAVPALKRRPEDEDEELI ANEKLPKYVQRVESE- - FKTLNRIQSREYK SALESDENL LECAR
(442) VEEVHVPALKEVBEDANEEEQPVOKERKY\QRVEES- - FRTENRIQSREYARLDSDENVELCAR
(467) NDEVHVRWVS-KKVDRNEKEVKETENRDNAQRARKE - -QQENRVOSKVYDTALFKAEN I EECAR
(481) NEEIHVPAPNKAVLGADEREVKEKEERENSHQARLN- - TQSENRIQSHIEYP | AFGTDEN I EECAR
(436) VEEIHVPALKRRPEAEGEKEVSVSELPKWAQPARDE - - YKSENRIQSRECDSALRSKEHLLLCAR

(505) TGAGKTNVALNCHIERENGKHIN-VDET 1NVODEKN | YNARNRSLVQENVESECKRIEAT YGITVAE
(523) [ESEKINIABETVEKAL SHHYNPKTKKLNLSAEKIVYNARLKARVOQEQUREEQRRIEAF L GIKVAE
(507) TGAGKTNVALLTNWREIGKHIN

(5059 TGAGKTNVALLTHNREIGKHIN-EDGT I NACDFKN 1 YVAPKSLVQENVGNFGRRIACKNLTVSE
(529) SAGKTNVAMETIEQQLEVNRN-TDENYNHCDYKINVNVARNKALYAEVVEN. SNREDRGV |VRE
(544) [GAGKTNVAVIECENEL ORHLR -EDL SFNLONEKIVNARLKALVQENYNNESKRET PYNIRVAE
(499) TGAGKTNVALLTHLQEIGNHLA-EDESVKLDEFKIVYNAPNKSLVQENVESESKRLAPFGITVGE

(569) LTGDHQLCKEE ISATQIIVCTPEKWDI ITRKGGERTYTQLVRLI ILDEIHLLHDDRGPVLEALVA
(588) EMGDSRESRKQIDETQVLYSTPERWDNTIRNSNNLAIVELVREL IDENHELHDDRGRVLESIVA
(571) LTGDHQLSREQIAATQVIVCTPEKWDI I TRKGGEKTYTQFVRLY I IDEIHLLHDERGPVLEALVA
(569) LTGDHQLTREQIAATQVIVCTPEKWDI I TRKGGERTFVSLVRLY I IDEIHLLHDERGPVLEALVA
(593) LSBDQSLTGRENEETQ |V TTPEKWDIITRKSGDRTY TQLVRLL IIDEIHLLHDNRGPVLESIVA
(608) LTGDSQLTKQQISETQ IV TTPEKWDIITRKANDL SYVNLVRLVIIDEVHLLHDERGPVLESIVA
(563) MITGDAQUSKEQFYATQVIVCTPEKYDVVIRKGEERAYNQ!VRLL IIDEIHLLHDDRGPVLESIVY

HELICc

(634) RAIRNIEMTQEDVRL I GLSATLPNYEDVATELRVDRAKGLEYFDNSFRPVPLEQTYVEITEKKAI
(653) RIEFWASKYGREYPRI IGESATEPNYEDVGREERYPKEG-EEYEDSSFRPCPESRQFCEBIKERNSHE
(636) RTIRNIETTQEDVRLVGLSATLPNYQDVSTFLRVRPETGLFYFDNSYRPVALEQQY IGVTEKKAL
(634) RTIRNIETTQEEVRLVGLSATLPNYQDVATFLRVKPDKGLFYFDNSYRPVSLEQQY IGVTEKKAL
(658) RTLRQUNETEKEN IREVEESATERNY EDVAL FERVDL KKGERKEDRSYRPVREHQOYICHSVKKPE
(673) RIFRHOEENLEQVREVGESATERNY T DVASEEHVORKKGERYEDSTYRPCREKQEFIGITEK TPF
(628) RTIRQMEQNHDECRLVGLSATLPNYQDVATFLRVKREH -LHFFEDNSYRPVPLEQQYIGVITEKKAL

(699) KRFQIMNEIVYEKIMEHAGK-NQVLVFVHSRKETGKTARAIRDNCLEKDTLGLFLREGSASTEVL
(717) KKLKANNDACNEKVLES INEGNQI I VEVHSRKETSRIATWLKNKFAEEN I THKL TKNDAGSKQIE
(701) KREQVMND IVYEKVMEHAGR-NQVLVEVHSRKETGKTARAIRDVCLEKDTLG TELRDGSASVMEVL
(699) KREQVMNE IVYEK TMEHAGR-NQVLVEVHSRKETGKTARAVRDVCLEQDTLGSFLKEGSASMEVL
(723) QREQLWMNDL CHORVLAGAGK -HQVE I EVHSRKET SKTARAIRD T AVANDIESREEKEDSV TROVE
(738) KRMQT TNEACKEKVIQHACK - NOVE | EVHSRKETAKTAR - IRDKABEEET 1 GHL ERSDAASREIE
(692) KREQAMNEVVYDK I MEHAGK - SQVLVEVHSRKETAKTAKAIRDACLEKDTLSARMREGSASTE 1L
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H.s. (763) RTEAEQCKNLELKDLLPYGFAIHHAGMTRVDRTLVEDLFADKHIQULVSTATLAWGVNLPAHTVI
S.c. (782) KEEAANWLDPSERKEIESE |G THHAGLIRSDRSESEDEFADGL LOVEVCTATLANGYNERAHTVA
Alg. (765) RSEAEQUKNQELKDLLPYGFAIHHAGMTRVDRTLVEDLFADRHIQVLVSTATLAWGVNLPAHTVI
D.m.  (763) RTEAEQVKNTELKELLPYGFAIHHAGMTRVDRTLVEDLFADRHIQULVSTATLAWGVNLPAHTVI
A-t. (787) HSHEDIVKNSDLKDILPYGFARHHAGLSRGDRE I VETLFSQGHVQVLVSTATLAWGVNLPAHTVE
S.p. (802) RAEADSTSDENEKDEERYGFANHHAGNRREDRCT SEDLFADGT IQVEVSTATLANGYNERPAHTVA
C.e. (756) RTEAEQAKNLDLKDLLPYGFAIHHAGMNRVDRTLVEDLFADRHIQULFSTATLANGVNLPAHTVI
H.s. (828) IKGTQVYSPEKGRWTELGALDILQMLGRAGRPQYDTKGEGILI
S.c. (847 NKGIOVNSPEKGSHEQESPODVEQNIEGRACRRRYDTFGEGH !N
Alg.  (830) IKGTQVYNPEKGRIWVELGALDVLQULGRAGRPQYDTKGEGILI
D.m. (828) IKGTQVYNPEKGRHVELSALDVLQMLGRAGRPQYDTKGEGILI
A-t. (852) KGTQUYNPEKGANVELSPLDVNQULGRAGRPQYDQHGEGH I
S.p. (867 IKGTQVYSPEKG I[{TELSPQDVEQNLGRAGRPQFDTYGEGH I
C.e. (821) IKGTQIYNPEKGRHTELGALD | NQVLGRAGRPQYDDRGEGILE

OUSECEINN (EID (BE  (WSEeIND |

Figure 4.1. Alignment of the N-terminal region of putative hBrr2 orthologues from
Homo sapiens (H.s., gi|45861372), Saccharomyces cerevisiae (S.c., gi|6321020),
Anopheles gambiae (A.g., gi|31242349), Drosophila melanogaster (D.m., gi|28574898),
Arabidopsis thaliana (A.t.,, gi|15218086), Schizosaccharomyces pombe (S.p.,
gi|19114258), Caenorhabditis elegans (C.c., gi|17537127). NLS, putative nuclear
localization sequence. Identical and similar residues are indicated through dark grey or
light grey boxes, respectively. The schematic drawing below depicts the domain
structure of the protein: DEXHc, DEXH-box helicases; HELICc, helicase superfamily
C-terminal domain; SEC63 domain of unknown function found in SEC63p. The domain
structure was predicted from NCBI's Conserved Domain Database and Search Service,
v2.02.

Because of inconsistencies between the various sequences deposited for the
60K protein in published GenBank databases (accession no. gi|2653735,
Lauber et al., 1997; accession no. gi|2708304, Horowitz et al., 1997; accession
no. gi|2853286, Wang et al., 1997), the cDNA was cloned again by PCR from
the same cDNA library used for protein 200K. This new sequence has been
deposited with GenBank (accession no. gi|45861373). Figure 4.2 shows the
alignment of the new cloned sequence with Horowitz’s human sequence
(gi|2708304) and several homologue sequences from other organisms. Two
human 60K sequences are nearly identical. Protein 60K contains two highly
conserved domains, the SFM domain in the N-terminal region and the WD40
domain in the C-terminal region. However, yeast homologue proteins lack the

SFM near the N-terminus.
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Figure 4.2. Alignment of putative 60K orthologues from Homo sapiens (H.s.(1), gi|
45861373; H.s.(2), gi|2708304), Pongo pygmaeus (P.p., gi| 56403896), Saccharomyces
cerevisiae (S.c., gi|6325435), Schizosaccharomyces pombe (S.p., gi|19113878),
Caenorhabditis elegans (C.e., gi|17505895), Drosophila melanogaster (D.m., gi|
21355245), Arabidopsis thaliana (A.t., gi|30794128). The variations in the two
positions between the two human sequences are shown in red. The N-terminal SFM
domain and the seven C-terminal WD40 repeats are indicated above the sequences.
SFM, Splicing Factor Motif, present also in Prp18p. The residues shown in yellow and
marked with an asterisk (*) above the residues were replaced in the mutant 60K clone.
This clone was used for the subsequent binding study, as described below. Identical and
similar residues are indicated by dark and light grey boxes, respectively.

The cloning of cDNA for the 220K protein is described in Materials and Methods.
The entire sequence encoding the protein is nearly identical to the sequence
published in the GenBank database (gi|3661609; Luo et al., 1999), and the

sequence is given in the Appendix.
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4.2 Protein-protein interactions within U4/U6-snRNP particle

4.2.1 The interactions of proteins in the 20K-60K-90K RNA-free
heterotrimer

Five U4/U6-specific proteins remain associated with the U4/U6 snRNA duplex
under high-salt conditions, when the tri-snRNP dissociates into the U4/U6 and
U5 snRNPs. These proteins are 90K, 61K, 60K, 20K and 15.5K. The stable
binding defines them as U4/U6-specific proteins (reviewed by Will and
Ldhrmann, 2001). Of these, 20K, 60K and 90K form a stable RNA-free
heterotrimeric complex (Horowitz et al., 1997; Teigelkamp et al., 1998). The
latter two proteins are also referred to as hPrp4 and hPrp3, since they are the
orthologues of the S. cerevisiae Prp4 and Prp3 splicing factors, respectively. To
investigate the binding interactions among these five proteins, each was
subcloned into the pGADT7 and pGBKT7 vectors to generate bait and prey
fusions respectively, and these plasmids were co-transformed into yeast and
tested for interaction as described in Materials and Methods. Consistently with
the previous co-immunoprecipitation results (Teigelkamp et al., 1998), the
interaction between the 20K and 60K proteins was confirmed during Y2H
analysis with each protein serving in turn as bait or prey (figure 4.3).
Remarkably, this interaction remained the only one that could be detected
among the five U4/U6 proteins by the two-hybrid method (figure 4.3).

\ pPGADT7-15.5K
pGADT7-20K
PGADT7-60K
PGADT7-61K
pGADT7-90K

» bGADT7

PGBKT7-15.5K /4

PGBKT7-20K
PGBKT7-60K I
PGBKT7-61K

pGBKT7-90K

pGBKT7



4 RESULTS 69

Figure 4.3. Y2H interactions between proteins 20K and 60K. Binding was selected on
the minimal synthetic dropout medium lacking leucine, tryptophan, histidine, and
adenine (hereafter termed SD/-Leu-Trp-His-Ade) at 30°C for 3-5 days. Gal4 DNA-
binding domain fusion protein 20K (pGBKT7-20K) interacts with Gal4 activation
domain fusion protein 60K (pGADT7-60K). The same result was observed in the
reciprocal combination (i.e. pPGADT7-20K/pGBKT7-60K). The empty vector pGADT7
or pGBKT?7 served as a negative control.

Using in vitro binding assays, one could observe the interaction between 60K
and 90K, in addition to the interaction between 20K and 60K (figure 4.4). In one
experiment, all proteins were produced and labelled with [*°S]-methionine by in
vitro translation as described in the Materials and Methods. As shown in figure
4.4A, [*°S]-labelled HA-tagged 20K (lane 5) and 90K protein (lane 7) can be
co-precipitated with c-Myc-tagged 60K using anti-c-Myc antibody. However, the
binding efficiency of 90K is much lower than that of 20K (compare lanes 5 and
7). The same results were obtained when these two proteins were added
together in one reaction (lane 8). The binding of 60K to 90K was also observed
when 90K was expressed as a recombinant His-tagged protein and 60K was
translated in vitro as an HA-tagged protein. Figure 4.4B shows that His-tagged
90K protein specifically co-precipitated HA-60K protein that had been prepared
by translation in vitro, and the level of HA-60K was significantly above the
background level obtained in the absence of His-tagged 90K protein. Several
conclusions can be drawn from above studies. First, proteins 60K and 90K are
indeed associated in vitro, although this association was not observed in the
Y2H system. This is in agreement with the recent result of another group, who
observed binding between 60K and 90K by using co-immunoprecipitation and
isothermal titration calorimetry (Gonzalez-Santos et al., 2002). Second, in the
20K+60K+90K complex, each interaction occurs independently (see figure 4.4A:
lane 5 and 7). Third, in the complex, one interaction does not affect the other,
implying that the proteins 20K and 90K bind to distinct domains of 60K (see
figure 4.4A: lane 8). The observed Y2H interactions between 60K and 20K
(above) and between 90K and tri-snRNP-110K, U6-p110, SPF30/SMNrp
(figures 4.12, 4.17, 4.19) indicate that 60K and 90K are both properly expressed
in the yeast cell. The failure of 60K and 90K to show an interaction in the Y2H

system must therefore be attributed to another cause (see Discussion).
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Figure 4.4. In vitro interactions between proteins 20K, 60K and 90K. (A) [*°S]-labelled
fusion proteins HA-20K, c-Myc-60K and HA-90K were produced in vitro respectively
and the protein positions on the SDS-PAGE are shown on the right of the panel. c-Myc-
60K was incubated with HA-20K or/and 90K (lane 5, 7, 8), respectively, in 250 pl
buffer (20 mM Tris-HCI pH 8.0, 150 mM NaCl, 0.05% NP-40) and precipitated by c-
Myc Ab which immobilised to protein-A Sepharose. HA-20K (lane 4) or HA-90K (lane
6) alone was incubated with c-Myc Ab immobilised beads in the negative control
reaction. 10% of each translates was loaded on gel as input (lane 1, 2, 3). Molecular
marker is indicated on the left of panel. (B) In vitro interactions between 60K and 90K
proteins. Purified recombinant His-tagged 90K was first incubated with in vitro
translated [>°S]-labelled HA-tagged 60K protein and then with anti-pentahistidine
antibodies and protein G-Sepharose to precipitate His-tagged 90K. The precipitated
proteins were fractionated by SDS-PAGE and visualized by autoradiography. Mock
precipitations without His-tagged 90K were included as a negative control. The input
lane represents 10% of the 60K amount added to the reaction.
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In the complex of 20K*60K-90K, it has been shown that human 20K protein
binds to the SFM domain in the N-terminus of 60K (Horowitz et al., 2002; Reidt
et al., 2003). In yeast, the C-terminal WD40 domain of Prp4p, which is
conserved in the human homologue 60K protein, is required for the binding of
protein Prp3p (Ayadi et al., 1998). One may ask whether the same WD40
domain in human 60K protein is also involved in the 90K binding. To obtain
more information on the 90K binding sites, one 60K mutant clone, obtained
during the cloning of wild-type 60K, was used for the binding assays. This clone
contains six point mutations: L185S, D350E, G404D, A446P, C509Y, and
A520L, which are indicated as asterisks (*) above the residues in the figure 4.2.
The position of L185S is near to the upstream of the WD40 domain; the
mutation D350E, G404D, A446P, C509Y is located in the third, fifth, sixth, and
seventh WDA40 repeats respectively; A520L is in the position of the second-last
amino acid at the 3’ end. Of these mutations, the residues L185, D350, G404,
A446 are highly conserved among the putative 60K orthologues (see figure
4.2). The experimental data show that the mutant 60K, like its wild type,
efficiently binds to 20K in the Y2H system (data not shown) and in the co-
immunoprecipitation assay as well (figure 4.5, left panel). However, it failed to
bind 90K protein in both systems (figure 4.5 and Y2H data not shown). As
positive control, the wild-type 60K protein could specifically bind 90K as shown
in the figure 4.5 (left panel). Again, this could be shown by another assay,
where only wild-type 60K, but not mutant clone, was co-precipitated by
recombinant His-tagged 90K protein (right panel of the figure 4.5). Taken
together, these point mutants in the gene of 60K completely disrupt the
interaction with 90K, while the interaction between 20K and 60K remains
unaffected. Considering that most of these mutations are located in the WD40
domain and the rest close to this domain, one may propose that the WD40

domain is indeed responsible for the binding of 90K protein.
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Figure 4.5. Mutational analysis of the in vitro interaction between proteins 20K, 60K
and 90K. Left panel: [*°S]-labelled fusion proteins HA-20K, HA-90K and c-Myc-60K
(wild-type and mutant clones) were produced in vitro respectively as mentioned in the
Materials and Methods and the protein positions on the SDS-PAGE are shown on the
left of the panel. c-Myc-60K wild-type or mutant fusion protein was incubated with
HA-20K or 90K in 400 pl buffer (20 mM Tris-HCI pH 7.4, 150 mM NaCl, 0.05% NP-
40) and precipitated by c-Myc Ab which immobilised to protein-G Sepharose. HA-20K
or HA-90K alone was incubated with c-Myc Ab immobilised beads in the negative
control reaction. 5% of each translates was loaded on gel as input. The precipitated
proteins were fractionated by 12% SDS-PAGE and visualized by autoradiography.
Right panel: Purified recombinant His-tagged 90K was first incubated with in vitro
translated [*°S]-labelled HA-tagged 60K wild-type and mutant fusion proteins
respectively and then with anti-pentahistidine antibodies and protein G-Sepharose to
precipitate His-tagged 90K in 400 pul buffer (20 mM Tris-HCI pH 7.4, 150 mM NacCl,
0.05% NP-40). The precipitated proteins were fractionated by 12% SDS-PAGE and
visualized by autoradiography. Mock precipitations without His-tagged 90K were

included as a negative control. The input lane represents 5% of the 60K amount added
to the reaction.

4.3 Protein-protein interactions within the U5-snRNP particle

4.3.1 Interactions between U5 snRNP proteins in the RNA-free
220K-200K-116K-40K heterotetramer

The U5-specific proteins 220K, 200K, 116K and 40K, form an RNA-free protein

complex which remains stable even in 0.2 M NaSCN. Dissociation studies

identified the U5-220K as the hub of this complex (Achsel et al., 1998). Y2H

was applied to analyse the interactions between these proteins in more detail.
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The use of full-length coding sequences of 220K, 200K, 116K and 40K in bait or
prey constructs did not result in the appearance of any clear protein-protein
interactions (figure 4.6B). Occasionally, two-hybrid interaction between two full-
length proteins (especially for the large proteins) is just undetectable. Similar
behaviour has been observed by others in the case of yeast Prp8p (van Nues
and Beggs, 2001); full-length Prp8p as bait did not produce such obviously
specific interactions as its fragments did. In a more detailed investigation, each
of these proteins was truncated for bait and prey construction (figure 4.6A). For
proteins 200K and 116K, the truncated proteins corresponded to recognisable,
known protein domains. Thus, 200K was divided into five overlapping
fragments on the basis of the structural domains deducible from the amino-acid
sequence: fragments 2 and 4 cover the two helicase domains, while fragments
3 and 5 harbour the two SEC63 domains (see figures 4.1, 4.6A). Likewise,
protein 116K was divided up by following the boundaries of the conserved
GTPase structural features known from EF-2. The first fragment contains the
GTP-binding domain of EF-2, while fragments 2 and 3 cover domain Il and
domains IV+V in the EF-2 nomenclature (figure 4.6A). In contrast to these two
proteins, the sequence of 220K, although highly conserved in all eukaryotes,
does not offer any clues as to the structural organization of the protein. 220K
was therefore divided into six arbitrary fragments of roughly equal size (315-477

amino acids; figure 4.6 A).

Bait and prey constructs with full-length and truncated proteins were again
tested in the Y2H assay. Binding between the three proteins 220K, 200K, 116K
became clearly visible (figure 4.6B). The domain contacts deduced are shown
schematically in figure 4.6C. The N-terminal fragment 220-1 (aa 1-387) and the
C-terminal fragment 220-6 (aa 1986-2335) of 220K interact with each other, as
well as with fragment 200-4 of 200K (aa 1301-1816). This fragment contains the
C-terminal helicase domain of 200K and in turn interacts with the central and C-
terminal fragments of the 116K protein (116-2: aa 279-692 and 116-3: aa 603-
972). The central fragment of 116K (116-2) interacts with both terminal
fragments of 220K (220-1 and 220-6), while the C terminal fragment (116-3) of
116K interacts with the C-terminal fragment of 220K (220-6), thus closing the

circle of these three proteins. All fragments that interact with fragments of 116K
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also interact with full-length 116K, indicating that protein 116K is properly
expressed and correctly folded in yeast. It thus appears that contacts between
specific conserved functional domains of the three large proteins make a major

contribution to the creation of the heterotetrameric complex.
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Figure 4.6. (A) Schematic representation of the 220K, 200K and 116K proteins and
their fragments used in the yeast two-hybrid assays. DEXHc, DEXH-box helicases;
HELICc, helicase superfamily C-terminal domain; SEC63, domain of unknown
function in Sec63p and other proteins; EF-2 G, eukaryotic elongation factor 2 GTP-
binding domain; EF-2_II (IV, V), eukaryotic elongation factor 2 domains II, IV and V.
(B) Y2H interaction between the three large U5-specific proteins 220K, 200K and 116K.
All the three proteins and truncated fragments were cloned in the both pGADT7 and
pGBKT7 respectively, and then were co-transformed into AH109 cells in all
combinations. The positive results were observed on the selective medium SD/-Leu-
Trp-His-Ade at 30°C for 3-7 days. (C) Schematic presentation of the domain
interactions between protein 220K, 200K and 116K found in Y2H system (B).
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Binding partners of protein 40K could not be identified with any full-length or
truncated proteins by Y2H analysis (data not shown). In a previous paper
Achsel et al. have described binding interactions of protein 220K with protein
40K and 116K using far-western blot analysis (Achsel et al., 1998). In this study,
the interaction was confirmed by the fact that [*°S]-labelled c-Myc-tagged
protein 40K co-immunoprecipitated with [*°S]-labelled HA-tagged 220K, using
protein A—Sepharose and anti-HA antibodies (figure 4.7).

Figure 4.7. In vitro interactions between 40K
and 220K proteins. In vitro translated [*°S]-
labelled HA-tagged 220K protein was
incubated with c-Myc-tagged 40K protein,
and then precipitated with anti-HA
antibodies and protein A—Sepharose. The
precipitated proteins were fractionated by

Myc-40+HA-220

Myc-40
Myc-40

R 220
1
T
N
R

= == 40K SDS-PAGE and visualized by

autoradiography. Mock precipitation without

HA-tagged 220K was included as a negative

Input  IP with control. The input lane represents 20% of the
20%  a-HA proteins amount added to the reaction.

4.3.1.1 Overexpression of the protein fragments from 220K and 200K

In order to obtain recombinant proteins for biochemical study, all 220K and
200K fragments used in the Y2H were subcloned into the pET28a-c expression
vectors. The plasmids were introduced into BL21(DE3) and the cell cultures
were induced in 1 mM IPTG at 37°C for 3 hours. Most proteins were found to be
expressed but insoluble. As an example, figure 4.8 shows the fractions of some
fragments of 220K protein eluted under denaturing conditions with urea.
Compared with fragments 220-1 and 220-4, the yields of 220-5 and 220-6 are
much higher. The denatured protein 220-5 was used to produce antibodies in
rabbits. The resulted anti-200-5 antibodies were found to be very specific and

exhibited no cross reactions (data not shown).
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Figure 4.8. Expression of protein 220K fragments in E. coli. Five different inclusion
body fractions of each protein were run on a 13% SDS-PAGE gel and stained with
Coomassie blue.

4.3.2 Multiple interactions of 102K with other U5 snRNP proteins within
the tri-snRNP particle

Previous studies had indicated that 102K is stably associated with U5 snRNP
via protein-protein interactions (Makarov et al., 2000). However, little is known
about its interacting partner. By the yeast two-hybrid method, protein 102K was
tested against the full-length U5 snRNP proteins including 15K, 40K, 100K,
102K, 116K, 200K, and 220K, and subsequently the fragments from the latter
three proteins, which are described in section 4.3.1. Figure 4.9A shows the
outcome when protein 102K was used as a bait fusion. Multiple interactions
were identified. First, protein 102K interacts with the full-length proteins 15K,
116K, and 102K itself. In the next experiment, protein 102K was demonstrated
to interact with distinct domains of each of the three large proteins, which
include 116K fragments 2 and 3, 200K fragments 2 and 4, and 220K fragments
1 and 6. The interaction between 102K and 15K were able to be observed in the
reverse combinations, where 102K was constructed as a prey fusion (data not

shown).

To confirm the results of Y2H analysis, an in vitro GST pull-down assay was
performed. Proteins 15K and 102K, protein 116K and its mutants, protein 200K

fragments 2 and 4, protein 220K fragments 1 and 6 — all produced by in vitro
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translation — were incubated with immobilized GST-102K or GST. GST-102K
(lane 3), but not GST (lane 2), significantly binds [**S]-labelled c-Myc-102K,
c-Myc-200-4 (aa 1301-1816), and c-Myc-220-1 (aa 1-387), but not protein
116K or its mutants, or fragments 200-2 and 220-6 (lower panel of figure 4.9B
and data not shown). Protein 102K and 200-4 show higher binding efficiency
than 220-1 does. Fragments 116-2 and 200-2 (the degraded band) display
signals only slightly above background. The Coomassie blue staining gel shows
that nearly equal amounts of recombinant proteins in each reaction were eluted
from glutathione-Sepharose beads (figure 4.9B, upper panel). The fact that
GST-102K fails to interact with the 15K protein can be attributed to the N-
terminal GST tag possibly blocking the binding site for 15K. Therefore, to
confirm the interaction between 102K and 15K proteins, a co-
immunoprecipitation experiment with His-tagged 15K was performed. Figure
4.9C shows that [*°S]-labelled c-Myc-102K is now specifically precipitated with
His-tagged 15K. The expression and purification of His-tagged 15K protein was
described previously (Reuter and Ficner, 1999). In summary, the binding assay
in vitro independently confirmed the interactions of protein 102K with proteins
15K, 102K, 220-1, and 200-4. However, there are no significant in vitro
interactions of protein 102K with protein 116K or fragments 200-2 and 220-6.

A

100K
102K
116K
200K
220K
116-1
116-2
116-3
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Figure 4.9. Interactions of protein 102K with other US5-specific proteins. (A) Y2H
interaction assay of 102K. Protein 102K was cloned into pGBKT7 vector as a bait
fusion, while the testing partners of US-specific proteins as indicated in the figure were
cloned into pGADT?7 as prey fusions. The positive results were selected on the SD/-
Leu-Trp-His-Ade medium at 30°C for 6 days. (B) In vitro interactions of GST-102K. 10
ul of [*>S]-labelled samples of interest were incubated with GST, or GST-102K
immobilized on glutathione-Sepharose beads. Bound proteins were eluted in SDS
sample buffer and analyzed with SDS-PAGE. The input lane (lane 1) contains 10% of
the total amount of in vitro translated protein added to each reaction. The gel was first
subjected to Coomassie blue staining to show that equivalent amount of expressed
proteins were eluted from beads (upper panel). Subsequently, the gel was dried and
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exposed to X-ray film (lower panel). Arrowheads indicate the position of GST or GST-
102K protein. Asterisks (*) indicate the degraded form of the translated proteins. The
protein size markers are shown on the right of the panel. (C) The interaction of His-15K
with 102K protein prepared by translation in vitro. Purified His-tagged 15K protein was
first incubated with anti-pentahistidine antibodies and protein A-Sepharose, and
subsequently with [*°S]-labelled c-Myc-102K protein prepared in vitro (lane 3). Bound
proteins were again visualized by autoradiography following SDS-PAGE. A mock
precipitation without His-tagged 15K is included as a negative control (lane 2). The
input lane represents 20% of the c-Myc-102K products added to the reaction (lane 1).

4.4 Protein-protein interactions between U4/U6 and U5 snRNP

particles

4.4.1 U5-102K binds specifically to U4/U6-61K in the Y2H system
and in vitro

While some information has been accumulated on protein-protein and protein-
RNA interactions within the individual U4/U6 or U5 snRNP, little is known about
the interactions that connect the U4/U6 and U5 snRNPs. Several lines of
evidence have suggested that protein-protein interaction may contribute to the
formation of the tri-snRNP. Therefore, the interactions between the U4/U6 and
U5 snRNP particles were tested in the yeast two-hybrid system. Figure 4.10A
shows the results from the combinations of all the prey fusions of the U4/U6-
specific proteins with bait fusions of the U5-specific proteins. The protein
fragments from the three large proteins 116K, 200K and 220K were included in
the experiment. Surprisingly, only one interaction — between pGADT7-61K and
pGBKT7-102K — was identified. The same results were obtained in the
reciprocal two-hybrid screen, where U4/U6-specific proteins were constructed
as bait fusions but U5-specific proteins as prey fusions (data not shown). The
interaction between the 61K and 102K proteins was independently confirmed
using a biochemical method (figure 4.10B). In the GST pull-down assay in vitro
translated, [*°S]-labelled 102K protein binds strongly to a purified recombinant
GST-tagged 61K fusion protein. The expression and purification of GST-61K
fusion protein was described previously (Makarova et al., 2002; Nottrott et al.,
2002). This interaction is specific, as only a low level of 102K protein was
precipitated with beads containing GST alone. In summary, these results

indicated that the binding between 102K and 61K is specific and stable which



4 RESULTS 81

may contribute to the formation of tri-snRNP from the U4/U6 and U5 snRNPs.
This result was published recently in the EMBO Journal (Makarova et al., 2002).
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Figure 4.10. Protein 102K interacts specifically with 61K. (A) Y2H interaction between
U4/U6 and U5 snRNP particles. All the U4/U6-specific proteins were cloned into
pGADT7 as prey fusions, while the U5-specific proteins were cloned into pGBKT?7 as
bait fusions. The positive colony in the combination of pGADT7-61K and pGBKT7-
102K was observed after growth on the selective medium of SD/-Leu-Trp-His-Ade at
30°C for 5 days. (B) In vitro interaction between protein 102K and 61K. [*°S]-labelled,
in vitro translated protein 102K was incubated with GST (lane 2) or GST-61K fusion
protein(lane 3) in the presence of glutathione—Sepharose. The precipitated proteins were
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fractionated by SDS-PAGE and visualized by fluorography. The input lane represents
5% of the 102K amount added to the reaction.

4.4.2 The U5-102K binds specifically to the C-terminal region of U4/U6-90K
in in vitro binding assay

As pointed out in section 4.2.1, an interaction between the U4/U6-specific
proteins 60K and 90K could not be detected using the two-hybrid-system, but
was clearly detectable in the in vitro binding assay. This suggested that other
interactions of both proteins may have eluded detection in the Y2H system.
The GST-102K fusion protein was therefore used in binding assays with 60K
and 90K prepared by translation in vitro, and with 61K as a positive control (its
interaction with 102K was described above; Makarova et al., 2002). While 90K
bound very strongly to GST-102K, 60K did not (figure 4.11A).

To delimit further the boundaries of the interacting domain in the 90K, the
protein was dissected into four fragments according to the design by Gonzalez-
Santos et al. (2002), with two additional fragments respectively comprising the
N- and C-terminal halves of the protein (see figure 4.21 for diagram). All six
fragments were subcloned in pGBKT7, and subsequently were used for yeast
two-hybrid testing with 102K, or used as templates to generate [*°S]-labelled
c-Myc-tagged proteins for GST pull-down experiments respectively (see section
3.2.3.2 for methods). The full-length 90K protein was tested as well.
Consistently, no binding was identified in the Y2H assay (figure 4.11B, upper
panel). In contrast, the in vitro binding assay shows that the C-terminal
fragments (C267, C381, and C489) strongly bind GST-102K, while the
N-terminal fragments do not result in signals above background (figure 4.11B,
lower panel). It therefore appears that a C-terminal region of the 90K,

comprising amino acids 417-683, suffices to establish binding to 102K.
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Figure 4.11. (A) In vitro interaction between proteins 102K and 90K. 10 pl of [*S]-
labelled samples of interest were incubated with GST, or GST-102K immobilized on
glutathione—Sepharose beads. Bound proteins were eluted in SDS sample buffer and
analyzed with SDS-PAGE and visualized by autoradiography. The input lane contains
10% of the total amount of in vitro translated protein added to each reaction. The
protein size markers are shown on the right of the panel. (B) Upper panel: Y2H analysis
to search for the 102K binding domain in 90K. pGADT7-102K was tested against six
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90K fragments constructed in pGBKT?7; the combination of pGADT7-T/pGBKT7-p53
served as a positive control. The positive interaction was observed by growing on the
selective medium of SD/-Leu-Trp-His at 30°C for 3 days. Lower panel: Co-
immunoprecipitation assay to search for the 102K binding domain in 90K. The same
procedure as described in the legend for (A) was used.

4.5 The interactions of the tri-shnRNP-specific protein 110K

Three proteins, the 110K, 65K and 27K proteins, show specific stable
association with the tri-snRNP (Makarova et al., 2001; Fetzer et al., 1997), but
less so or not at all with its separate shRNP components. | was interested in
identifying the binding partners of these three proteins. In Y2H experiments,
full-length 110K was found to bind to the U4/U6-specific protein 90K and also to
the full-length US-specific proteins 102K and 200K (figure 4.12A). In the case of
protein 200K, the interaction with 110K appears to depend on the C-terminal
fragments 200-4 (aa 1301-1816) and 200-5 (aa 1705-2136) (figure 4.12A).
Interactions were again confirmed by co-immunoprecipitations: in the presence
of His-tagged 110K recombinant protein, the anti-pep-110 antibody co-
precipitated [*°S]-labelled full-length c-Myc-90K, c-Myc-102K and c-Myc-200K
protein as well as the c-Myc-200-4 and HA-200-5 fragments of 200K (figure
4.12B). Yeast two-hybrid interactions involving the U4.U6/U5-27K or the 65K
protein could not be detected (data not shown). The expression and purification
of His-tagged 110K recombinant protein has been described by Makarova et al.
(2001).

The interacting domain of 90K was further investigated in the Y2H system. Like
its full-length 90K protein, the two larger C-terminal fragments (C381 and C489)
interact with 110K, while the three N-terminal fragments and the short C-
terminal fragment do not (figure 4.12C). In summary, for the binding of protein
110K, a larger C-terminal region of 90K, comprising amino acids 303—-683, is
required, comparing to the binding for protein 102K (see section 4.4.2) and

p110 (section 4.8), which need only amino acids 417-683.

The human 110K protein comprises 800 amino acids residues and contains an
RS domain in the N-terminal region of about 120 residues, which is absent in
the yeast homologue protein Snu66p. The remaining part of the 110K sequence

does not contain known motifs that would suggest additional potential functions
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of this protein (Makarova et al., 2001). To evaluate the domain function, the
full-length 110K was split into two segments, RS and ARS. RS contains the RS
domain (1-111 amino acids), while ARS contains the C-terminal region lacking
RS domain (112-800 amino acids). Two segments were subcloned into
pGBKT7 for testing interaction with known partners 90K, 102K and 200K C-
terminal fragments of 200-4 and 200-5 in Y2H system. The results clearly
showed that the RS domain of 110K is not required for the binding, while the C-
terminal region lacking RS domain is sufficient for the binding with protein 90K,
102K and 200K fragments (figure 4.12D). Consistently with this, yeast
homologue protein Snu66p, which lacks RS domain in nature, is able to bind to
the Brr2p (200K in human) and Prp6p (102K in human) (van Nues and Beggs,
2001). The potential role of the RS domain in the human 110K protein is

discussed in the Discussion.
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Figure 4.12. Analysis of the interactions of 110K protein. (A) Y2H investigation of the
interaction between 110K and U5- and U4/U6-specific proteins. Protein 110K was
cloned into pGBKT?7 as a bait fusion, while all the U4/U6- and U5-specific proteins
were cloned into pGADT?7 as prey fusions. The positive interaction was observed by
growing on the selective medium of SD/-Leu-Trp-His-Ade at 30°C for 3-6 days. (B)
Analysis of interactions between 110K protein and in vitro-prepared fusion proteins of
90K and 102K (left panel), and the full length 200K protein as well as fragments 200-4,
200-5 (right panel). Purified His-tagged 110K was incubated with anti-pep-110
antibodies bound to protein A—Sepharose and [**S]-labelled proteins produced by in
vitro translation. The precipitated proteins were fractionated by SDS-PAGE and
visualized by autoradiography. Mock precipitations without His-tagged 110K protein
were included as a negative control. (C) Y2H analysis to search for the 110K binding
domain in 90K. pGADT7-110K was tested against six 90K fragments constructed in
pGBKT7; the empty vector and the full-length 90K served as controls. The positive
interaction was observed by growing on the selective medium of SD/-Leu-Trp-His at
30°C for 3 days. (D) Analysis of protein 110K domain structure in the Y2H system.
Protein 110K mutants were constructed in pGBKT7 and were tested for interaction with
other proteins. The positive interaction was observed by growing on the selective
medium of SD/-Leu-Trp-His-Ade at 30°C for 3 days.

4.6 The interaction domains of U5-102K protein

The 102K protein comprises an N-terminal domain followed by 19 repeats of
TPR (tetratricopeptide) motif, as shown in Figure 4.13A (Makarov et al., 2000).
Comparison with other TPR proteins revealed that the motifs in the protein
102K belong to a TPR protein subfamily which appears restricted to RNA
processing proteins such as Prp39p, Prp42p, Rna14p, and CIf1p (Chung et al.,
1999; McLean and Rymond, 1998). The TPR repeats in this subfamily were
also called HAT (half a TPR) repeats (Preker and Keller, 1998) or cl-TPR
(crooked neck-like TPR) repeats (Chung et al., 1999). The N-terminal domain

(NTD) is rich in charged amino acids and conserved in the homologues of 102K
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protein. However, this region contains no known sequence motifs. To obtain a
more detailed view of which particular regions interact with the various proteins,
protein 102K was dissected into three fragments (see figure 4.13A). NTD
(amino acids 1 to 293) lacks the entire C-terminal TPR domain, while TPR_M
(amino acids 294 to 592) and TPR_C (amino acids 593 to 941) contain first 9
TPR repeats and second 10 TPR repeats respectively. All protein-protein
interactions of 102K, as identified by both Y2H and by in vitro GST pull-down
experiments (see figures 4.9, 4.10, 4.12), were further examined with the 102K
fragments used either as bait (figure 4.13B) or as prey (figure 4.13C). Figure
4.13D schematically summarises the interactions observed from figure 4.13B
and C. The N-terminal domain was found to bind to 15K protein, while the
central TPR_M fragment bound to 110K, the 200-4 fragment of 200K and the
220-1 fragment of 220K. The 61K protein interacts with both TPR_M and
TPR_C fragments. In summary, it appears that distinct regions of 102K are

dedicated to interactions with different proteins.

A
102K 1 | NTD | TPR1-9 | TPR10-19 |941
NTD 1 | NTD 1293
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Figure 4.13. Y2H analysis of 102K domains involved in the protein-protein interactions.
(A) Schematic representation of the protein fragments derived from full-length 102K
used in two-hybrid assays. (B) Yeast strain AH109 was transformed with pGBKT?7
carrying 102K fragments and pGADT?7 carrying protein 15K, 61K, 110K and fragments
200-4 from 200K and 220-1 from 220K. Empty vectors were included as a negative
control. Combinations labelled ND were not determined because of self-activation of
the bait. Grey squares represent interactions selected on SD/Leu-Trp-His-Ade, hatched
squares those selected on SD/Leu-Trp-His. White squares represent no interactions. (C)
Interactions of inversed bait-prey pairs. (D) Schematic drawing of the observed
bait—prey interactions involving 102K fragments.

4.7 Specific binding of the U5-52K protein to the U5 snRNP

102K and 15K proteins
The 52K protein is readily visible in immunoaffinity-purified 20-25S snRNPs

(Behrens and Luhrmann, 1991). The gene encoded for this protein was
subsequently cloned in the laboratory of Prof. Luhrmann. Database searches
revealed that the sequence of the 52K protein is identical to that of a previously
described protein, CD2BP2, which interacts with CD2, a surface marker of
T cells, which facilitates activation of T lymphocytes on binding to its ligand
CD58 (Laggerbauer et al., 2005; Nishizawa et al., 1998). The protein 52K

contains in the C-terminal region a GYF motif which has been shown to has the
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ability to bind a proline-rich tandem repeat in the cytoplasmic tail of CD2
(Freund et al., 2002; Freund et al., 1999), and all of the residues that play a
direct part in this binding (Tyr285, Trp287, Pro298, Phe299, Met304, Trp307,
Tyr312 and Phe313) are well conserved among the homologue proteins. In
S. cerevisiae the Snu40p/Lin1p can be clearly identified as the homologue of
52K, because it shares the other characteristic sequence motifs and also
associates with the yeast U5 snRNP (Stevens et al., 2001).

To investigate whether the 52K protein is associated with both 20S U5 snRNP
and 25S tri-snRNP, HelLa nuclear extract was loaded onto a glycerol gradient
and the distribution of the 52K protein was analysed by SDS-PAGE followed by
western blotting. For determination of the sedimentation coefficients, RNA was
isolated from aliquots of each fraction, separated by PAGE and visualised by
silver staining. The results showed that almost all of the 52K protein is present
in a 20S complex, presumably the U5 snRNP, and the 52K protein appears to
be excluded from the tri-snRNP. To test the latter conclusion, the 25S tri-snRNP
were purified from a mixture of spliceosomal snRNPs by immunoaffinity
chromatography and fractionated by glycerol gradient centrifugation; the protein
and RNA content of each fraction was analysed by PAGE. The 52K protein was
also absent in this snRNP particle. These results demonstrate clearly that the
52K protein is not a component of the 25S U4/U6.U5 tri-snRNP, and indicates
that it dissociates from the U5 snRNP during the formation of the tri-snRNP
particle (Laggerbauer et al., 2005).

Since the 52K protein is associated with the U5 snRNP in such a specific
manner, it is of particular interest to examine how the protein is integrated into
this particle. In this study, yeast two-hybrid analysis was first used to study the
interactions of the 52K protein with other proteins. As bait, | tested all the
U5 snRNP-specific proteins (proteins 15K, 40K, 100K, 102K, 116K, 200K and
220K), the tri-snRNP-specific proteins (27K, 65K and 110K), and the
U4/U6-snRNP-specific proteins (15.5K, 20K, 60K, 61K and 90K). Of all these
proteins, only the U5 snRNP proteins 15K and 102K were found to bind to the
52K protein (figure 4.14A, left column, and data not shown). In contrast, neither
of the tri-snRNP or U4/U6 snRNP proteins interacted with the 52K protein (data
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not shown). The 52K protein contains a known protein-protein interaction motif,
namely the GYF domain in the protein's C-terminal 86 residues (Freund et al.,
1999; Freund et al., 2002). Therefore, | next asked whether this C-terminal
fragment is necessary, or possibly even sufficient, for the interaction with
protein 15K or 102K. For this purpose, the full-length 52K was split into two
fragments: 52N (amino acids 1-255) lacks the GYF motif, while 52C (amino
acids 256-341) contains only this domain. As shown in figure 4.14A (right
column), protein 15K binds to 52C, but not with 52N. In contrast, protein 102K
binds to 52N, but not 52C. The negative controls with empty prey (pGADT7) or
bait (pGBKT7) vector showed no cell growth on the selective medium,
confirming that none of the constructs used here induced the reporter gene on

its own.

To confirm the interactions observed in the two-hybrid system, | performed pull-
down assays (see sections 3.2.3.2 and 3.2.3.4 for methods). As shown in
figure 4.14B, the GST-102K fusion protein, but not GST alone, efficiently
precipitated the radio-labelled 52K protein from reaction mixtures in which it had
been generated by translation in vitro. This assay also confirms that protein
102K interacts with the N-terminal two-thirds of the 52K protein, and not with the
GYF domain (figure 4.14B, lower panels). Similarly, | used the His-tagged 52K
protein to precipitate protein 15K prepared by translation in vitro. As expected, a
significant amount of protein 15K was precipitated in the presence of the His-
tagged 52K protein, but not on the beads alone (figure 4.14C, lanes 2 and 3).
As predicted form the two-hybrid results, the C-terminal GYF domain also
precipitates protein 15K, and the efficiency of this precipitation is even higher

than for the full-length protein (lane 4).

In conclusion, the data from both the yeast two-hybrid system and the binding
assays in vitro demonstrate clearly that the 52K protein associates with the
U5 snRNP particle by binding to proteins 102K and 15K. Interestingly, two
different domains of the 52K protein are involved in these interactions,

suggesting that they can occur simultaneously.
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Figure 4.14. Association of protein 52K with U5 snRNP through the US-specific
proteins 15K and 102K. (A) Two-hybrid analysis. Plasmid pairs were co-transformed
into yeast host AH109 as indicated in the figure, and the interactions of the full-length
(left panel) or truncated 52K protein (right panel) with 15K and 102K proteins were
detected by growth on selective medium SD/-Leu-Trp-His-Ade at 30 °C for three days.
The empty vector pGADT7 or pGBKT?7 served as a negative control. (B) GST pull-
down assay. In vitro [°S]-labelled, c-Myc-tagged 52K constructs were incubated with
102K protein fused to a GST tag and precipitated by glutathione-Sepharose. 10% of the
translation products were loaded as input. (C) His pull-down assay. In vitro
[*°S]-labelled HA-tagged 15K protein was incubated with His-tagged fusion protein
52K wild type or C-terminal fragment and precipitated with Talon beads. 10% of the
translation products were loaded as input.

4.7.1 Overexpression of U5-52K proteins and X-ray crystallography study
of 52K GYF domain in complex with U5-15K

As described in the Materials and Methods, protein 52K wild-type and two

deletion mutations (52N and 52C) were subcloned in pET28a expressing vector.

The plasmids were transformed into BL21(DE3) and the cell culture was
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induced in 1 mM IPTG at 37°C for 3 hours. The expressed proteins were bound
to Ni-NTA beads. After washing, the proteins were eluted in the elution buffer
(20 mM Tris-HCI pH 8.0, 100 mM NaCl, 100 mM Imidazole). Figure 4.15 shows
the first and second elution fractions of the proteins. Protein 52K wt (lane 1, 4)
and 52C fragment (lane 3, 6) express high amount of proteins and are soluble,

whereas the 52N does not (lane 2, 5).

66.3 kD —
55.4 kD = : . : " < His-tagged 52K wt

36.6 kD = [
31kD = |

21.5kD =

14.4kD = :
i % Q < His-tagged 52C

1 2 3 4 5 6

1st. Eluate 2nd. Eluate

Figure 4.15. Protein 52K wt and deletion mutants were expressed in E. coli. The soluble

fraction of each protein was run on a 15% SDS-PAGE gel and stained with Coomassie
blue.

A crystallography study of the 52K GYF domain in the complex with U5-15K in
the laboratory of Prof. R. Ficner (Nielsen et al., in preparation) shows that the
distinct residues of GYF domain are used for the binding of 15K comparing to
the binding of CD2 protein. In the functional complex the GYF-domain and the
U5-15K protein are bound mainly by polar interactions, including a salt bridge
between Glu111, OE1 (U5-15K) and GIn328, NE2 (U5-52K), hydrogen bonds
between side chains of Asp114, OD2, Glu117, OE2 and Ser132, OG (U5-15K)
and side chains of Tyr330, OH, Lys321, NZ and Arg334, NH2 (U5-52K) and
between main chains Ser132, O (U5-15K) and side chains Arg334, NE (U5-
52K). Finally there is a hydrogen bond between the side chain of Lys125, NZ
(U5-15K) and the C-terminal oxygen of Thr341 (U5-52K). CD1 and CD2 from



4 RESULTS 93

residue Leu339 (U5-52K) make hydrophobic contacts with Val130, CG2 and
Gly122, CA (U5-15K).

Figure 4.16. (A) Cartoon representation of the U5-15K:U5-52K complex. U5-15K is
shown on the left in the lighter colours. Cysteine 38 and cysteine 79 are shown in ball-
and-stick representation. The GYF domain of U5-52K is shown on the right in darker
blue and green. Gly311, Tyr312 are Phe312 displayed in ball-and-stick representation.
(B) A stereo picture of the polar interactions and the distances between the interacting
atoms. U5-15K is shown in orange and U5-52K in blue. The contacts between the two
molecules were determined with the program CONTACT from the CCP4 program
package. The interactions are found in all three molecules. The distances are from
molecules A+B, but the distances in C+D and E+F are almost the same. This figure is
provided by Tine Kragh Nielsen in the laboratory of Prof. R. Ficner (unpublished data).
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4.8 The interaction of the U4/U6-90K with U6-p110

The recycling factor p110 is associated with mammalian U6 and U4/U6 snRNPs,
but not with U4/U6.U5 tri-snRNP. Recombinant p110 binds in vitro specifically
to human U6 snRNA (Bell et al., 2002). To investigate the potential role of
U4/U6-specific proteins in this respect, yeast two-hybrid assay was performed to
detect the association between p110 and U4/U6 snRNP-specific 15.5K, 61K,
20K, 60K, and 90K proteins. Of these proteins, only the 90K protein showed an
interaction with the full-length p110 protein (figure 4.17, left panel). The specific
association of p110 and the U4/U6-90K protein was confirmed by a co-
immunoprecipitation assay (see section 3.2.3.5 for methods). After incubation
with recombinant His-tagged p110 protein, an in vitro-translated 90K protein
could be efficiently co-immunoprecipitated with anti-p110 antibodies (figure 4.17,
right panel). The recombinant N-terminal His-tagged p110 (amino acids 2 to 963)
which has been expressed and purified from baculovirus-transfected SF21 cells

was obtained from laboratory of Prof. A. Bindereif (Bell et al., 2002).

His-p110
- +

Input

— == <«— 90K

pGBKT7-15.5K
pGBKT7-20K
pGBKT7-60K
pGBKT7-61K
pGBKT7-90K

pGBKT7

Figure 4.17. Y2H assay of interactions between p110 and U4/U6-specific proteins (left
panel). p110 was constructed as a prey fusion, while U4/U6-specific proteins as bait
fusions. Protein-protein interactions were assayed by selection on SD/-Leu-Trp-His-Ade
medium at 30°C for 3 days. Analysis of the pl10-90K protein interaction by in vitro
binding assay (right panel). [>>S]-labelled c-Myc-tagged 90K was incubated with His-
pl10 protein, followed by precipitating with anti-p110 antibodies. Co-precipitated
proteins were fractionated by SDS-PAGE and visualized by autoradiography. The input
lane presents 10% of the 90K protein used in the reaction. The mobilities of the 90K
protein is marked on the right.

The domain structure of the human U6-p110 protein consists of a large N-
terminal region with at least seven tetratricopeptide repeat (TPR) motifs, two
RNA recognition motifs (RRMs) in the C-terminal half of U6-p110, and a stretch
of 10 highly conserved amino acids at the C terminus (Bell et al., 2002; Rader

and Guthrie, 2002). A splice variant of the human protein has been reported as



4 RESULTS 95

a full-length cDNA (AF 387506) (Liu et al., 2002) which arises through the
usage of a different 5' splice site in exon 7; this usage is expected to result in a
truncated protein carrying only three of the seven TPR motifs. The p110 domain
organization is conserved in many other eukaryotes, including Caenorhabditis
elegans, Arabidopsis thaliana, Schizosaccharomyces pombe, and Drosophila
melanogaster (Bell et al., 2002; Rader and Guthrie, 2002); of the orthologues,
only the well-known yeast Prp24 protein deviates from this domain organization,
in that it lacks the entire N-terminal half withthe TPR domain. Therefore, | was
particularly interested in the possible role of the conserved TPR domain in

U4/U6 snRNP formation and recycling.

To delineate the domain structure of p110, a series of p110 mutant derivatives
were constructed for yeast two-hybrid assay (figure 4.18A, upper panel). p110
AN (amino acids 537 to 963) lacks the entire N-terminal TPR domain but
contains the putative nuclear localization signal region, the two RRMs, and the
C-terminal 10 amino acids. p110 AC (amino acids 2 to 688) carries the entire
TPR domain, including the putative nuclear localization signal region, but not
the two RRMs and the C-terminal 10 amino acids. A natural splice variant, AF
387506 (see above), is truncated within the fourth TPR motif and contains
amino acids 2 to 350, followed by 14 additional amino acids,
RSTTESKGFGFICT. The p110-90K protein interaction depended on the 90K
protein component and was specific, since p110 AN gave a negative result; in
contrast, both p110AC and the natural splice variant AF 387506 gave a positive

result for the 90K protein interaction (figure 4.18A, lower panel).

Mutational analysis of the 90K protein showed in two-hybrid assays that the N-
terminal half of the 90K protein (N442, N309 and N194) did not interact with
p110. In contrast, C-terminal fragments of the 90K protein (C267, C381 and
C489) were positive for the p110 interaction. When the p110 mutant derivative
AC was used instead of full-length p110, identical results were obtained,
consistent with the TPR domain mediating the interaction between p110 and the
90K protein (figure 4.18B). In summary, the results showed that U6-p110
interacts through its TPR domain with a C-terminal region (amino acids 417 to
683) of the U4/U6-90K protein.
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Figure 4.18. U6-p110 interacts through its TPR domain with a C-terminal region (amino
acids 417 to 683) of the U4/U6 snRNP-specific 90K protein. (A) Upper panel: The p110
domain structure is schematically represented (RRMs, striped boxes; HAT or TPR
domain, white boxes; conserved C-terminal region, black boxes). Lower panel: Y2H
assay of interactions between pl10 mutant derivatives and the U4/U6-specific 90K
protein. Yeast strain AH109 was transformed with plasmid pGADT7-p110, pGADT7-
AN, pGADT7-AC, pGADT7-AF 387506 (AF) or pGADT7 (as a control) in
combination with plasmid pGBKT7-90K. Selection was done for 3 days at 30°C on
SD/-Leu-Trp-His-Ade medium. (B) Y2H assay of interactions between pl10 and
U4/U6-specific 90K protein mutant derivatives. In the yeast strain AH109, p110 and its
AC mutant were expressed as prey fusions, while 90K and its mutant derivatives were
expressed as bait fusions. Interactions were observed on SD/-Leu-Trp-His-Ade medium
at 30°C for 3 days.
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4.9 The N-terminal region of the U4/U6-90K is required for

binding of U2-associated protein SPF30/SMNrp
Recent studies suggested that SPF30/SMNrp is an essential protein-splicing

factor whose function is required for the recruitment of the tri-snRNP to the A
complex during spliceosome assembly (Meister et al., 2001; Rappsilber et al.,
2001). The data from an in vitro binding assay indicated that SPF30/SMNrp
interacts with the U4/U6.U5 tri-snRNP by a direct interaction with U4/U6-specific
protein 90K (Meister et al., 2001). Here the in vivo Y2H system was used to
investigate this interaction and the domain of 90K involved. For this purpose,
the cDNA of SPF30/SMNrp was first cloned from a human Marathon-Ready
cDNA library (Clontech) as described in Materials and Methods. The cloned full-
length cDNA sequence which composes of 717 nucleotides is identical to the
published data base from Neubauer et al. (1998, accession no. gi|3746841).
NCBI protein-protein blast could find the potential orthologues in the organisms
such as Pongo pygmaeus, Pan troglodytes, Xenopus tropicalis, Drosophila
melanogaster, Arabidopsis thaliana, Oryza sativa japonica, Gallus gallus,
Macaca fascicularis and Schizosaccharomyces pombe. However, no
homologue could be detected in Saccharomyces cerevisiae. SPF30, also
termed SMNrp, is the first and so far only reported homologue of SMN1, the
gene responsible for spinal muscular atrophy. Both proteins share a central
Tudor domain. Note that the Tudor domain is not conserved in the homologous
protein of Schizosaccharomyces pombe. For the Y2H assay, SPF30/SMNrp
was subcloned into yeast two-hybrid vectors as described in the Materials and
Methods, and was subsequently tested for interacting with U4/U6-90K and its
six truncated fragments which have been described above. SPF30/SMNrp
indeed interacts with 90K protein as a prey or bait fusion, and mutational
analysis showed that the N-terminus of 1-442 amino acids (N442) is responsible
for the binding (figure 4.19). The interactions are specific since the other five
truncated proteins did not display any signals. Interestingly, the Y2H signal of N-
terminus is much stronger than the one of the full-length protein. In conclusion,
the in vivo two-hybrid analysis successfully defines the SPF30/SMNrp binding
domain in 90K, and further confirms the interaction demonstrated previously by

the in vitro binding study (Meister et al., 2001).
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Figure 4.19. Y2H analysis of the interaction of U4/U6-90K with U2-SPF30/SMNrp.
90K wild-type (wt) and the truncated fragments as shown above the panel were
incorporated into pGADT7 or pGBKT7 and co-transformed in combination with
pGBKT7-SPF30/SMNrp or pGADT7-SPF30/SMNrp in turn. The positive colonies
were selected on the SD/-Leu-Trp-His-Ade medium at 30°C for 7 days.

4.10 Analysis of point mutations related to the retinitis

pigmentosa
Recent investigations first demonstrated that a number of mutations in the tri-
snRNP proteins are related to the autosomal dominant retinitis pigmentosa
(Vithana et al., 2001; McKie et al., 2001; Chakarova et al., 2002). The identified
genes and the related missense mutations were listed in the table 4.1.
However, molecular mechanism for retinitis pigmentosa caused by mutations in
these three tri-snRNP proteins is unclear at present. From the current
interacting data, it is reasonable to ask whether the mutations have an effect on

protein-protein interactions.

Table 4.1. Missense mutations related to retinitis pigmentosa

- Mi n L T
Protein Gene Ssense ocus Publication
mutation name
U4/U6-61K Vithana et al.,
(hPrp31p) PRPF31 A194E, A216P RP11 2001
U4/U6-90K PRPF3 Chakarova et al.,
(hPrp9p) (HPRP3) P493S, T494M RP18 2002
P2301T, F2304L,
U5-220K PRPF8 H2309P, H2309R, RP13 McKie et al.,
(hPrp8p) (PRPCS) R231|<zg;é 1R42L310K, 2001
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4.10.1 Analysis of U4/U6-61K mutations identified in retinitis pigmentosa

As described in section 4.4.1, protein 61K interacts specifically with protein
102K, and this interaction is critical for the formation of tri-snRNP (Makarova et
al., 2002; Schaffert et al., 2004). Y2H analysis was used to investigate whether
the mutations have an effect on such an interaction. Hence, the two mutant
plasmids, pGBKT7-61K-A194E and pGBKT7-61K-A216P, were constructed as
described in Materials and Methods. Subsequently they were co-transformed
individually with pGADT7-102K in the yeast strain AH109 and were examined
for the interaction. The results are shown in figure 4.20. While the clone bearing
A216P shows a similar result to the wild type (compare spots 2 and 4 in middle
and lower panels), the clone bearing A194E is hardly seen on the selective
medium lacking histidine and adenine after 2 days (spot 3 in the middle panel)
and has only grown slightly after 3 days at 30°C (spot 3, compare with spots 1
and 2 and 4 in the lower panel). As indicated on the growing medium of SD/-
Leu-Trp, the upper panel shows that the cells are equally applied on the plates.
In conclusion, the two-hybrid result suggested that one of the 61K mutants,

namely A194E, significantly reduces the binding to 102K protein.
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4.10.2 Analysis of 90K mutations identified in retinitis pigmentosa

As described above, U4/U6-specific protein 90K interacts with U4/U6-60K
(section 4.2.1), U5-102K (section 4.4.2), tri-snRNP-specific 110K (section 4.5),
recycling factor U6-p110 (section 4.8) and U2-associated protein SPF30/SMNrp
(section 4.9). Figure 4.21 summarises these interactions and the 90K domains
involved. Obviously, the C-terminal domains containing the residues related to
the two mutations are required for the binding of protein 102K, p110 and
probably 110K, but are dispensable for the binding of SPF30/SMNrp. It is
unlikely that the mutations are involved in the binding of 60K since the N-

terminal region (N442) alone is sufficient for the binding.

protein-protein interactions
60K 102K 110K p110 SPF30

{1 683
ook W] . + o+ o+ o+ o+
N442§. | 442 + - - - 4+

S — R
S — - - - - -

C489 195| . y + o+ o+ -
C381 303| R NT + + + -
C267 a7 = - + - o+ -

Figure 4.21. U4/U6-90K wild-type protein (683 amino acids [aa]) and mutant
derivatives N442 (1-442 aa), N309 (1-309 aa), N194 (1-194 aa), C489 (195-683 aa),
C381 (303-683 aa) and C267 (417-683 aa) are schematically represented. The dark grey
boxes indicate the N-terminal PWI domain, and two black points show the positions of
two point mutations (P493S and T494M) found in RP. The abilities of 90K wild type
(WT) and mutant derivatives to interact with other proteins are shown on the right (+ or
—). The 60K interaction data were published by Gonzalez-Santos et al. (2002), and the
N309 and C381 were not tested (NT). The interactions of 90K with protein 110K, p110
and SPF30/SMNrp are observed in both the Y2H system and the in vitro binding assay,
while the interactions with 60K and 102K are detected only in the in vitro binding assay.

Therefore, mutational analyses are focused on the interactions between the
90K and the 102K, p110 and 110K proteins. To do this, the two mutant clones,
pGBKT7-90K-P493S and pGBKT7-90K-T494M, were generated from wild-type
plasmid pGBKT7-90K using PCR as described in Materials and Methods.

These two mutant constructs, along with the wild-type 90K protein, were used
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for the Y2H assay and as templates for in vitro transcription/translation to
produce [*°S]-labelled c-Myc-tagged proteins for the following in vitro binding
assays. First, GST pull-down assay as described in section 3.2.3.2 was used for
analysis of the interaction between 102K and 90K (figure 4.22A). GST-102K
could precipitate both the recombinant [*°S]-labelled 90K wild-type protein and
two mutant proteins (P493S or T494M). The binding affinities are not
significantly different. Second, an immunoprecipitation experiment as described
in section 3.2.3.5 was applied to analyse the interaction between 110K and 90K
(figure 4.22B). In the presence of His-tagged 110K protein, anti-pep-110K
antibodies could efficiently precipitate the [>°S]-labelled 90K wild-type protein
and both mutant proteins (P493S or T494M) as well. Finally, the interaction
between p110 and 90K was examined in both the Y2H and in the in vitro
binding assay (figure 4.22C). In the two-hybrid assay, two mutant clones grow
as well as the wild-type on the selective medium SD/-Leu-Trp-His-Ade (figure
4.22C, left panel). Similarly, immunoprecipitation (see section 3.2.3.5 for
methods) shows that, in the presence of His-tagged p110 protein, anti-p110
antibodies could precipitate the [*°S]-labelled 90K wild-type protein and both
mutant proteins (P493S or T494M) almost equally well (figure 4.22C, right
panel). The specificity of the interaction was demonstrated by the fact that a
60K protein prepared by translation in vitro, another U4/U6-specific protein, was
not co-immunoprecipitated. In conclusion, the in vitro binding assays, and also
the Y2H method in the case of p110-90K, could not demonstrate any clear-cut
effect of the two mutations P493S and T494M on the binding of protein 90K to
either the 102K, the 110K or the p110 protein.
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Figure 4.22. Mutational analysis of 90K interactions. (A) The interaction of GST-102K
fusion protein and in vitro translated [*3S]-labelled c-Myc-tagged 90K mutant proteins;
the wild-type 90K protein served as a control. 10 pl of [*°S]-labelled samples of interest
were incubated with GST, or GST-102K immobilized on glutathione-Sepharose beads.
Bound proteins were eluted in SDS sample buffer and analyzed with SDS-PAGE and
visualized by autoradiography. The input lane contains 20% of the total amount of in
vitro translated protein added to each reaction. (B) The interaction of His-110K fusion
protein and in vitro translated [*°S]-labelled c-Myc-tagged 90K mutant proteins; the
wild-type 90K protein served as a control. Purified His-tagged 110K was incubated with
anti-pep-110 antibodies bound to protein A-Sepharose and [*°S]-labelled proteins. The
precipitated proteins were fractionated by SDS-PAGE and visualized by
autoradiography. The input lane contains 20% of the total amount of in vitro translated
protein added to each reaction. (C) Left panel: Y2H assay of interactions between p110
and 90K mutant proteins. pPGADT7-p110 was tested against mutant proteins pGBKT7-
90K-P493S and pGBKT7-90K-T494M; the wild-type 90K protein and the empty vector
served as controls. Interactions were observed on SD/-Leu-Trp-His-Ade medium at
30°C for 3 days. Right panel: The interaction of His-p110 fusion protein and in vitro
translated [*>S]-labelled c-Myc-tagged 90K mutant proteins; the wild-type 90K protein
and the U4/U6-60K protein served as controls. [*°S]-labelled 90K was incubated with
His-p110 protein, followed by precipitating with anti-p110 antibodies. Co-precipitated
proteins were fractionated by SDS-PAGE and visualized by autoradiography. The input
lane presents 13% of the in vitro translated protein used in the reaction.

4.10.3 Analysis of 220K mutations found in retinitis pigmentosa

As shown in table 4.1, seven point mutations were found in the RP. Strikingly,
all the mutations are related to the last 35 amino acids encoded by exon 42 of
human 220K gene (PRPF8). Protein alignment at exon 42 between human
PRP8 and its orthologues in other species was carried out previously by McKie
et al. (2001) and again as shown below. Particularly striking is the level of

homology around residues 2309 and 2310 and the absolute conservation of
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these two residues throughout the species shown in the multiple alignment.
Additionally, the proline residue at position 2301 has the same high degree of
conservation. The remaining missense mutations alter the amino acid residues

2304 and 2314, which are also conserved, but to a lesser degree.

Hum - : RHDEHH L 3 gt LAIE G-EVY SADRERL :
Dros - ¢ BHDFNHE LT SN AL, SN IET GGL GA GADEE!
C.eleg = ¢ BENSPLN HE JF .H.FDD'JL.GTGSM:IREI
Arab = : EHTLSHEQHS E 'PHH}' i "-i EA-DITEGDRE!
5. pombe - : SESPENTHS LEGERITIRN)S EMETN-DRLEEDMP
Leish - i+ LMRENTE EAHF PIGH LJ: RISGDGAEVVDEADP -
Tryp = i THREETT FATHIRIC O SANIBARATEEEATIDHADLEN

Figure 4.23. The amino acid sequence of human PRPS8 exon 42 is aligned with that of
Drosophila melanogaster (Dros), Caenorhabditis elegans (C.eleg), Arabidopsis
thaliana (Arab), Schizosaccharomyces pombe (S.pombe), Leishmania major (Liesh)
and Trypanosoma bruceii (Tryp) using the programme Clustal. The shaded boxes were
created using the programme Mac-Boxshade with the default parameters set. The
intensity of shading represents the relative degree of conservation and physico-chemical
similarities. Hence the black boxes indicate amino acid identity or only highly
conservative variation, while lesser shaded boxes show conservation but with more
variation and with less conservative amino acid substitutions. The five amino acid
residues mutated in the adRP cases are highlighted above with the codon number.
Adapted from McKie et al., 2001.

As shown in the Y2H analysis in section 4.3.1, the 220K protein's C-terminal
fragment 220-6 (amino acids 1986 to 2335) participates in the interaction with
its own N-terminal fragment (220-1), fragment 4 of protein 200K (200-4) and the
C-terminal fragment of protein 116K (116-3). This raises the question of
whether the mutations affect these interactions. In an attempt to answer this
question, the 220-6 fragment was first dissected into two pieces. AC (amino
acids 1986 to 2300) lacks the last 35 amino acids related to seven point
mutations; AN comprises the last 97 amino acids (2239 to 2335) containing the
region related to the mutations. Figure 4.24A schematically represents the
truncation strategy (also see figure 4.6A). AC and AN were subcloned into
pGADT7 and were then tested for interaction with 116-3, 200-4 and 220-1. The
plasmid pGADT7-220-6 was used as a positive control, and the blank pGADT7
vector as a negative control. Figure 4.24B shows that the AN, like 220-6,
displays full binding activities in the three different combinations (compare spots

2 and 4 in the upper, middle and lower panels), whereas the AC completely lost
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the binding abilities (compare spots 1 and 3). These results clearly suggest that
the AN fragment is sufficient for the binding and imply that the mutations may
have an effect on this. Therefore, the further experiments were done to check
each of the seven point mutations. The PCR-based site directed mutagenesis
method was used to generate the mutant constructs using pGADT7-AN plasmid
as PCR template (see section 3.2.1.7 in the Materials and Methods).
Subsequently, they were tested in the Y2H system. The strength of these
interaction was estimated from comparing the growth of indicator yeast AH109
bearing wild-type and mutant alleles of 220-6 AN on medium lacking histidine
and/or adenine, and containing different concentrations of 3-amino-1,2,4-
triazole (3-AT). 3-AT inhibits the activity of the His3 reporter protein, and growth
at higher concentrations of 3-AT indicates that more His3 is being synthesized
and implies that the interaction is stronger. Typical results are shown in figure
4.24C. On the selective medium SD/-Leu-Trp-His-Ade, all mutant clones show
similar growth patterns as the wild-type AN protein (upper panel). However, on
the plates of SD/-Leu-Trp-His plus 3-AT, the clones bearing mutation R2310G
(spot 7), R2310K (spot 8), or F2314L (spot 9) grow obviously slowly compared
with the wild type (spot 2) in all three combinations; similar results were
obtained for clones bearing P2301T (spot 3) and F2304L (spot 4) in the
combination with 200-4, but only a slight — or no — difference was seen for the
combination with 116-3 and 220-1. Instead, the clones bearing H2309P (spot 5)
and H2309R (spot 6) appear to show faster growth than the wild-type clone
(spot 2) does. To investigate the significance of this, a chemiluminescence -
galactosidase assay was used. However, this method did not give consistent
results when repeated (data not shown). In conclusion, the exon-42-encoded
region of 220K protein related to all seven mutations identified in RP is indeed
required for several protein-protein interactions. Most of the single point
mutations affect the ability of this region to interact with its binding partners.

However, the biological significances are still under investigation.
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Figure 4.24. (A) Human U5-220K C-terminal fragment 220-6 (1986-2335 amino acids
[aa]) and deletion mutations AC (1986-2300 aa), AN (2239-2335 aa) are schematically
represented. The black points show the positions of the seven point mutations. (B) Y2H
examination of the deletion mutation clones as indicated in the figure. Yeast cell growth
was monitored on the selective medium of SD/-Leu-Trp-His-Ade for 3-4 days at 30°C.
(C) Y2H examination of the point mutation clones as indicated above the panels. Yeast



4 RESULTS 106

cell growth was monitored on the selective medium of SD/-Leu-Trp-His-Ade for 3-4
days (upper panel), and on the medium of SD/-Leu-Trp-His+0.2 mM 3-AT for 3 days
for the combinations with 116-3, SD/-leu-Trp-His+1.5 mM 3-AT for 3 days for the
combinations with 200-4, and SD/-Leu-Trp-His+0.1 mM 3-AT for 6 days for the
combinations with 220-1 (lower panel). All plates were incubated at 30°C and were
observed from day to day. AC clone was included as a negative control.

4.11 Y2H screen with the N-terminal 434 amino acids of protein
U5-200K

Protein 200K is a DExD/H box RNA helicase containing two helicase domains
which play an important role in the splicing process. RNA helicases often have
large amino- or carboxy-terminal extensions that are not typically found in DNA
helicases. These extensions are presumed to have additional functions such as
an additional enzymatic activity, nuclear signalling, or providing specificity
through interaction with protein cofactors (Tanner and Linder, 2001). Indeed,
the cloning of the full-length 200K protein in this work has identified an
additional 435-residues sequence in the amino-terminus which is absent in the
previously published 200K sequence (Lauber et al., 1998). This region is
conserved among the orthologues of 200K protein, as shown in the multiple
alignment in figure 4.1. For this region (also termed 200-1), a Y2H assay has
been performed to identify the interaction within tri-snRNP particle as described
above. However, no interaction has been found so far. To understand the
potential function of the N-terminal 200-1 fragment, yeast two-hybrid screening
was used to search for the putative interaction partners. The plasmid pGBKT7-
200-1 used as bait was transformed into yeast strain AH109, and was
subsequently mated with a pretransformed human HeLa cDNA library in yeast
strain Y187 from Clontech. The mating efficiency was 1% and about 10° clones
were screened. 235 His® and Ade” clones were selected after incubation at
30°C for 5-12 days on the 50 150-mm plates containing selective medium SD/-
Leu-Trp-His-Ade. These clones were reselected by their ability to grow in the
presence of 20 mM 3-amino-triazole (3-AT) and their ability to activate the
MEL1 reporter gene, as detected in a a- galactosidase assay on the high-
stringency medium SD/-Leu-Trp-His-Ade+20 mM 3-AT+X-a-Gal. From this step,
126 positive clones were selected for preparing plasmid DNA samples. The

samples were then sequenced at Sequence Laboratories Gottingen GmbH.
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NCBI Blast was used to analyse all the sequence data obtained. Based on the
DNA sequence of their inserts, 26 putative clones were identified and shown in
the table 4.2. The clones that express non-biological peptides, i.e. anti-sense,
intergenic region or non-protein-encoding regions, are excluded from the table
of results. Most candidates are fused to the Gal4 sequence in the reading frame
of the human gene, while some of them are out of frame. However, it was found
that at least in some cases, frame-shifted translation occurs (Fromont-Racine et
al., 1997). Nine candidates related to ribosomal protein, mitochondrial protein,
zinc finger protein, proteasome, etc., which are marked with an asterisk in table
4.2, are probably false positive readouts, as suggested by previous studies (see
‘Table of false positives’ at
http://www.fccc.edu/research/labs/golemis/Table1.html). However, some
putative interactors may have biological relevance. For example, the
identification of the import receptor karyopherin a2 implies that protein 200K
may be recognized by this protein via its N-terminal nuclear localization signal
for transport through the NPC. lIdentification of the nuclear export protein
p270/Tpr suggests that it may function for the mRNA export, and subsequently
may be involved in protein expression by association with the eukaryotic
translation elongation factor 1 and translation initiation factor 3. Clearly, further

work is needed to elucidate these questions.

Table 4.2. Outcome of two-hybrid screening using the N-terminal fragment of protein
200K (200-1: 1-434 amino acids) fused to the Gal4 DNA binding domain. The first
column shows the number of identified clones for each gene. The asterisks (*) show that
the protein encoded by this gene often displays a false positive result in the two-hybrid
screens (see next page).
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Clone . . Frame
No. Putative human gene Accession No. of insert
1 kinesin family member 21A (KIF21A) 21|38569483 in frame
3 kinesin family member 23 (KIF23) gi|20143966 | in frame
1 ziﬁ?go‘(ue% tlga;nAsia;tlon elongation factor 1, 025453469 | in frame
eukaryotic translation initiation factor 3, .
1 subunit 10 (EIF3S10) 214503508 not clear
karyopherin alpha 2 (KPNA2) . .
! (RAG cohort 1; importin alpha 1) 814504896 in frame
1 p270/Tpr (translocated promoter region) gi|4507658 in frame
1 {;nAcI(\)Irg (e}lglemla, complementation group G 4i4759335 i frame
androgen-induced proliferation . .
1 inhibi%or ( APRIN)p 217657268 in frame
1 z:gr)(()(r;;)ssg;ne X open reading frame 53 0i[ 13236582 in frame
2 E‘}pool‘f_‘gg‘ir)a:e [[binding protein-1 gi20143948 | in frame
proteasome (prosome, macropain) . .
! subunit, alpha type 6 (PSMAG6) * gi23110943 in frame
1 mitochondrial ATP synthase epsilon chain * | gi|21327678 | in frame
2 Zinc finger protein 143 (ZNF 143) * 2i|18874091 in frame
5 unnamed protein product (OXR1-like?) gi|21753814 | in frame
1 NONO (p54nrb) 2134932413 not clear
) 111161kn0wn DNA sequence from chromosome gi|15375156 | not clear
1 DNA sequence from Chromosome 14 gi|12641568 not clear
1 Ellc:llllfénég ;;ch)r, arginine/serine-rich S(SFRS5) 0i33869323 frame-1
4 E:grl%n;;)%olr?e 10 open reading frame 61 4i[24308108 frame-1
5 I(EEIE;SB sensitive element binding protein 1 4i[34098945 frame-1
1 S-adenosylhomocysteine hydrolase (AHCY) | gi|9951914 frame+1
1 threonyl-tRNA synthetase (TARS) * 2138202254 | frame+1
voltage-dependent anion channel 2(VDAC?2); .
: (mito%:hongrion) * ( ) gil42476280 | frame+1
NADH dehydrogenase (ubiquinone) Fe-S
1 protein 3 (NADH-coenzyme Q reductase) gi|4758787 frame+1
(NDUFS3)*
1 ribosomal protein L28 (RPL28) * 2i|34486095 | frame+1
1 ribosomal protein S15a (RPS15A) * gi|34335150 | frame+1
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5 Discussion

The tri-snRNP is especially important for the splicing reaction as it contains
many essential components of the spliceosome. However, the mechanism of
the tri-snRNP assembly and its roles in the activation of the spliceosome and in
catalysis are still poorly understood. There is evidence that the protein-protein

interactions play a critical role in these processes.

In this work the yeast two-hybrid techniques and in vitro biochemical methods
were established to investigate the protein-protein interactions within the
individual U4/U6 and U5 snRNPs, as well as protein contacts between these
two snRNPs in the tri-snRNP particle. All the positive results are summarised in
table 5.1. The data comprise Y2H screening for 43 full-length proteins and
protein fragments derived from 15 protein components of the human tri-snRNP
and from the U5-52K protein, which associates with the U5 snRNP but not the
tri-snRNP. In total, 46 pairs of interacting proteins were detected in Y2H
analysis. Of these, 20 interacting pairs were examined by in vitro binding
assays and 15 pairs were again verified, making up 75% of the total examined
samples. Six additional pairs of interacting proteins were observed in in vitro
binding assays only. Table 5.2 presents some additional data on protein-protein
interactions between the 90K protein and the recycling factor U6-p110, and the
U2-associated protein SPF30/SMNrp. Eleven interactions were identified in the
Y2H assay (table 5.2).
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. . . . In vitro biochemical | Section in
Protein pair Y2H interaction ‘nteraction the Results
20K/60K + + 49
60K/90K - + )
116K/200-4 i NT
116K/220-1 i NT
116K/220-6 s NT
116-2/200-4 i NT
116-2/220-1 i NT
116-2/220-6 s NT
116-3/200-4 + NT 431
116-3/220-6 3 NT o
200K/220-6 3 NT
200-4/220-1 4 NT
200-4/220-6 3 NT
220-1/220-6 3 NT
220-6/220-6 3 NT
220K/40K - +
102K/15K + +
102K/102K + +
102K/116K + -
102K/116-2 + -
102K/116-3 + - 432
102K/200-2 + -
102K/200-4 + +
102K/220-1 + +
102K/220-6 + -
102K/61K + + 4.4.1
102K/90K - +
102K/90K C267 - + 440
102K/90K C381 - + o
102K/90K_489 - +
110K/90K + +
110K/90K C381 + NT
110K/90K C489 3 NT
110K/102K + +
110K/110K + ? (high background)
110K/200K + + 45
110K/200-4 + + ’
110K/200-5 + +
110ARS/90K 4 NT
110ARS/102K 4 NT
110ARS/200-4 4 NT
110ARS/200-5 3 NT
102K NTD/15K 4 NT
102K_TPR_M/61K + NT
102K TPR M/110K 4 NT 46
102K_TPR_M/200-4 + NT ‘
102K_TPR_M/220-1 + NT
102K_TPR_C/61K + NT
52K/102K + +
52K/15K + + 47
52N/102K + + ’
52C/15K + +
Summary 46(+); 6(-) 21(+); 25(NT); 1(7); 5(-)
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Table 5.1. Summary of the protein-protein interactions within the U4/U6 and the U5
snRNP, and between them in the tri-snRNP particle. NT, not tested for in vitro binding
in this work (grey background).

Protein pair YoH interaction | MR BRI | e Resulis
90K/p110 T "

90K/p110AC 4+ NT

90K/p110-AF T NT
90K_C267/p110 T "

90K C381/p110 + NT 4.8
90K_C489/p110 T NT

90K C267/p110AC + NT
90K_C381/p110AC T NT
90K_C489/p110AC T NT

90K/SPF30 n e o
90K N442/SPF30 4F NT .
Summary 11(+) 3(+); 8(NT)

Table 5.2. Summary of the protein-protein interactions between 90K protein and the
protein U6-p110 or SPF30/SMNrp. NT, not tested for the in vitro binding in this work
(grey background). * The result was shown previously (Medenbach et al., 2004; Meister
etal., 2001).

5.1 Protein associations within the U4/U6-snRNP particle
U4/U6 snRNP contains five particle-specific proteins, namely 15.5K, 61K and
the 20K, 60K, 90K. Y2H and in vitro binding assays were used to investigate

how they bind to one another in the absence of snRNAs.

The well known paucity of interactions among U4/U6 snRNP proteins was again
clearly confirmed by Y2H and by in vitro binding experiments (section 4.2.1).
The interactions of 60K with 90K (in vitro binding assay only) and the 20K
protein (Y2H and in vitro) remain the only ones observed. These interactions
establish the biochemically stable 20K<60K<90K heterotrimeric complex
(Horowitz et al., 1997; Teigelkamp et al., 1998). Previous studies showed that
the N-terminal SFM domain of 60K is essential for the binding of 20K protein
(Horowitz et al., 2002; Reidt et al., 2003), while the analysis of a mutant clone in
this study indicated that the C-terminal WD40 domain of 60K is involved in the
binding of 90K protein (section 4.2.1). Consistently with the distinct domains

involved, co-immunoprecipitation results showed that one interaction does not
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affect the other in the 20K+60K+90K complex (figure 4.4A). The failure of Y2H to
demonstrate an interaction between 60K and 90K could have a ftrivial reason,

such as folding problems or lack of a necessary post-translational modification.

It has been shown that the U4/U6 snRNP-specific protein 15.5K binds directly to
a specific sequence element of U4 snRNA through a novel RNA-binding domain
(Vidovic et al., 2000). The 20K-60K-90K complex and 61K follow after this
initiating step only (Nottrott et al., 2002). It is not known whether the initial step
forms a protein—-RNA “nucleus” for the attachment of the other proteins or
whether the function of protein 15.5K is simply to assist the correct folding of the
U4 snRNA. However, the general failure to detect strong pairwise interactions
between the heterotrimer, 61K and 15.5K would rather seem to point to a
possible co-operative activity in complex formation, presumably involving the
U4 snRNA, that disfavours the formation of 1:1 complexes such as are detected
in Y2H and pull-down experiments of the type conducted in this work. Indirect
support for the latter interpretation is afforded by the fact that proteins 61K and
90K can both be cross-linked to U4 snRNA and U6 snRNA respectively by
photolysis (Nottrott et al., 2002).

5.2 Protein associations within the U5-snRNP particle

In contrast to the U4/U6 snRNP, the U5-snRNP particle assembles mostly via
protein-protein interactions, as demonstrated in this work. These proteins
exhibit a wide range of binding affinities, and dissociate from the spliceosome at

different stages.

5.2.1 Interactions of the RNA-free 220K-200K-116K-40K heterotetramer

By combining two-hybrid assay with mutational analysis, the interactions
between 220K, 200K and 116K, and the domains contributions were for the first
time described in detail (section 4.3.1). Currently, | have not yet found a
conventional biochemical method to confirm these Y2H interactions, since there
was no functional recombinant protein for 220K, 200K or 116K available (see
section 4.3.1.1 for an example). However, several lines of evidence from
previous studies indicate that these interactions are specific and biologically

relevant. First, these three proteins, together with the 40K protein, can form a



5 DISCUSSION 113

stable RNA-free complex at high salt in vitro (Achsel et al., 1998). Second, one
of the interactions between 220K and 116K has previously been observed by
using far-western blotting (Achsel et al., 1998). Third, as discussed below, most
of the binding domains were also identified in the interactions of the orthologous

proteins of yeast: Prp8p, Brr2p and Snu114p.

In a previous Y2H study van Nues and Beggs used this technique to establish a
protein network within a different set of yeast spliceosomal proteins, such as the
tri-snRNP-specific protein Snu66p and the U5 snRNP-specific proteins Prp8p
and Brr2p. From their data a picture emerges of Brr2p as the hub of numerous
protein-protein interactions, and Brr2p is therefore assigned the role of a central
organizer not only of the tri-snRNP, but also of spliceosomal protein dynamics
in general. Apart from its task of unwinding the U4/U6 snRNA duplex, Brr2p,
through its C-terminus, appears to be involved in second-step factor recruitment
and other protein contacts to U1, U2 as well as tri-snRNP specific proteins. My
two-hybrid experiments confirm the critical function of this C-terminus in protein-
protein interactions for protein 200K, the human orthologue of Brr2p. This
includes the interactions within the RNA-free heterotetramer (through
interactions with 220K and 116K) and with 110K. The region in the C-terminal
half of 200K required for these interactions seems to be conserved between
yeast and man (van Nues and Beggs, 2001). Interactions of a full-length 200K
protein were observed only with the 220K fragment 6 (220-6) and the 110K
protein (see section 5.4.1).

The human 200K protein, like its yeast orthologue, follows the design of a C-
terminal helicase domain with low sequence conservation in domains V and VI
(following the nomenclature of Tanner and Linder, 2001). For a group of yeast
spliceosomal DEAH RNA helicases, comprising Prp2p, Prp16p, Prp22p and
Prp43p, it has been shown recently that the interaction domain with the
spliceosome resides outside of the catalytic helicase domain (Edwalds-Gilbert
et al., 2004). For the yeast Brr2p it has been reported that only the N-terminal
helicase domain is required for the unwinding of the U4/U6 snRNA duplex (Kim
and Rossi, 1999; Raghunathan and Guthrie, 1998). The poorly conserved C-

terminus of the second helicase domain therefore possibly serves exclusively
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as a protein-protein interaction domain. A case of conversion of an RNA-
binding domain into a protein-binding domain was recently reported for the Y14
—Mago interaction (Fribourg et al., 2003). The 200-5 fragment of 200K interacts
with 110K protein in Y2H and in vitro binding assays. The fragment comprises
a SEC63 domain which through its high density of negative charge is suspected
to mediate protein-protein interactions particularly in the context of RNA-protein
complexes (Willer et al., 2003; Ponting, 2000).

The 220K protein, like its yeast orthologue Prp8p, is a large protein with only
few recognizable domain features. The observed Y2H interaction of yeast
Prp8p with Lin1p (the orthologue of the human U5 snRNP 52K protein) is
predicted to be based on the interaction of the GYF domain of Lin1p with the
proline-rich N-terminus of yeast Prp8p (Bialkowska and Kurlandzka, 2002;
Freund et al., 2002). A small region in the centre of yeast Prp8p (aa 1166-1193)
is reported to interact with Snp1p, the orthologue of the human U1-70K protein
(Awasthi et al., 2001), while a neighbouring region (aa 1066-1107) was
identified as a modulator of yeast Brr2p helicase activity (Kuhn et al., 2002). In
addition, Prp8p interacts genetically with Prp28p, the helicase which removes
the U1 snRNA from the 5'-SS, and with second-step splicing factors Prp16p,
Slu7p, and Prp22p (Umen and Guthrie, 1995; Schneider et al., 2004). In
contrast to the paucity of reported protein contacts, protein 220K maintains a
broad variety of RNA contacts with U5 and U6 snRNA (Dix et al., 1998; Vidal et
al., 1999) as well as with the 5' and 3' splice site and the branchpoint of the pre-
mMRNA (Teigelkamp et al., 1995; Query and Konarska, 2004). The current data
show that 220K protein, like the yeast Prp8p (van Nues and Beggs, 2001),
establishes protein contacts exclusively through its immediate N- or C-termini
(fragments 220-1 and 220-6). In this way the protein establishes contacts to
200K, 116K and 102K proteins within the U5 snRNP (figures 4.6 and 4.9).
Although Y2H could not identify any interaction of protein 40K, protein 40K is
able to bind the protein 220K efficiently in the in vitro co-immunoprecipitation
experiment (figure 4.7), consistently with the result obtained by far western
blotting (Achsel et al., 1998). Therefore, either protein 40K or its interaction
partners may be folded incorrectly and thus fail to exhibit stable protein-protein

interactions in the Y2H system.
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These data confirm 220K as the centre of the heterotetrameric
220K+200K+116K*40K complex. These proteins remain stably associated
throughout the spliceosomal cycle and the final release of the post-spliceosomal
35S complex (Makarov et al.,, 2002; Makarova et al., 2004). Query and
Konarska recently identified yeast Prp8p mutations that act as suppressors of
the branchpoint A -> G mutation by improving the second step of splicing,
possibly through stabilization of the second-step core catalytic structure. The
authors point out that the available genetic data most favourably supports a
model in which Prp8p, acting co-ordinately with U6 snRNA and Prp16p, serves
as the modulator for major conformational rearrangements occurring between

steps one and two of the splicing reaction (Query and Konarska, 2004).

5.2.2 Poly-TPR protein 102K is stably bound to U5-snRNP particle via
multiple protein-protein interactions

Previous work showed that protein 102K remains tightly associated with U5
snRNP particle at salt concentrations of 700 mM NaCl (Makarov et al., 2000).
Further experiments demonstrated that both U5 snRNA and Sm core proteins
are not required for the association. In contrast, protein 102K binds efficiently to
the in vitro isolated RNA-free heteromeric complexes from U5 snRNP, namely
the complex 220K+200K+116K*40K and 220K<116K*40K. These observations
are strongly supported by the protein-protein interaction data obtained in this
work. The Y2H assay revealed that protein 102K interacts with U5-specific
protein 15K, and distinctive regions from each of the three proteins 116K, 200K,
and 220K within the tri-snRNP particle (section 4.3.2). The specificity of the
interactions was confirmed by in vitro binding assays for most of the proteins
except protein 116K (section 4.3.2). Thus, the interaction between protein 102K
and 116K (or its fragments) may be too weak to be detectable by the in vitro
binding assay. The stable association of 102K with U5 snRNP is probably
important for the subsequent functions of 102K in the spliceosome assembly; it
will be discussed below that protein 102K also interacts with the U4/U6-specific
proteins 61K and 90K as bridging factor, with the tri-snRNP specific protein
110K, and with protein 52K (which binds to the U5 particle only).
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This broad spectrum of interactions of protein 102K is consistent with the 19
TPR repeats of the protein. This protein-binding motif was first recognized as a
distinct TPR subfamily in the characterization of the Drosophila melanogaster
crooked neck (CRN) gene product (Zhang et al., 1991), and appears restricted
to RNA-processing proteins such as U1 snRNP proteins Prp39p and Prp42p,
crn homologues (CIf1p in yeast and hCRN in human), the human recycling
factor U6-p110 and U5-102K protein in this study (Chung et al., 1999; McLean
et al., 1998). The crn-like TPR variant, also termed HAT (half a TPR) repeat
(Preker and Keller, 1998), is distinguished from the more general TPR repeat
most notably by the absence of the conserved glycine at position 8, by the
substitution of a glutamic acid for a hydrophobic residue at position 11, and by
the prevalence of basic residues at positions 19, 21, 26. There is also a bias
towards leucine, isoleucine or valine at positions 3, 5, 23, 28 (figure 5.1). The
unique sequence characteristics of this subfamily presumably configure a TPR
structure with distinct protein folding or ligand selection properties. However, the
semi-conserved hydrophobic amino acids of the HAT motif are slightly different
in position from the generalized TPR consensus, but still lie within the predicted

nonpolar core of the motif, suggesting a similar overall structure.

1 110 120 130
crn TPR consensus VKLEWIKYARFEELLKEIDRAR-#YERALE-LP-D
U6-p110 TPR consensus --LWL-Y--YE-----—- KVr-LFEKAL------
U5-102K TPR consensus —--LWL-AARLEE----lerAR-LL-KALe--P-S
generalized TPR consensus —-—--W--LG--Y--—-————- A---F--A----P--

Figure 5.1. Comparison of the generalized TPR consensus with the consensus from a
subtype of Drosophila crn, human U5-102K and U6-p110. The hydrophobic residues in
the conserved or semi-conserved space through the TPR motifs are shaded in grey and
the aromatic residues are highlighted in bold type. The leucine and isoleucine, existing
mostly in the subfamily, are shaded in bright green, while the basic residues are shown
in yellow.

The deletion approach in this work has shown that the TPR repeats of 102K
protein are each dedicated to interactions with specific partners. All repeats
participate in the interaction with the U4/U6-61K, whereas only the first nine
repeats interact with 110K, the 200-4 fragment of 200K and the 220-1 fragment
of 220K. Makarov et al. reported that antibodies raised against the C-terminal
TPR repeats (TPR 10-19) efficiently precipitate free U5 snRNP, but not the
U4/U6.US tri-snRNP, from Hela nuclear extracts (Makarov et al., 2000).
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Binding of the U4/U6-61K protein to the C-terminal domain could explain this
observation. The N-terminal fragment of 102K, predicted to contain a coiled-coil

domain (Makarov et al., 2000), interacts with protein 15K.

Based on its highly repetitive TPR structure and the experimental data
presented here, | propose that protein 102K probably acts as a scaffolding to
drive the assembly of spliceosome by binding several other spliceosomal

proteins.

5.2.3 The U5-52K protein interacts with the U5-specific proteins 102K and
15K, but dissociates upon tri-snRNP formation

The following evidence found in this study and other studies in the laboratory of
Prof. Lihrmann supports the conclusion that the 52K protein described here is
indeed a U5 snRNP-specific protein (Laggerbauer et al., 2005; Behrens and
Ldhrmann, 1991). First of all, antibodies against the recombinant 52K protein
expressed in E. coli recognise only one protein of the appropriate size; this
protein co-fractionates with U5 snRNP, and is also part of highly purified 20S
U5 particles. Secondly, immunofluorescence studies with the same antibodies
demonstrate that the 52K protein is found predominantly in the nucleus, and this
finding was confirmed with an exogenous HA-tagged 52K protein. Thirdly, the
52K protein is stably associated with the purified U5 snRNP particle, and binds
specifically to the U5 snRNP-specific proteins 102K and 15K. Therefore,
unspecific aggregation of the 52K protein with snRNPs, e.g., during extract

preparation, seems highly unlikely.

Database searches revealed that the sequence of the 52K protein is identical to
that of a previously described protein, CD2BP2, which interacts with CD2, a
surface marker of T cells, which facilitates activation of T lymphocytes on
binding to its ligand CD58 (Laggerbauer et al., 2005; Nishizawa et al., 1998).
Since CD2 resides in the plasma membrane of Iymphocytes, the
characterisation of the same protein as a component of nuclear U5 snRNPs
raises interesting questions as to the mechanism(s) by which the 52K/CD2BP2
protein may exert different functions. In this respect it is interesting to note that

the 52K protein is phosphorylated (Behrens and Luhrmann, 1991) and post-
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translational modification might well create isoforms with different association
behaviour. Indeed, CD2 association may not be the only alternative function of
the protein. The yeast orthologue of the 52K protein, Lin1p, interacts with
factors involved in chromosome segregation, and Lin1p has therefore been

proposed to play a role in this process (Bialkowska and Kurlandzka, 2002).

The distribution of the 52K protein in glycerol gradients and its behaviour in
immunoaffinity purification experiments both demonstrate that it associates only
with the U5 snRNP (Laggerbauer et al., 2005). This raises the question of which
contacts of the 52K protein with other components of the U5 snRNP might
mediate its specific interaction with this particle. Recently, it was shown that the
GYF domain of CD2BP2/52K interacts strongly with a particular polyproline
motif that is also found in the common snRNP protein SmB. The GYF domain,
overexpressed in mammalian cells, was shown to precipitate SmB from cell
extracts, suggesting that the 52K protein might interact with all splicing snRNPs
(Kofler et al., 2004). These findings are not easily reconcilable with our
observation that the 52K protein does not associate with the other spliceosomal
snRNPs, which each contain a set of the Sm proteins. In particular, the Sm
proteins of the 12S U1 snRNP are largely exposed to the solvent (Stark et al.,
2001). Nonetheless, we do not observe that the 52K protein co-fractionates with
U1 in glycerol gradients. The yeast orthologue of the 52K protein, Lin1p,
interacts with the yeast U5 snRNP protein Prp8p, presumably through the
extensive polyproline stretches at the N terminus of Prp8p (Bialkowska and
Kurlandzka, 2002). | do not detect an interaction of the 52K protein with the
human Prp8/220K protein, nor with any of six overlapping fragments of the
protein, at least by two-hybrid analysis, and, indeed, the proline-rich N terminus
of Prp8 is absent in the mammalian Prp8 protein. Instead, employing yeast two-
hybrid analysis and in vitro binding assays, | find specific contacts of the 52K
protein with the 20S U5-specific 102K and 15K proteins. These two interactions
may well occur simultaneously, as different domains of the 52K protein are
involved; the N-terminal two-thirds bind to 102K while the C-terminus, including
the GYF domain, binds to the 15K protein (figure 4.14). | therefore believe that
these contacts are responsible for the specific integration of the 52K protein into
the 20S U5 particle.
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Considering that the GYF domain has been characterised as a polyproline-
targeting molecule (Freund et al., 2003; Freund et al., 1999; Nishizawa et al.,
1998), my observation that it forms a specific complex with the 15K protein
came as a surprise, as 15K is devoid of potential proline-rich binding motifs
(Reuter et al., 1999). Thus my data indicate for the first time that a GYF domain
can also engage in specific protein-protein interactions in a proline-independent
manner. A crystallography study of 52K GYF domain in the complex with U5-
15K indeed showed that the distinct surface of GYF domain binds to the non-
proline-rich 15K (figure 4.16).

The 52K protein is the only U5 snRNP protein that is not present in the
U4/U6.U5 tri-snRNP particle. Since the same is true of its yeast orthologue
(Stevens et al., 2001), this characteristic property appears to be universally
conserved. As U5 snRNP enters the spliceosome as part of the U4/U6.U5
tri-snRNP, the 52K protein does not appear to have a function in the splicing
reaction itself. Consistently, deletion of the 52K protein or the yeast homologue
of the 52K protein (Lin1p) is not lethal (Laggerbauer et al., 2005; Bialkowska
and Kurlandzka, 2002). This suggests that the 52K protein functions in a
pathway that is auxiliary or redundant for the splicing process, and it is tempting
to speculate that this function may have something to do with snRNP
assembly/recycling; the 52K protein is the only U5 snRNP protein that leaves
the 20S U5 snRNP when the latter is integrated into the U4/U6.U5 tri-snRNP. In
this respect, it resembles the U6-p110 protein (Prp24p in yeast), which is a
component of the U6 and U4/U6 snRNPs but not of the tri-snRNP (see section
5.5). Possibly, the 52K protein covers a protein—protein interaction site that is
necessary for the association of the U5 and U4/U6 snRNPs. In support of this
idea, the 52K protein interacts with the 102K protein in the U5 snRNP (figure
4.14). The 102K protein forms part of the bridge between the U5 and U4/U6
particles (Schaffert et al., 2004; Makarova et al., 2002) and may well need to be
masked to prevent premature incorporation of U5 particles, which are not fully
assembled, into the tri-snRNP (Makarov et al., 2000). Alternatively, the 52K
protein could act as a chaperone for the 15K and 102K proteins. These two
proteins form a dimer independently of the 52K protein (section 4.3.2), which

52K contacts via two independent interactions. Interestingly, both 15K and 102K
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are not present in the 35S U5 snRNP which very likely represents a post-
spliccosomal U5 intermediate in the spliceosomal disassembly process
(Makarov et al., 2002). Therefore these proteins appear to leave the U5 part of
the tri-snRNP before or during the catalytic steps of the splicing reactions. Since
two-thirds of the 102K protein consist of tetratricopeptide repeats, which are
protein motifs capable of accommodating several simultaneous protein-protein
interactions, it is conceivable that this protein needs a chaperone to avoid
unfavourable interactions or aggregation before it is reincorporated into the 20S
U5 snRNP and then into the 25S U4/U6.U5 tri-snRNP. It will be interesting to
see, in future studies, what role the 52K protein may play in the dynamic
restructuring of U5 snRNP-particles in the context of the nuclear pre-mRNA

splicing machinery.

5.3 The interaction between U5-102K and U4/U6-61K is critical
for the formation of U4/U6.U5 tri-snRNP

The formation of the U4/U6.U5 tri-snRNP seems to be exclusively protein-
mediated, since there is no interaction between the U5 and U4/U6 snRNAs.
Previous experiments showed that the 102K protein, prepared by in vitro
translation, is efficiently co-precipitated with 13S U4/U6 snRNP by antibodies
directed against the U4/U6-specific 60K protein (Makarov et al., 2000), and that
the [*°S]-labelled 61K protein prepared by in vitro translation binds to purified
20S U5 snRNP, as demonstrated by co-immunoprecipitation of 61K with U5
snRNP at low salt concentration using anti-Sm (Y12) antibodies (Makarova et
al., 2002). This study is the first time that the direct one-to-one protein-protein
interactions between the two particles have been identified; the U5 snRNP-
specific protein 102K interacts specifically with U4/U6 snRNP-specific proteins
61K and 90K. Additional evidence from different experimental approaches
supports the critical role of the 102K-61K interaction for tri-snRNP formation
(Makarova et al., 2002; Schaffert et al., 2004). First, removal of protein 61K
from Hela nuclear extracts by immunodepletion inhibits tri-snRNP formation,
subsequent spliceosome assembly, and pre-mRNA splicing. Complementation
with recombinant 61K protein restores each of these steps. However, the
removal of protein 61K from nuclear extract does not affect the stability of the
accumulating U4/U6 or U5 snRNP particles (Makarova et al., 2002). Second,
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Schaffert et al. (2004) demonstrated that, after knockdown of the U4/U6-specific
61K or the U5-specific 102K protein in HeLa cells using RNA interference, tri-
snRNP formation is inhibited and stable U5 snRNP and U4/U6 snRNP
containing U4/U6 proteins and the U4/U6 recycling factor p110 accumulate.
Thus, both U5-102K and U4/U6-61K are essential for the interaction between
U5 snRNP and U4/U6 snRNP in vivo.

5.4 The recruitment of tri-snRNP to the pre-spliceosome

The final step in the formation of the mature spliceosome is the binding of the
U4/U6.U5 tri-snRNP to the pre-spliceosome (complex A), leading to the
complete spliceosome (complex B). The data from this study have confirmed

that several tri-snRNP proteins are involved in this step.

5.4.1 The C-terminal region of tri-snRNP-110K is required for anchoring
protein 110K to the tri-snRNP while the N-terminal RS domain
potentially mediates the association with the pre-spliceosome

Unlike 102K and 61K proteins, the tri-snRNP specific protein 110K, like the tri-

snRNP specific 65K protein, is not required for tri-snRNP stability (Makarova et

al., 2001). While Snu66p is not an essential protein in yeast (Stevens et al.

2001), proteins 110K and 65K are required for joining the human tri-snRNP to

the pre-spliceosomal complex A. | was able to identify interactions of the 110K

protein (hSnu66) with specific U4/U6- and U5-snRNP proteins, namely the 90K
and the 102K, 200K proteins through the C-terminal region lacking RS domain.

Since the absence of 110K protein does not compromise the stability of the tri-

snRNP, it appears reasonable that anchoring 110K to these proteins is required

to position protein 110K properly for its contribution in connecting the tri-snRNP
to the A-complex. For all three tri-snRNP specific proteins, 110K, 65K and the
27K, this interaction is probably mediated through N-terminal RS domains

(Makarova et al., 2001; Fetzer et al., 1997). It has been shown that RS domains

function by directly interacting with the RS domains of other splicing factors. For

example, the interaction between SR protein SF2/ASF and the SR-related
protein U1-70K is mediated by their RS domains, which facilitating recruitment
of U1 snRNP to the pre-mRNA substrate (Kohtz et al., 1994). This observation

suggests that the interactions between SR proteins and one or more of the tri-
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snRNP SR-related proteins may well contribute to the stable association of the
U4/U6.U5 tri-snRNP complex with the pre-spliceosome. Consistently with this,
indirect evidence has been provided previously that the SR proteins are
necessary to recruit the tri-snRNP to the spliceosome (Roscigno and Garcia-
Blanco, 1995). However, there was no interaction for 65K and 27K identified in
two-hybrid assay. This might due to the folding problems or lack of a necessary
post-translational modification.

5.4.2 The N-terminal region of U4/U6-90K is essential for the binding of U2-
SPF30/SMNrp required for the formation of the mature spliceosome
The in vivo two-hybrid assay (this study) and in vitro binding assay (Meister et
al., 2001) both point to a direct interaction between U4/U6-90K and the U2
snRNP-associated protein SPF30/SMNrp (figure 4.19). Mutational analysis
further showed that the 90K N-terminal region, comprising amino acids 1 to 442,
participates efficiently in the interaction. This region contains a conserved PWI
motif at its N terminus (amino acids 3 to 76). The presence of PWI motifs in
known splicing factors suggests that it may be important for numerous
interactions within splicing complexes (Szymczyna et al., 2003; Blencowe and
Ouzounis, 1999). However, it seems not to be required for, or at least not
efficient in, the binding of protein 90K, since the shorter N-terminal fragment
(amino acids 1-194) containing the PWI domain does not bind to the 90K. The
90K-SPF30/SMNrp interaction appears to be an important link between tri-
snRNP and pre-spliceosomal A-complex, in addition to the RS-domain
interactions of the tri-snRNP-specific proteins. The presence of SPF30/SMNrp
in the BAU1 complex, but its absence in the activated spliceosome of the B*
complex, lends support to the idea of the 90K—-SPF30/SMNrp interaction being
an important temporary link to build a splicecosome of increasing molecular
complexity (Makarov et al., 2002; Makarova et al., 2004). Removal of
SPF30/SMNrp from nuclear extract by immunodepletion inhibits the first step of
pre-mRNA splicing by preventing the formation of mature spliceosome (complex
B). Re-addition of recombinant SPF30/SMNrp to the immunodepleted extract
reconstitutes both spliceosome formation and splicing (Meister et al., 2001;
Rappsilber et al., 2001). It is interesting to identify the U2 snRNP protein(s) to

which SPF30/SMNrp binds, and to characterize the domains involved in the
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event. Detailed knowledge about the conditions and the temporal order of these
interactions will be required in order to clarify whether SPF30/SMNrp acts as a
bridging factor between the two snRNPs, or whether it actively induces a

structural rearrangement required for their stable association.

Since there is no known yeast orthologue of the human SPF30/SMNrp, and the
yeast homologue proteins Snu66p (110K in human) and Sad1p (65K) lack RS
domains, yeast probably uses a different mechanism to establish a connection
between the tri-snRNP and the A complex. Experiments with ts mutants of
yeast Prp31p, which is not required for tri-snRNP stability, were interpreted by
assuming that in yeast Prp31p connects the tri-snRNP to complex A
(Weidenhammer et al., 1997).

5.5 The link between the C-terminal region of U4/U6-90K and
the TPR domain of U6-p110 is necessary for the recycling
of U4/U6 snRNPs

After each spliceosome cycle, the U4 and U6 snRNAs are released separately
and are recycled to the functional U4/U6 snRNP, requiring in the mammalian
system the U6-specific RNA-binding protein p110 (SART3). p110 contains in its
C-terminal region two RNA recognition motifs (RRMs), and an extensive N-
terminal TPR domain which is absent in the yeast orthologue protein Prp24p
(figure 5.2).

100 aa
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Figure 5.2. Domain structure of the S. cerevisiae Prp24 protein, human p110 and related
proteins from other species. The proteins are aligned relative to their C-termini. The
RRM (striped boxes) and TPR (HAT) motifs (in dark grey) as well as the short C-
terminal region (in black) are indicated. Adapted from Bell et al., 2002.



5 DISCUSSION 124

TPR protein-protein interaction domain in p110 belong to the same subfamily of
U5-102K, thus indicating that this protein may function by interacting with other
splicing factors, probably the U4/U6 snRNP proteins. Indeed, two-hybrid
screening with p110 allowed the identification of an interacting partner of protein
90K out of the five U4/U6-specific proteins. The specificity of the interaction was
confirmed by an in vitro binding assay. Mutational analysis further showed that
the N-terminal TPR domain, or the set of three N-terminal TPR motifs alone,
appears to be sufficient for 90K protein binding. As no other protein motifs are
predicted in this N-terminal part of p110, the results strongly suggest that the
TPR motifs mediate the specific interaction with the 90K protein. There seems
to be some redundancy in the interaction, since the number of TPR motifs
varies at least between three and seven in the known orthologues (figure 5.2).
These domain structure data would also be consistent with the finding that the
three N-terminal TPR motifs present in the splice variant AF 387506 appear to
suffice for interaction with the 90K protein (figure 4.18A). The latter finding
raises the interesting question as to whether the splicing variant (i.e. AF 387506)
may act as a negative regulator of p110 function, competing for the 90K protein
interaction but lacking the RNA binding and recycling functions. Alternatively,
p110 may associate some other unknown proteins through its additional TPR

repeats for other functions.

In the 90K protein, the C-terminal region (amino acids 417—683) suffices for the
p110 interaction (figure 4.18B). This region provides a novel bridge between the
U6 snRNA-bound p110 and the U4/U6-specific protein components and most
probably plays an important role in U4/U6 snRNP assembly. It is notable that
the 90K protein — within the 20K/60K/90K complex — is in contact with the U6
snRNA in the stem Il region (Nottrott et al., 2002), and this event may stabilize

the newly formed U4/U6 base-paired structure.

These data, along with the other data from the co-operating laboratory of Prof.
Bindereif, were published recently in the journal of Molecular and Cellular
Biology (Medenbach et al., 2004). In this paper, it was further shown that the
two RRM domains at the C terminus are required for U6 snRNA binding, while

the N-terminal TPR domain is not. Moreover, the in Vvitro
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depletion/complementation experiments showed that both the N-terminal TPR
domain and the C-terminal RRMs are required for the U4/U6 snRNP recycling
activity. This can explained by the observations that the TPR domain is required
for the binding of U4/U6-90K, and that the RRMs domain is essential for the U6
snRNA binding.

How do these findings fit to the model of the U4/U6 snRNP assembly pathway?
In contrast to the yeast protein, the mammalian p110 protein carries only two
RRMs homologous to the highly conserved second and third RRMs of Prp24p.
As proposed by others (Rader and Guthrie, 2002), the additional RRMs of
Prp24p, 1 and 4, may recognize U4 snRNA and thereby promote the U4/U6
interaction. Perhaps this U4 interaction has shifted from an RNA-protein
interaction (such as in yeast Prp24 RRMs 1 and 4 with the U4 snRNA) in the
mammalian and other systems to a protein-protein interaction (p110 TPR

domain with the 90K protein).

The recycling factor p110 is associated with human U6 and U4/U6 snRNPs, but
it dissociates after the formation of tri-snRNP. What makes p110 leave the
reassembled U4/U6 snRNP? Most probably, this signal is provided by the
association with U5 snRNP, which results in U4/U6.U5 tri-snRNP formation.
The data from this study suggest that U5-102K may play a role in the release of
p110. Protein 102K is the only U5-specific protein that interacts with U4/U6-
snRNPs, namely protein 61K and 90K (section 4.4). As discussed in section 5.3,
the interaction between U5-102K and U4/U6-61K is critical for the formation of
tri-snRNP. The interaction between U5-102K and U4/U6-90K may play a similar
role. However, it is also possible that U5-102K binds 90K and its function is to
replace the p110. This suggestion is supported by the fact that both proteins
bind to the same region in 90K (amino acids 417-683) through the same domain
structure of TPR motifs (see figure 5.1). Note that the yeast Prp6p (102K in
human) behaves as a genuine U4/U6 snRNP protein (Stevens et al., 2001) and

not as a U5 snRNP protein such as protein 102K.
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5.6 The role of tri-snRNP splicing factors in retinitis pigmentosa

Retinitis pigmentosa (RP) is a genetic disease characterized by progressive
degeneration of the peripheral retina leading to night blindness and loss of
visual fields. RP can be inherited in autosomal dominant, autosomal recessive,
X-linked, mitochondrial and genetically more complex modes. To date, more
than 30 genes have been found to be implicated in this disease. Recently,
mutations in 61K, 90K and 220K, the respective gene expression products of
PRPF31, PRPF3, and PRPF8, have been associated with autosomal dominant
retinitis pigmentosa (adRP) (McKie et al., 2001; Withana et al., 2001,
Chakarova et al., 2002). Given the overwhelming evidence, there is no doubt
that mutations within these splicing factors result in RP; however, why
ubiquitously expressed genes with such an apparently crucial function only

cause a disease of the photoreceptors is still largely a mystery.

Results from initial functional studies on 61K protein have provided some clues
to the effects of its mutations in vivo (Deery et al., 2002). An in vivo assay of
splicing function in human cells using a bovine rod opsin splicing template did
not detect any defect in splicing efficiency or accuracy attributable to either
protein 61K mutation (A194E or A216P), suggesting that there is no dominant
negative effect on the wild-type protein and that the pathology more probably
arises from other causes as indicated by other experiments. Analysis in cell
culture has offered some evidence of reduced protein solubility in those 61K
proteins that incorporate missense mutations. If this observation holds true
under the physiological conditions of the photoreceptors, it might result in
insoluble protein aggregates accumulating over time, eventually causing
apoptosis. Alternatively, some of the experimental data suggest that the lack of
solubility might result in less protein being transported from the cytosol to its site
of action in the nucleus. The authors therefore suggested that the reduction in
concentration of functional 61K protein in the nucleus could lead to an
insufficiency of splicing function. Photoreceptors shed their outer segments
discs, where rhodopsin resides, on a daily basis and, therefore, require
sufficient levels of rhodopsin transcript to replace the protein continually. Such
transcripts obviously require splicing before translation. Rather than mutations

in 61K causing a dominant-negative effect, the disease phenotype might be
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related to thresholds in the levels of splicing. In other words, the photoreceptors
of patients might survive until the level of splicing of rhodopsin, or other mRNAs,
drops below a crucial level, at which point the cell would be irrevocably
damaged, eventually leading to apoptosis. In support of this theory, families with

61K mutations exhibit an ‘all or none’ mode of incomplete penetration.

Y2H assay in this study showed that the yeast strain AH109 co-transformed
with pGADT7-102K and pGBKT7-61K-A194E appears to grow when incubated
on the selective medium lacking histidine and adenine at 30°C for more than
two days. However, the strain grows much more slowly than the cells
co-transformed with 102K and 61K wild-type or A216P. This indicates that the
A194E mutant has a significant but relatively mild effect on the interaction
between 102K and 61K. Consequently, this may reduce the formation of the
functional U4/U6.U5 tri-snRNP that would lead to a lower the rate of splicing in
the cell. This could result in the disease as proposed above by Deery et al. The
weak interaction between protein 61K and 102K might be due to the lower
solubility of the mutant protein as observed by Deery et al. However, the A216P
mutant appears to have no such effect on the protein interaction, although one

cannot exclude the possibility that it may reduce the binding to the U4 snRNA.

A similar explanation can be used for the observation of 220K mutants, since
some 220K mutations such as R2310G, R2310K and F2314L display a weak
interaction with protein 116K and 220K. Interestingly, the work from Beggs’
group (Grainger et al., 2003) has revealed that, in yeast, Prp8-RP13 mutations

affect the interaction between Prp8p and Brr2p.
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5.7 The model of the human U4/U6.U5 tri-snRNP assembly

Based on currently available data, figure 5.3 presents the model of the assembly
and the structural organisation of human tri-snRNP. In the U5 snRNP particle,
three large proteins 220K, 200K and 116K associate with one another to form a
basic protein-protein network for the subsequent assembly steps. The proteins
40K and 102K join this network by connecting with 220K (for 40K) or all the
three proteins (for 102K). Protein 52K and 15K follow by binding to protein 102K.
U5 snRNA binds to the protein component, probably to proteins 220K and 116K
(Dix et al., 1998). For the U4/U6-snRNP particle, a hierarchical assembly has
been proposed previously (Nottrott et al., 2002) and is confirmed and discussed
in this work (see section 5.1 for details). This study and others further showed
that, at least under recycling conditions, protein p110 is required for the
formation of U4/U6 snRNP (Bell et al., 2002; Medenbach et al., 2004). For this
function, U6-p110 interacts with U4/U6-90K through the TPR domain and with
U6 snRNA through the RRM motifs (see section 5.5 for details). During the
assembly of the U4/U6.U5 tri-snRNP, the U5-102K protein binds to the U4/U6-
specific proteins 61K and 90K and thus makes a connection between the U4/U6
and U5 snRNPs. In the meantime, the tri-snRNP-specific 110K protein (probably
also 65K and 27K, which are not shown in this model) joins by binding to U5-
102K, 200K and U4/U6-90K. These interactions promote the dissociation of U5-
52K from U5-snRNP and U6-p110 from U4/U6-snRNP, resulting in the
U4/U6.U5 tri-snRNP. The final step in the formation of the mature spliceosome
(complex B) is the recruitment of the pre-assembled U4/U6.U5 tri-snRNPs to the
pre-spliccosome (complex A). In this work, | confirmed that the U4/U6-90K
mediates the process through interacting with U2-SPF30/SMNrp.
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U4/U6.U5

Figure 5.3. Model of the structural organisation and the assembly of human U4/U6.U5
tri-snRNP. The black spots denote the direct protein-protein interactions identified in
this study.
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5.8 Outlook

The protein-protein interaction data obtained in this work provide a basic
knowledge on which further studies of the three-dimensional structure of the
U4/U6, U5, and U4/U6.U5 snRNP particles by methods such as X-ray
crystallography will be able to build. One example is the study of the U5-52K
GYF domain in complex with U5-15K in the cooperation with the laboratory of
Prof. R. Ficner at the University of Goéttingen (figure 4.16). The crystallography
study of the U4/U6 snRNP particle will answer the question of whether the
15.5K protein associates with 61K and 20K<60K<90K heterotrimer in the
presence of U4/U6 snRNA and how this protein promotes the assembly of the
U4/U6 snRNP.

As demonstrated in this work, the U5-102K and U6-p110 interact with the same
region of U4/U6-90K, suggesting that the U5-102K interacts with 90K to replace
the U6-p110. If this is true, the addition of the recombinant U5-102K protein to
the nuclear extract under recycling conditions will probably inhibit the function of
p110 in the recycling of the U4/U6 snRNPs and thus the splicing of pre-mRNA.
The interaction between U5-102K and U4/U6-61K is critical for the formation of
the U4/U6.U5 tri-snRNP (section 5.3). One of the 61K mutants (A194E) — one
that contributes to the autosomal dominant retinitis pigmentosa — displays
reduced interaction with 102K (figure 4.20). Recent work has demonstrated that,
after knockdown of the U4/U6-61K protein in HeLa cells using RNAI, tri-snRNP
formation is inhibited (Schaffert et al., 2004). Therefore, | and my colleagues in
the laboratory of Prof. Lihrmann are working on the question of whether
overexpression of the wild-type protein 61K or its mutants can restore the

formation of tri-snRNP in HelLa cells lacking 61K.

The U4/U6-90K protein is involved in the assembly/reassembly of U4/U6
snRNP, the formation of tri-snRNP and the recruitment of tri-shRNP to the
pre-spliceosome. Therefore, it will be interesting to see how the spliceosome
assembles after the depletion/complementation of the full-length or truncated

90K protein.
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The 52K protein is the only U5-specific protein that is not integrated into the tri-
snRNP. Therefore, an attractive idea would be to purify the U5 snRNP particle
by immunoaffinity selection using anti-52K antibodies and to analyse the protein
component by mass spectrometry. This may yield purified U5 snRNP for the

subsequent structural and functional studies.
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8 Appendix

8.1 Abbreviations

aa
Ab
BLAST
bp
B-gal
cDNA
CSM
DMSO
DNA
DOB
DOBA
DTT
EDTA
EtBr
GST
HEPES
kb
kDa
LB
MCS
mRNA
MW
NP-40
oD
Oligo
ORF
PAGE
PBS
PCR
RBD
rpm
RNA
SD
snRNP
TBS
uv
Y2H
YPD

amino acid

antibody

Basic Local Alignment Search Tool
base pair

B-galactosidase
complementary DNA

Complete Supplement Mixture
dimethyl sulfoxide
deoxyribonucleic acid

Dropout Base medium

Dropout Base with Agar
dithiothreitol
ethylene-diamine-tetraacidic acid
ethidium bromide

glutathione S-transferase
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
kilobases

kiloDalton

Luria Bertani medium

multiple cloning site

messenger RNA

molecular weight

Nonidet P-40

optical density

oligonucleotide

open reading frame
polyacrylamide gel electrophoresis
phosphate-buffered saline
polymerase chain reaction
RNA-binding domain

revolutions per minute

ribonucleic acid

Synthetic Defined medium

small nuclear ribonucleoprotein particle
Tris-buffered saline

ultraviolet

yeast two-hybrid

yeast peptone dextrose medium
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Amino acids

Ala

Arg
Asn
Asp
Cys
Gln

Glu

Gly

His

lle

T IOmMOOU0OZXI >

Alanine
Arginine
Asparagine
Aspartic acid
Cysteine
Glutamine
Glutamic acid
Glycine
Histidine
Isoleucine

<<s—HowUuvTmzZXxr

Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

Leucine
Lysine
Methionine
Phenylalanine
Proline

Serine
Threonine
Tryptophan
Tyrosine
Valine



8 APPENDIX 151

8.2 pGADT7 map and MCS
(from Clontech)
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8.3 pGBKT7 map and MCS
(from Clontech)

Hird I

Hind 11|

f1

ori P

ADHY
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8.4 cDNA sequence of U5-220K (ORF)

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301
3361
3421
3481
3541

ATGGCCGGAGTGTTTCCTTATCGAGGGCCGGGTAACCCGGTGCCTGGCCCTCTAGCCCCG
CTACCGGACTACATGTCGGAGGAGAAGCTGCAGGAGAAAGCTCGAAAATGGCAGCAATTG
CAGGCCAAGCGCTATGCAGAAAAGCGGAAGTTTGGGTTTGTGGATGCCCAGAAGGAAGAC
ATGCCCCCAGAACATGTCAGGAAGATCATTCGAGACCATGGAGACATGACCAACAGGAAG
TTCCGCCATGACAAAAGGGTTTACTTGGGTGCCCTAAAGTACATGCCCCACGCAGTCCTC
AAACTCCTGGAGAACATGCCTATGCCTTGGGAGCAGATTCGGGATGTGCCTGTGCTGTAC
CACATCACTGGAGCCATTTCCTTCGTCAATGAGATTCCCTGGGTCATTGAACCTGTCTAC
ATCTCCCAGTGGGGGTCAATGTGGATTATGATGCGCCGAGAAAAAAGAGATAGGAGGCAT
TTCAAGAGGATGCGTTTTCCCCCTTTTGATGATGAGGAGCCGCCCTTGGACTATGCTGAC
AACATCCTAGATGTTGAGCCACTGGAGGCCATTCAGCTAGAGCTGGACCCTGAGGAGGAC
GCCCCTGTGTTGGACTGGTTCTATGACCACCAGCCGTTGAGGGACAGCAGGAAGTATGTA
AATGACTCCACTTACCAGCGCTGGCAGTTCACACTACCTATGATGTCGACTCTCTACCGC
CTGGCTAATCAGCTCCTGACAGACTTGGTGGATGACAACTACTTCTACCTGTTTGATTTG
AAGGCCTTCTTTACGTCCAAGGCACTCAATATGGCCATTCCTGGAGGCCCCAAATTTGAA
CCTCTTGTTCGAGACATCAACCTACAGGATGAAGACTGGAATGAATTCAATGATATTAAC
AAGATTATCATCCGGCAGCCTATCCGCACTGAGTACAAGATTGCTTTTCCTTACTTGTAC
AACAATCTTCCACACCATGTCCACCTCACCTGGTACCATACTCCCAATGTTGTATTCATC
AAAACTGAGGATCCTGACTTGCCAGCTTTCTACTTTGACCCTTTGATCAACCCAATCTCC
CATAGGCACTCAGTCAAGAGCCAGGAACCATTGCCGGATGATGATGAGGAATTTGAGCTC
CCGGAGTTTGTGGAGCCCTTCCTGAAGGACACACCCCTCTATACAGACAATACAGCCAAT
GGCATTGCCCTGCTCTGGGCCCCGCGGCCCTTCAACCTACGCTCTGGTCGCACCCGTCGG
GCCCTGGACATACCCCTTGTCAAGAACTGGTATCGGGAGCATTGTCCTGCCGGGCAGCCT
GTGAAAGTGAGGGTCTCCTACCAGAAGCTGCTTAAGTACTATGTGCTGAATGCCCTGAAG
CATCGGCCCCCTAAGGCTCAAAAGAAGAGGTATTTGTTCCGCTCCTTCAAAGCCACCAAA
TTCTTTCAGTCCACAAAGCTGGACTGGGTGGAGGTTGGGCTCCAGGTTTGCCGCCAGGGC
TACAACATGCTCAACCTTCTCATTCACCGCAAAAACCTCAACTACCTGCACCTGGACTAC
AACTTCAACCTCAAGCCTGTGAAAACGCTCACCACCAAGGAAAGAAAGAAATCTCGTTTT
GGGAATGCTTTCCACCTGTGTCGGGAAGTTCTGCGTTTGACTAAGCTGGTGGTGGATAGT
CACGTGCAGTATCGGCTGGGCAATGTGGATGCCTTCCAGCTGGCAGATGGATTGCAGTAT
ATATTTGCCCATGTTGGGCAGTTGACGGGCATGTATCGATACAAATACAAGCTGATGCGA
CAGATTCGCATGTGCAAGGACCTGAAGCATCTCATCTATTATCGTTTCAACACGGGCCCT
GTAGGGAAGGGTCCTGGCTGTGGCTTCTGGGCTGCCGGTTGGCGAGTCTGGCTCTTTTTC
ATGCGTGGCATTACCCCTTTATTAGAGCGATGGCTTGGCAACCTCCTGGCCCGGCAGTTT
GAAGGTCGACACTCAAAGGGGGTGGCAAAGACAGTAACAAAGCAGCGAGTGGAGTCACAT
TTTGACCTTGAGCTGCGGGCAGCTGTGATGCATGATATTCTGGACATGATGCCTGAGGGG
ATCAAGCAGAACAAGGCCCGGACAATCCTGCAGCACCTCAGTGAAGCCTGGCGCTGCTGG
AAAGCCAACATTCCCTGGAAGGTCCCTGGGCTGCCGACGCCCATAGAGAATATGATCCTT
CGATACGTGAAGGCCAAGGCTGACTGGTGGACCAACACTGCCCACTACAACCGAGAACGG
ATCCGCCGAGGGGCCACTGTGGACAAGACTGTTTGTAAAAAGAATCTGGGCCGCCTCACC
CGGCTCTATCTGAAGGCAGAACAGGAGCGGCAGCACAACTACCTGAAGGACGGGCCTTAC
ATCACAGCGGAGGAAGCAGTGGCAGTATATACCACCACAGTGCATTGGTTGGAAAGCCGC
AGGTTTTCACCCATCCCATTCCCCCCACTCTCCTATAAGCATGACACCAAGTTGCTCATC
TTGGCATTGGAGCGGCTCAAGGAAGCTTATAGTGTGAAGTCTCGGTTGAACCAGTCTCAG
AGGGAGGAGCTAGGTCTGATCGAGCAGGCCTACGATAACCCCCACGAGGCGCTGTCCCGC
ATCAAGCGTCACCTCCTCACACAGAGAGCCTTCAAAGAGGTGGGCATTGAGTTCATGGAT
CTGTATAGCCACCTCGTTCCAGTATATGATGTTGAGCCCCTGGAGAAGATAACTGATGCT
TACCTGGACCAGTACCTGTGGTATGAAGCCGACAAGCGCCGCCTGTTCCCACCCTGGATT
AAGCCTGCAGACACAGAACCACCTCCGCTGCTTGTTTACAAGTGGTGTCAAGGCATCAAT
AACCTGCAGGACGTGTGGGAGACGAGTGAAGGCGAGTGCAATGTCATGCTGGAATCCCGC
TTTGAGAAGATGTATGAGAAGATCGACTTGACTCTGCTCAACAGGCTGCTGCGCCTCATC
GTGGACCACAACATAGCCGACTACATGACAGCCAAGAACAACGTCGTCATCAACTATAAG
GACATGAACCATACGAATTCATATGGGATCATCAGAGGCCTGCAGTTTGCCTCATTCATC
GTGCAGTATTATGGCCTGGTGATGGATTTGCTTGTATTGGGATTGCACCGGGCCAGTGAG
ATGGCTGGGCCCCCTCAGATGCCAAATGACTTTCTCAGTTTCCAGGACATAGCCACTGAG
GCTGCCCACCCCATCCGTCTCTTCTGCAGATACATTGATCGCATCCATATTTTTTTCAGG
TTCACAGCAGATGAGGCTCGGGACCTGATTCAACGTTACCTGACAGAGCACCCTGACCCC
AATAATGAAAACATCGTTGGCTATAATAACAAGAAGTGCTGGCCCCGAGATGCCCGCATG
CGCCTCATGAAACATGATGTTAACTTAGGCCGGGCGGTATTCTGGGACATCAAGAACCGC
TTGCCACGGTCAGTGACTACAGTTCAGTGGGAGAACAGCTTCGTGTCTGTGTACAGTAAG
GACAACCCCAACCTGCTGTTCAACATGTGTGGCTTCGAGTGCCGCATCCTGCCTAAGTGC
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3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221
5281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881
5941
6001
6061
6121
6181
6241
6301
6361
6421
6481
6541
6601
6661
6721
6781
6841
6901
6961

CGCACCAGCTATGAGGAGTTCACCCACAAGGACGGGGTCTGGAACCTGCAGAATGAGGTT
ACTAAGGAGCGCACAGCTCAGTGTTTCCTGCGTGTGGACGATGAGTCAATGCAGCGCTTC
CACAACCGCGTGCGTCAGATTCTCATGGCCTCTGGGTCCACCACCTTCACCAAGATTGTG
AATAAGTGGAATACAGCTCTCATTGGCCTTATGACATACTTTCGGGAGGCTGTGGTGAAC
ACCCAAGAGCTCTTGGACTTACTGGTGAAGTGTGAGAACAAAATCCAGACACGTATCAAG
ATTGGACTCAACTCCAAGATGCCAAGTCGGTTCCCCCCGGTTGTGTTCTACACCCCTAAG
GAGTTGGGTGGACTCGGCATGCTCTCAATGGGCCATGTGCTCATCCCCCAATCCGACCTC
AGGTGGTCCAAACAGACAGATGTAGGTATCACACACTTTCGTTCAGGAATGAGCCATGAA
GAAGACCAGCTCATTCCCAACTTGTACCGCTACATACAGCCATGGGAGAGCGAGTTCATT
GATTCTCAGCGGGTCTGGGCTGAGTACGCACTCAAGAGGCAAGAGGCCATTGCTCAGAAC
AGACGCCTGACTTTAGAAGACCTAGAAGATTCATGGGATCGTGGCATTCCTCGAATCAAT
ACCCTCTTCCAGAAGGACCGGCACACACTGGCTTATGATAAGGGCTGGCGTGTCAGAACT
GACTTTAAGCAGTATCAGGTTTTGAAGCAGAATCCGTTCTGGTGGACACACCAGCGGCAT
GATGGGAAGCTCTGGAACCTGAACAACTACCGTACAGACATGATCCAGGCCCTGGGCGGT
GTGGAAGGCATTCTGGAACACACACTCTTTAAGGGCACTTACTTCCCTACCTGGGAGGGG
CTTTTCTGGGAGAAGGCCAGTGGCTTTGAGGAATCTATGAAGTGGAAGAAGCTAACTAAT
GCTCAGCGATCAGGACTGAACCAGATTCCCAATCGTAGATTCACCCTCTGGTGGTCCCCG
ACCATTAATCGAGCCAATGTATATGTAGGCTTTCAGGTGCAGCTAGACCTGACGGGTATC
TTCATGCACGGCAAGATCCCCACGCTGAAGATCTCTCTCATCCAGATCTTCCGAGCTCAC
TTGTGGCAGAAGATCCATGAGAGCATTGTTATGGACTTATGTCAGGTGTTTGACCAGGAA
CTTGATGCACTGGAAATTGAGACAGTACAAAAGGAGACAATCCATCCCCGAAAGTCATAT
AAGATGAACTCTTCCTGTGCAGATATCCTGCTCTTTGCCTCCTATAAGTGGAATGTCTCC
CGGCCCTCATTGCTGGCTGACTCCAAGGATGTGATGGACAGCACCACCACCCAGAAATAC
TGGATTGACATCCAGTTGCGCTGGGGGGACTATGATTCCCACGACATTGAGCGCTACGCC
CGGGCCAAGTTCCTGGACTACACCACCGACAACATGAGTATCTACCCTTCGCCCACAGGT
GTACTCATCGCCATTGACCTGGCCTATAACTTGCACAGTGCCTATGGAAACTGGTTCCCA
GGCAGCAAGCCTCTCATACAACAGGCCATGGCCAAGATCATGAAGGCAAACCCTGCCCTG
TATGTGTTACGTGAACGGATCCGCAAGGGGCTACAGCTCTATTCATCTGAACCCACTGAG
CCTTATTTGTCTTCTCAGAACTATGGTGAGCTCTTCTCCAACCAGATTATCTGGTTTGTG
GATGACACCAACGTCTACAGAGTGACTATTCACAAGACCTTTGAAGGGAACTTGACAACC
AAGCCCATCAACGGAGCCATCTTCATCTTCAACCCACGCACAGGGCAGCTGTTCCTCAAG
ATAATCCACACGTCCGTGTGGGCGGGACAGAAGCGTTTGGGGCAGTTGGCTAAGTGGAAG
ACAGCTGAGGAGGTGGCCGCCCTGATCCGATCTCTGCCTGTGGAGGAGCAGCCCAAGCAG
ATCATTGTCACCAGGAAGGGCATGCTGGACCCACTGGAGGTGCACTTACTGGACTTCCCC
AATATTGTCATCAAAGGATCGGAGCTCCAACTCCCTTTCCAGGCGTGTCTCAAGGTGGAA
AAATTCGGGGATCTCATCCTTAAAGCCACTGAGCCCCAGATGGTTCTCTTCAACCTCTAT
GACGACTGGCTCAAGACTATTTCATCTTACACGGCCTTCTCCCGTCTCATCCTGATTCTG
CGTGCCCTACATGTGAACAACGATCGGGCAAAAGTGATCCTGAAGCCAGACAAGACTACT
ATTACAGAACCACACCACATCTGGCCCACTCTGACTGACGAAGAATGGATCAAGGTCGAG
GTGCAGCTCAAGGATCTGATCTTGGCTGACTACGGCAAGAAAAACAATGTGAACGTGGCA
TCACTGACACAATCAGAAATTCGAGACATCATCCTGGGTATGGAGATCTCGGCACCGTCA
CAGCAGCGGCAGCAGATCGCTGAGATCGAGAAGCAGACCAAGGAACAATCGCAGCTGACG
GCAACACAGACTCGCACTGTCAACAAGCATGGCGATGAGATCATCACCTCCACCACCAGC
AACTATGAGACCCAGACTTTCTCATCCAAGACTGAGTGGAGGGTCAGGGCCATCTCTGCT
GCCAACCTGCACCTAAGGACCAATCACATCTATGTTTCATCTGACGACATCAAGGAGACT
GGCTACACCTACATCCTTCCCAAGAATGTGCTTAAGAAGTTCATCTGCATATCTGACCTT
CGGGCCCAAATTGCAGGATACCTATATGGGGTGAGCCCACCAGATAACCCCCAGGTGAAG
GAGATCCGCTGCATTGTGATGGTGCCGCAGTGGGGCACTCACCAGACCGTGCACCTGCCT
GGCCAGCTGCCCCAGCATGAGTACCTCAAGGAGATGGAACCCTTAGGTTGGATCCACACT
CAGCCCAATGAGTCCCCGCAGTTATCACCCCAGGATGTCACCACCCATGCCAAGATCATG
GCTGACAACCCATCTTGGGATGGCGAGAAGACCATTATCATCACATGCAGCTTCACGCCA
GGCTCCTGTACACTGACGGCCTACAAGCTGACCCCCAGTGGCTACGAATGGGGCCGCCAG
AACACAGACAAGGGCAACAACCCCAAGGGCTACCTGCCTTCACACTATGAGAGGGTGCAG
ATGCTGCTGTCGGACCGTTTCCTTGGCTTCTTCATGGTCCCTGCCCAGTCCTCGTGGAAC
TACAACTTCATGGGTGTTCGGCATGACCCCAACATGAAATATGAGCTACAGCTGGCGAAC
CCCAAAGAGTTCTACCACGAGGTGCACAGGCCCTCTCACTTCCTCAACTTTGCTCTCCTG
CAGGAGGGGGAGGTTTACTCTGCGGATCGGGAGGACCTGTATGCCTGA
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