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Epitope tagging in metazoans is an important toobfochemical analyses and is
generally accomplished by using trans-genes witframe epitope tags. However,
protein levels from trans-genes are rarely reptasee of native levels. To overcome
the shortcomings using trans-genes, epitope tag® weroduced by homologous
recombination technology, termed CLEP taggingr@@fosomal locus_ERope tagging),
immediately upstream of the stop codon of targetedes in chicken B cell line DT40
and mouse embryonic stem (ES) cells. 1 first destrated the feasibility and promise
of this technique in DT40 cells by purifying low walance polypeptides and factors
loosely associated with the SmD3 protein, a co@em participating in pre-mRNA
splicing and mRNA turnover, with a TAP (tandem mitfy purification) tag. Glycerol
gradient separation was performed to further chiarae the SmD3-associated protein
complexes from the 200S fractions, correspondingth® supraspliceosomes. The

purification included all five spliceosomal snRNAsMost known snRNP-associated
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proteins, 5’ end binding factors, 3' end processfagtors, mRNA export factors,
hnRNPs, and other RNA binding proteins were ideadifrom the protein components.
Intriguingly, the purified supraspliceosomes alsontained a number of structural
proteins, nucleoporins, chromatin remodeling fastand several novel proteins that
were absent from splicing complexes assemineditro. | showed that thén vivo
analyses provide a more comprehensive list of mtides associated with pre-mRNA
splicing apparatus as well as those that coupéetsaription to the pre-mRNA processing
steps. With similar techniques, the TAP tag waeiited into the chromosomal locus of
a pre-mRNA splicing factor component, mMSART-1 iwelimice. Surprisingly, a
profound autoimmune response was induced in hontasygodified mice, due likely to
an inappropriate stimulation of the immune systembelieve these mice will serve as a
valuable tool for the studies of mammalian autoimeudiseases, especially those

resulting from the generation of autoantibodiesragidRNP components.
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Chapter 1: Introduction

1.1 GENE EXPRESSION IN EUKARYOTES

1.1.1 Overview

Gene expression in eukaryotes is a highly dynamit r@gulated process. In
order to have proper gene expression in eukaryelis, RNA polymerase Il (RNA Pol
II) transcripts undergo several coordinated praogssteps before the mature mRNA is
exported to the cytoplasm for translation. Thes=mpRNA processing steps include
capping of the pre-mRNA with a 7-methyl guanosiag structure at the 5’ end, intron
removal by the spliceosome, RNA editing, and clgavand polyadenylation of pre-
MRNA by the 3’ end processing machinery. Studi@gehshown that these steps are
coupled to each other and occur co-transcriptignah the nascent transcripts
[lustration 1.1, for review, see (Howe, 2002; Ntis and Reed, 2002; McCracken et
al., 1997)].

1.1.2 The carboxyl-terminal domain (CTD) of RNA Polll: an assembly platform for

pre-mRNA processing factors

The carboxyl-terminal domain (CTD) of the RNA Pbblays an important role
for the recruitment and regulation of processingtdes. The CTD is composed of
heptad consensus repeats, YSPTSPS, which is rdgZaténes in yeast and 52 times in
humans. Serine 2 (Ser2) and Serine 5 (Ser5) mesiduithin the repeats are
phosphorylated during transcription. The pattefrthe CTD phosphorylation changes
as transcription proceeds (Komarnitsky et al., 200@&er5 phosphorylation is detected

primarily at the promoter while Ser2 phosphorylatis seen only in coding regions. In
1



yeast, the recruitment of Kin28 kinase, a suburfittranscription factor TFIIH,

phosphorylates Ser5 of the CTD at the promoter @dener et al., 1998) and as
elongation proceeds, phosphorylation of the CTDSer2 by Ctkl increases (Cho et al.,
2001). In higher eukaryotes, several C-terminaakes (CTK) have been found to
catalyze phosphorylation and their recruitment afficiity are affected by the position of
the targeted repeats within the CTD and the phagtdton state of the neighboring
residues (Palancade and Bensaude, 2003; Ramaratabn2001). The CTD deletions
do not inactivate transcription but prevent effiti€o-transcriptional capping, splicing
and 3 end cleavage and polyadenylation (Fong amdtlBy, 2001). Moreover,

dynamic site-specific phosphorylation and dephosgaton of the CTD is critical for

coupling RNA Pol Il transcription to the processhagtors (Maniatis and Reed, 2002).



5’ 3
cap MerPPNM

lllustration 1.1 Coupled interaction in gene expresion

The C-terminal domain (CTD) functions as an assgrpldtform and regulator for co-
transcriptional recruitment of pre-mRNA processfagtors. The 5’ capping enzymes,
guanylyltransferase (GT) and 7-methyltransferas&)(Mplicing factors (SF) and 3’ end
cleavage/polyadenylation factors (C/P) are recdwtia the CTD. Dash arrows indicate
that all the processing pathways are coupled vatthether for proper gene expression.
Exon-Exon junction complexes (E) formed during @plj are important for mRNA
export.



1.1.3 Coupling between transcription and the pre-mRA processing machinery

1.1.3.1 5’ end capping

Capping of the nascent transcripts at the 5’ emdepts them from degradation.
This step involves 3 enzymes, the guanylyltransterghe 7-methyltransferase, and the
RNA triphosphatase. Different phosphorylated/dephorylated forms of the CTD
regulate the recruitment of the capping enzymesr5 $hosphorylation on the CTD is
necessary for the recruitment of the capping ensyngranylyltransferase and 7-
methyltransferase. Subsequent Ser5 dephosphoryiatiearly elongation results in the
release of the guanylyltransferase (Komarnitskyalet 2000; Schroeder et al., 2000).
Ser2 on the CTD is then phosphorylated, leadinghe recruitment of the RNA
processing factors required for the subsequentss{@ho et al., 2001). Capping
enzymes also cooperate with transcription factorstimulate elongation and promoter

clearance (Mandal et al., 2004).

1.1.3.2 Recruitment of the spliceosome

Several splicing factors have been shown to be ledup the transcription
machinery. The Ul snRNP associates with transenipgtlongation factors at the time
of recognition of the 5’ splice site of the intr@otovic et al., 2003). The Ul snRNP-
associated splicing factor Prp40 (Kao and Silicjar896), which is proposed to bring the
5" and the 3’ splice sties together during splic{Bgrglund et al., 1997), interacts with
phosphorylated CTD (Morris and Greenleaf, 2000)longation factor, TAT-SF1 and
CUS2 (yeast homolog), interacts with splicing fastand regulates the assembly of
splicing complexes (Fong and Zhou, 2001; Yan etl&98). SR proteins, important for
both constitutive and alternative splicing (Grayel2000), have been shown to interact

with the transcriptional coactivator PGC-1 (Crareeal., 1999), suggesting a connection
4



between transcription and alternative splicing (Gtalbbhm et al., 2001). In addition, the
cap-binding complex has been shown to interact wlicing factors and promote the
recognition of the proximal 5 splice site (Colot al., 1996; Lewis et al., 1996).
Coupling of splicing factors to transcription isosposed to concentrate splicing factors on
nascent transcripts, allowing constitutive andrabé&ve splicing to occur efficiently and

accurately (Maniatis and Reed, 2002).

1.1.3.3 3’ end formation

The formation of the 3’ end of mMRNA occurs in twess. First, the nascent
transcript is cleaved 20-30 bases downstream ohaerved poly(A) site, AAUAAA, by
the cleavage and polyadenylation factors. Secpaolg(A) polymerase adds a poly(A)
tail to the 3’ OH of the nucleotide at the sitenodRNA cleavage. It has been shown that
3’ end processing factors, CstF50, Ydhl, Yhhl, Bnd14 bind to the CTD (Proudfoot,
2004). Splicing and 3’ end formation have alsonbskeown to be coupled (Vagner et
al., 2000). Splicing factors are able to interatth poly(A) polymerase and promote
3’end formation; polyadenylation, in turn, can silate splicing [reviewed in (Berget,

1995)].

1.1.3.4 Recruitment of mMRNA export factors

After transcription termination, the mature mRNAdaRNA Poll 1l are released
from the DNA template. The mature RNA is then $@orted to nuclear pores for
export to the cytoplasm. Evidence has shown tHaNAs generated by splicing are
more efficiently exported than their intronless t@muparts transcribed from DNA, even
when they are identical in sequence (Luo and RE@®0). Protein complexes recruited
adjacent to the exon-exon junctions during splicarg assembled into a unique complex

and critical to couple splicing to mRNA export (Bé et al., 2000). UAPG65, a splicing
5



factor required for early spliceosome assemblyls® a protein component in the exon
junction complex that couples splicing to mRNA entpduo et al., 2001; Zhou et al.,
2000). UAPG65 interacts directly with the mRNA tsport factor, ALY, which then
interacts with the nuclear export adapter TAP,w@ging the mRNA to the nuclear pore
for export (Strasser and Hurt, 2001). Links betweranscription, 5 end capping,
splicing, 3’ end formation and export ensure ak ®teps are timely coordinated for

proper gene expression.

1.2PRE-MRNA SPLICING AND THE SPLICEOSOME ASSEMBLY

1.2.1 Small nuclear RNAs (SnRNA)

1.2.1.1 The discovery of ShnRNAs

The existence of low molecular weight RNA, 90-406cleotides long, which
sedimented in the 4-8S region of a sucrose graavestreported in the 1960s (Hodnett
and Busch, 1968; Moriyama et al., 1969; Muramatsal.e 1966; Prestayko and Busch,
1968). These small RNAs were divided into smalktlealar, small nuclear and small
cytoplasmic RNAs based on their cellular localiaati A subset of these small RNAs,
rich in uridylic acid was first identified from nleoli of Novikoff hepatoma cells
(Muramatsu et al., 1966). This RNA had an uridilcd- base composition, different
from that of the ribosomal RNA (rRNA) and transiRNA (tRNA) and was designated
U-RNA. By sedimentation, chromatography, and teahinucleoside analysis, six U-
RNA (U-small nuclear RNA, U-snRNA), Ul snRNA (Reddyal., 1981b; Reddy et al.,
1974), U2 snRNA (Shibata et al., 1975), U3 snRNA&d&y et al., 1979; Reddy et al.,
1980), U4 snRNA (Reddy et al., 1981a), U5 snRNAo{Kat al., 1981), and U6 snRNA
(Epstein et al., 1980) were identified and well relcéerized from nuclei. U3 is

6



nucleolar while U1, U2, U4, U5, and U6 are nuclesptic. snRNAs are present at 0.2-
1 1 molecules per cell. The sequencing of snRNAsttedhe discovery of cap
structures (Reddy et al., 1974), followed by stadia cap structure of messenger RNA

(mRNA) and viral RNA (Rottman et al., 1974; Shatkif76).

1.2.1.2 The biogenesis of SnRNAs

With the exception of U6, the U1, U2, U3, U4, an8 &te synthesized by RNA
polymerase Il, acquiring a monomethyl guanosine GpppG) cap and their primary
transcripts are extended far beyond the 3’ enchefmature RNA (Busch et al., 1982;
Eliceiri, 1980). They are compacted into a largpagt complex, including cap-binding
proteins and CRM1/RanGTP for export to the cytaplagiss, 2004). In the
cytoplasm, the snRNAs associate with the surviamotor neuron (SMN) complex
(Paushkin et al., 2002), which directs the assenalblyhe seven related Sm proteins
SmB/B’, SmD1, SmD2, SmD3, SmE, SmF, and SmG, whadsemble into a
heteroheptameric ring complex and bind to the ameske Sm-binding site within the
SnRNA (Luhrmann et al., 1990; Will and LuhrmannQ2Q) Binding of the Sm proteins
is important for hypermethylation of the 7mG cap2i@,7-trimethylguanosine (TMG)
cap (Mattaj, 1986; Mouaikel et al., 2002; Plessadle 1994), as well as exonucleolytic
cleavage of 3’ sequences. Both the assembled &racd TMG provide signals for the
efficient import of the newly assembled small nacleibonucleoproteins (SNnRNPS).
The snRNPs are then imported back to the nuclemplaish the help of snurportin and
importin  (Palacios et al., 1997) for further modification Cajal bodies (Jady et al.,
2003). U6, synthesized by RNA polymerase lll, iesrra —monomethylphosphate
(mpppG) cap structure (Singh and Reddy, 1989). et&roheptameric ring of seven Sm-

like proteins, Lsm2, Lsm3, Lsm4, Lsm5, Lsm6, Lsmmd &sm8, binds to the 3’-terminal



UUUU sequence of U6 snRNA (Achsel et al., 1999)indig of the Lsm proteins is
critical to direct the modification of U6 in the claolus (Gerbi et al., 2003). The

biogenesis of U6 is confined to the nucleus (Getlail., 2003; Kiss, 2004).

1.2.2 Small nuclear ribonucleoproteins (ShRNP)

1.2.2.1 The isolation of shRNPs

The snRNAs are not present as naked RNA moleculébe nucleoplasm but
exist in specific RNA-protein complexes called shmaiclear ribonucleoprotein (ShnRNP)
particles (Lerner and Steitz, 1979; Raj et al.,5)97 Isolation of the U1 and U2 snRNPs
was first achieved by Raf al. using Sepharose gel filtration and sucrose degséglient
and 10 proteins were shown to be present in thepxes (Raj et al., 1975). The
discovery of an autoimmune reaction between sewvdaskes of eukaryotic snRNPs and
autoantibodies from sera of patients with rheumdiseases such as systemic lupus
erythematosus, mixed connective tissue diseaskspderma, and Sjogren’s syndrome
has facilitated the structure and localization gsed of snRNP particles. Lerner and
Steitz showed that anti-Sm antibodies immunoputifiee U1, U2, U4, U5, and U6
SNRNP patrticles whereas anti-U1 RNP antibodiesiptated only U1 snRNP (Lerner
and Steitz, 1979). The protein components arenéakdor antigenicity and antigenic
determinants of the snRNP are highly conserved dmtvgpecies. Another two classes
of small ribonucleoproteins, Ro/SSA and La/SSB atso detected by antibodies
associated with Sjogren’s syndrome and lupus emy#besus (Lerner et al., 1981).
Immunological methods offer a useful approach foRNP purification; however, it is
difficult to recover snRNPs in a native structurenf the antibody affinity columns.

In order to analyze the native structure and fumcof ShnRNPs, The Lihrmann

laboratory developed a procedure for the isolabbsnRNPs on a preparative scale using
8



antibodies against the TMG cap, ant’f’ G antibodies, and purified proteins by
affinity chromatography with anti-sh*’G 1gG (Bringmann et al., 1983). Eluting the
antibody-bound snRNPs from the column with excessleoside >’ G or 7mG

maintains the native structure of the snRNPs.

1.2.2.2 A link between snRNPs and splicing

The first study to implicate the role of SnRNP$ime-mRNA processing pathways
was reported by Sekerst al. who showed that the snRNAs co-sediment with large
particles that bind hnRNA (Sekeris and Niessing/5)9 In the early 1980s, Lernet
al. reported that snRNAs were present in all eukasyated are well conserved through
evolution. snRNPs were present in highest aburedlanmetabolically active cell types,
such as liver cells and most importantly, the 58 esequence of the Ul snRNA is
complementary to 5’ splice junctions in mRNA presars (Lerner et al.,, 1980). This
was the first demonstration that an RNA-RNA inté@ct is important for molecular
recognition. Another clue to the role of the snBNi splicing came from the evidence
that splicing was inhibited in HeLa cell nuclei whthey are preincubated with anti-Sm
or anti-RNP antibodies (Yang et al., 1981). Furstadies of the structure and function
of sSnRNPs have revealed different roles of distsrd®NPs in the pre-mRNA splicing

reaction as described in the text below.

1.2.3 The splicing reaction

1.2.3.1 Pre-mRNA splicing machinery, spliceosome

The coding sequences, exons, in most primary trgmsof RNA polymerase |l
are interrupted by intervening sequences, IVSsntoons. Introns have to be removed
from pre-mRNA in a process called pre-mRNA splictnggenerate the mature mRNA

9



before it is exported from the nucleus to the clgsm where it is translated into protein
(Sharp, 1994). The first evidence revealing thading regions were interrupted was
found by the Sharp and the Roberts laboratorid®#v (Berget et al., 1977; Chow et al.,
1977). They showed the DNA template of adenounagor late was not able to form a
smooth hybrid with its mRNA, indicating that somertons of the sequence, later
termed introns, were missing from the mRNA. Initdd, three adenovirus major late
MRNAs shared a common 5’ end.

The machinery that splices pre-mRNA is called tipdiceosome which is
comprised of hundreds of proteins and five smatlear RNAs (U1, U2, U4, U5, and
U6) assembled into small nuclear ribonucleoprotésmkNPs). U1, U2, U4, and U5
are transcribed by RNA polymerase Il, sharing twonmon features, the 5-terminial
TMG cap and highly conserved Sm site [RA(GR] flanked by two stem-loop structures
(Luhrmann et al.,, 1990). U6 is transcribed by RN&lymerase lll, containing a-
mono-methyl-phosphate cap and no Sm site. Smipsoége common proteins in U1,
U2, U4, U5 snRNPs and are essential for 5° hypdmgiation of the 7mG cap to 2, 2, 7-
trimethylguanosine and re-import of the mature sABNback to the nucleus. Other
proteins are found associated with specific snRNRgplved in different dynamic

interaction with pre-mRNA.

1.2.3.2 Splicing signals

The splicing signals are consensus sequences doaatee exon/intron junctions
[(Stephens and Schneider, 1992) and lllustrati@h 1.

5-AG/GURAGU------- intron------ YNCURAY-(Y)n--------- YAG/-3

The 5’ splice site conforms to the consensus sespud&/GURAGU where the

slashes are the exon/intron borders, R is any pudand Y is any pyrimidine. The 3
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splice site is characterized by the sequence YAThe first two and the last two bases,
underlined GU and AG, respectively, of the intraa almost invariant. In addition to
the consensus sequences at the 5 and 3’ end ointtens, another two sequence
elements, the polypyrimidine tract [(Y)n] and brhapoint sequences (YNCURA are
also important for accurate splicing (Kramer, 1996)he polypyrimidine tract is a
stretch of pyrimidine residues preceding the 3’icgplsite (Kramer, 1996). It is
important for the definition of the 3’ splice siéad the recruitment of proteins for the
earliest stage of spliceosome assembly. The bpanuh sequence YNCURA is
located 18-40 nucleotides upstream of the 3’ spéite and the branchpoint adenine
nucleotide, the site of branch formation, is unided (Zhuang et al., 1989). In the yeast
Saccharomyces cerevisjatis sequence is more highly conserved: andmost always
UACUAAC whereas the sequence is more variable in highiaargotes. All of these

consensus sequences are important for properrgphbeid gene expression.
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A

5 3

Exonl AG 5 GURARU— YNCURAY - (Y)In— YAG} Pre-mRNA
i “2oH”

B

5 3

Exon1+ Lariat

e "QH.?: (¥)n YAG; . ! intermediate
| 15t Step
C
5 3
Exon1l AG m§2:+ Lariat
(rin —CoH> 2nd Step

lllustration 1.2 Splicing signals and the two catajtic steps of pre-mRNA splicing

(A) The pre-mRNA is represented by two boxes, ek@nd exon 2 connected by a line,
intron sequences. The conserved splicing signatisinvthe 5’ splice site [GU], 3
splice site [AG], branchpoint [YNCURAY], and pyridine tract [(Y)n] are highlighted.
The arrows represent the nucleophilic attack ofHi@roxyl group (OH) on the splice
junction. (B) The first step of splicing resultsthe 5’ splice site cleavage and the lariat
intermediate formation. (C) The second step resudtthe 3’ splice site cleavage,
forming a lariat intron and concurrent exon ligatio

1.2.3.3 The catalysis of splicing

Intron excision involves 2 transesterification step The first step of the reaction
is initiated by a nucleophilic attack of the 2’ mgdyl group of the adenosine at the
branch site on the phosphodiester bond at theligesgite, yielding the 5’ exon and the
lariat intermediate. The lariat intermediate ignfed by the guanosine at the 5’

terminus of the intron covalently linked to the fich site adenosine in an unusual 2’-5'-
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phosphodiester bond. In the second step, the3rdgdroxyl group on the 5 exon
attacks the phosphodiester bond between the irrmhthe 3’ exon, resulting in the
concurrent ligation of the exons and the releasa lafriat-shaped intron (Padgett et al.,

1984; Ruskin et al., 1984).

1.2.3.4 The spliceosome assembly cycle

Studies have showed that the spliceosome is assdnibla stepwise fashion
(Nllustration 1.3). First, the U1 snRNP interaatith the 5’ splice site via base pairing
of the 5 end of Ul snRNA to the conserved sequeratethe 5’ splice site. The
interaction between Ul snRNP and pre-mRNA formsethy (E) complex (Ruby and
Abelson, 1988; Seraphin et al., 1988; Zhang ando&ds 1999; Zhuang and Weiner,
1986). This stage occurs in an ATP- and temperahdependent manner. Some
protein components are recruited in the E compbesttfe initial recognition event. For
example, SR proteins are incorporated into thecepiome at the time of E complex
formation and promote the binding of U1 snRNP tosplice sites and splice site
selection (Jamison et al., 1995; Kohtz et al., 123hler and Roth, 1995). U2 snRNP
auxiliary factor (U2AF), composed of two subunits 35 and 65 kDa, binds to the
polypyrimidine tract (Zamore and Green, 1989). is Ihot only important for U1 snRNP
recruitment to the 5’ splice site but is also etiskfior the association of between U2
snRNP and the pre-mRNA (Forch et al., 2003; Ruskial., 1988; Zamore and Green,
1989). $9licing factor 1 (SF1) specifically recognizes the branompsequence in the
pre-mRNA facilitating the association between URNIP and the pre-mRNA (Berglund
et al.,, 1997; Liu et al., 2001). Stable interactioetween the U2 snRNP and the
branchpoint sequence forms of the pre-mRNA complefParker et al., 1987; Zhuang

and Weiner, 1989). This step, as well as many esuent steps, is ATP-dependent

13



(Cheng and Abelson, 1987; Pikielny and Rosbashg)Y198The U4/U6US5 tri-snRNP
then joins in the B complex and forms a maturecsplsome, catalyzing two steps of
transesterification for intron excision in the Cngaex (Kramer, 1996; Padgett et al.,

1984; Ruskin et al., 1984).
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U——A— AG Exon2

XAG Exon2

lllustration 1.3 The classical pre-mRNA spliceosomassembly cycle

The pre-mRNA is represented by two boxes, exond en 2 connected by a line,
intron sequences. The conserved sequences aftghigt and the U1, U2, U5, U4/U6,
U4/U6°U5 snRNPs are represented as purple spherBase pairing interactions
between the pre-mRNA and the snRNAs are indicatethe hatched markings. The
ATP and 8 helicases important for RNA arrangementdanoted.
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1.2.3.5 Structure and composition of sSnRNPs

The five spliceosomal snRNPs (U1, U2, U4, U5, aBj, \dach containing a small
stable RNA bound by several proteins, plus numeroter less stably-associated
splicing factors are involved in pre-mRNA splicingaction. U4 and U6 snRNA are
extensively base-paired and package into a singtaucleoprotein particle while U1,
U2, and U5 snRNPs can be found in distinct pagi¢Maniatis and Reed, 1987). With
improved isolation techniques, greater numbersatypgeptides have been identified as
additional particle-specific proteins.

The Ul snRNP, which sedimented as a 10S partids, isolated independently
from the laboratories of Steitz and Lihrmann (Bmragn and Luhrmann, 1986;
Bringmann et al., 1983; Hinterberger et al., 1983).contains the common Sm proteins,
SmB’, SmB, SmD, SmD’, SmE, SmF, SmG and additighede unique polypeptides,
U1-70K, Ul-A, and U1-C.

The 17S U2 snRNP was identified from Lihrmann’sotabory containing the
common Sm proteins, and the U2A’, U2B”, SF3a, &k8b components (Behrens et al.,
1993a; Behrens et al., 1993b). The integrity o th2 snRNP appears to be very
sensitive to salt concentration as it was firstaea as 12S particle without SF3a and
SF3b components (Bringmann and Luhrmann, 1986).

The 25S U4/U6-U5 tri-snRNP particle joins the spiisome as a tripartite
particle (Behrens and Luhrmann, 1991). The trildRR contains additional
polypeptides, U4/U6+U5-110K, U4/U6-U5-65K, U4/U6«83K, and U4/U6°U5-15.5K,
that are not associated with the 20S U5 (U5-2208;200K, U5-116K, U5-102K, U5-
100K, U5-40K and U5-15K) (Bach et al., 1989) or 10&U6 snRNPs (U4/U6-90K and
U4/U6-60K). The isolated U5 and U4/U6 RNPs theneglcan not assemble into the

25S particle without the help of additional polypdes released from the tri-snRNP by
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micrococcal nuclease treatment. Moreover, additibbl5 and U4/U6 snRNPs cannot
restore the splicing activity in extracts devoid 28S tri-snRNP patrticle (Utans et al.,

1992).

1.2.3.6 ATP-dependent RNA helicases

Temporal and spatial regulation of RNA and protegonformational
rearrangements in the pre-mRNA splicing machineguires energy in the form of ATP
at multiple steps (Madhani and Guthrie, 1994). hEIBNA helicase in the yea$§.
cerevisiae Prp5p, Sub2p, Prp28p, Brr2p, Prp2p, Prpl6p, Rrp22d Prp43p, containing
sequence motifs of the DEAD/H family have been veblhracterized (lllustration 1.3).
Prp5p contains distinct U1- and U2-interacting domadhat are required for U2 snRNP
association (Dalbadie-McFarland and Abelson, 198Q; et al., 2004), a reaction
coordinated by Sub2p (Libri et al., 2001). Durgagalytic activity, Prp28p destabilizes
the interaction between Ul snRNA and the 5’ spsite and Brr2p unwinds the U4/U6
helix, allowing U6 snRNA to replace the Ul snRNAtfa 5’ splice site and to base-pair
with U2 snRNA (Raghunathan and Guthrie, 1998; $taled Guthrie, 1999). Prp2p
mediates the rearrangement of the first catalyep ®f splicing (Chen and Lin, 1990;
Kim and Lin, 1996) while Prpl16p promotes the secstep of splicing (Schwer and
Guthrie, 1991; Schwer and Guthrie, 1992). Prp22g dual roles in pre-mRNA
splicing; it is required for the second step of@p in an ATP-independent manner and
release of the mRNA from the spliceosome and tmtieof spliceosome disassembly in
an ATP-dependent manner (Company et al., 1991; &chwd Gross, 1998). Finally,
Prp43p is involved in the snRNP recycling pathwaysch are not well understood

(Arenas and Abelson, 1997; Martin et al., 2002).
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1.2.4 Large nuclear ribonucleoprotein particle, thepre-mRNA processing machine

Consistent with the view of co-transcriptional rgtment of pre-mRNA
processing factors, other investigators have shinanmammalian nuclear pre-mRNA is
assembled into large nuclear ribonucleoprotein igast (INRNP), called
supraspliceosomes (Azubel et al., 2004; Muller let 1098; Sperling et al., 1985) or
polyspliceosomes (Wassarman and Steitz, 1993). endarkable feature of the InRNP
particles is that they package pre-mRNA transcripitsvery different sizes and of
different numbers of introns; however they are caotgd into a complex with a unique
size and hydrodynamic properties that sediment280S in sucrose gradients. The
INRNP is thought of as a nuclear pre-mRNA processmachine with all of the U
SnRNPs required for pre-mRNA splicing, Ser/Arg-ri@ianton et al.) proteins, A-to-I
editing enzymes, cap-binding complex, and 3’-ematpssiong components (Raitskin et
al., 2002; Yitzhaki et al., 1996). Based on theigtre and mass determination by
scanning transmission electron microscopy, the IRRfdrticle has an average mass of
21.1 MDa and is proposed to have one to eight tepgeapliceosomal substructures,
each with a mass of 4.8MDa (with a median of foand the fifth substructure with a
mass of 1.9 MDa containing 5’-end capping and 3ispdenylation activities (Muller et
al., 1998). The pre-mRNA is looped around thisenpgrticle for intron removal and
processing. This INRNP assembly model is hypotleesto result in better efficiency
and specificity of recognition of large intronsppiding a machine for an accurate and

regulated processing of pre-mRNAs.

18



1.3AFFINITY TOOLS FOR THE PURIFICATION OF RIBONUCLEOPRO TEINS IN YEAST

1.3.1 Application of affinity chromatography for the purification of epitope-tagged

proteins

Affinity chromatography is a powerful tool for theurification of biologically
active multi-protein complexes, for protein compiosial, structural and functional
studies. In some cases, such as fluorescent tlagp,can also provide information
regarding the dynamics and localization of biolagimolecules inside the cells. In this
technique, a fragment of DNA coding for the tagntérest is cloned in frame with the 5’
or 3'-terminus of the targeted gene. The exprefisgdn protein containing the tag can
be affinity-purified by its cognate binding partnermobilized onto a solid-phase matrix.
Affinity tags range from small peptides to largeotgins. The selection of the
appropriate affinity chromatography system and fination condition is based on the
nature of the application. One of these affindgg, the tandem affinity purification tag
(TAP tag), has been used to purify multi-proteirmptexes from yeast with high
specificity and efficiency (Puig et al., 2001). elWAP tag contains two affinity
cassettes, thtaphylococcus aureysotein A (Pro A) and a calmodulin binding peptide
(CBP) separated by a TEV (tobacco etch proteasstpgmse cleavage site. Cellular
extracts are passed through a non-specific IgGixtatwhich Pro A binds tightly for the
first step of purification, followed by TEV proteadreatment to release the bound
material. The eluate is then incubated with caloioecoated beads in the presence of
calcium. After washing away the contaminants ai Pprotease, the purified protein
complex is eluted with an EGTA-containing buffehieh chelates the calcium, releasing

the complex from the matrix.
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1.3.1.1 Gene targeting and affinity chromatographyyeast

In yeast cells, the best and fastest way to gemaraepitope-tagged protein is to
use a PCR-based genomic tagging approach (PeteawktK ongtine, 2002). Briefly,
PCR fragments containing the epitope-tag sequemteseectable markers with flanking
DNA sequence homologous to the sequence of thet&tdocus are transformed into the
yeast cells. The highly efficient homologous rebamation system in yeast ensures that
most of the time, the epitope tag is inserted thetargeted gene in the chromosome at
the target site. Yeast cells expressing the epitagged protein are selected on dropout
or drug-containing media, depending on the seléetaimarkers. Homologous
recombination between transformed DNA and the genevas first observed by two
groups, the Beggs laboratory and the Fink Laboyaitorthe late 1970s (Beggs, 1978;
Hinnen et al., 1978). Many factors such as thgtlenf homology at the ends, circular
versus linear DNA fragments, and different chronmogbregions influence the frequency
of homologous recombination (Rothstein, 1991). geafprotein expression by gene
targeting has been widely used for protein loctibraand components studies in yeast,
on a genomic scale, as well as for the purificatioh low-abundance RNPs

(Ghaemmaghami et al., 2003; Huh et al., 2003; $&\2000).

1.3.1.2 Purification of protein complexes from metaan cells

In vertebrate and mammalian cells, epitope-taggintpe chromosomal locus is
inefficient due to fact that the rate of homologag@sombination is extremely low.
Analogous purifications of proteins or large conxgle are based either on an ectopically
expressed trans-gene containing an epitope tatheouse of the relatively expensive
monoclonal antibodies. Generally, the gene ofr@skeis regulated by the human

cytomegalovirus (CMV) immediate-early regulatoryqgence called CMV promoter.
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However, spatial and temporal expression of thevagene locus is lost under an active,
constitutive and heterologous promoter; furthermdhe constructs integrate into the
chromosome randomly and the site of integratioongfily affects the expression level of
the epitope-tagged protein. Equally importantlysiagle cDNA is used, and the

alternative splicing program for the gene of ins¢lie completely lost.

1.3.2 Purification of salt stable yeast ShRNPs

Purification and identification of the snRNPs framammalian cells and yeast
were originally based on anti-Sm antibodies, ariti-9nRNP antibodies, and a
monoclonal antibody against the TMG cap portiothefshnRNAs. However, due to the
low abundance of snRNP proteins in yeast, isolatbnntact splicing complexes is
extremely difficult. Stevensgt al. developed a dual affinity chromatography cassette
which can be used to purify stable protein comeixem yeast by epitope tagging any
gene at its endogenous chromosomal locus (Ste2808, Stevens and Abelson, 1999).
The dual affinity cassette consists of a polyhisgd(Hisk] sequence followed by two
repeats of the polyoma epitope (Stevens and Abgel$B89). Yeast U4/U6-U5 tri-
snRNP was purified by a 2-step purification usitdypma-agarose chromatography and
Ni-NTA resin with subsequent glycerol gradient seelntation. Yeast U5 snRNP and
U6 snRNP were purified by polyoma-agarose chromagdyy using strain containing a
polyoma-taggedBRR2gene andPRP24gene respectively (Stevens, 2000; Stevens et al.,
2001). The newly identified associated factorseafarther analyzed biochemically and
genetically to determine their functional role iplising (Stevens et al., 2001). Yeast
Ul snRNP was isolated by the Luhrmann laboratonaiy-TMG-cap immunoaffinity
and subsequent nickel-NTA chromatography using rainstcontaining hexabhistidine

[(His)e] tagged U1-70K at its N-terminus (Neubauer et1#897) and the yeast U2 snRNP
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was partially purified in the Seraphin laboratomyrh TAP tagged U2A’ protein (Behrens

et al., 1993b; Caspary et al., 1999) Due to thessaisitive association of the SF3a and
SF3b components (Behrens et al., 1993b) the itddcsnRNP has never been purified
from yeast.

Interestingly, Stevenset al. have noticed that during the purification of theagt
U4/U6 U5 tri-snRNP, there are salt-dependent changeshencharacteristics of the
SNnRNP complexes (Stevens et al., 2002). Whenymgifthe tri-snRNP from polyoma
epitope-tagged Prp4p at 250 mM KCI, only those sARNJ4, U5, U6, most tightly
associated with the protein were immunopurified.s e salt concentration was
lowered to 150 mM, they observed a W2/U6 U5 tetra-snRNP which sedimented at ~
30S in glycerol gradients. When the salt concéintravas reduced to 50 mM during
purification, a UL1U2 U4/U6 U5 penta-snRNP was observed which sedimented &.~45
Based on previous studies, discrete U1, U2, andJ&/445 snRNP particles have been
purified under high salt conditions which are nampatible with optimal splicing
condition in vitro (Lin et al., 1985). Isolated nuclei were extrdctender high salt
conditions and buffer containing high salt concatidn was used to reduce background
non-specific binding during the one-step antibotfindy purification. Under stringent
conditions, only the most tightly associated prmotmplexes were immunopurified. It
is likely that the proteins that are not presenhigh salt concentration, but are present

under the more splicing-friendly conditions, dotggpate in splicing.

1.3.3 The discovery of penta-snRNP

Stevenset al. showed that the 45S penta-snRNP particle conta®®d of all
know yeast splicing factors and exhibited spliciactivity when supplemented with

micrococcal nuclease (MN) treated extract (Stewainal., 2002). They proposed that
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the penta-snRNP functions as a pre-formed non-cietsog particle by mixing
experiments, indicating that endogenous penta-ssRAlR the major precursors to
spliceosomes in yeast extracts.

Whether snRNPs join the splicing reaction stepwisas an assembled complex,
or both, is still a debatable issue. However, s\groups have evidence suggesting the
preassembled particle for splicing. AntibodiesiagfasnRNP proteins such as Prp4p
(Banroques and Abelson, 1989), Prp6p (Abovich gt1890), Prp18p (Horowitz and
Abelson, 1993), and Brr2p (Raghunathan and Guthid®98) are able to
immunoprecipitate all five snRNAs in stoichiometr@agnounts under salt conditions
around 50-100 mM, optimal for splicing reaction yeast. However, as the salt
concentrations are raised to 200-300 mM, only tN&A&most tightly associated with the
proteins are detected. Guiadisal (Guialis et al., 1991) and Moraiteai al (Moraitou
et al., 1998), separately showed a penta-snRNPpbkecle from mammalian cells that
contains all five SnRNAs.

The Sperling group isolated a native splicecosomemptex from
supraspliceosomes by hybridizing the suprasplioeeswith a DNA oligonucleotide
complementary to the consensus 5’ splice site sedollowed by RNase H digestion
(Azubel et al., 2006; Azubel et al., 2004). Vispalion by cryo-electron microscopy,
and 3D model reconstruction showed a globular slcapsisting of 2 distinct subunits,
one large and one small, connected to each othenig a tunnel in between (Azubel et
al., 2004). Based on the mass and volume calounlathe larger subunit is a suitable
candidate for the penta-snRNP particle while thalssubunit is proposed to contain
other pre-mRNA processing factors and the tunneWl®re the pre-mRNA passes
through. They further proved that the native gggome, containing all five sSnRNAs,

is splicing competent (Azubel et al., 2006).
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1.4DISSERTATION OBJECTIVES

Epitope tagging technology has enhanced the tdaabfkihe molecular biologist
by allowing the facile detection, tracking and figation of virtually any polypeptide in
any model organism. Adding epitope tags to praetes generally accomplished in
metazoan cells using ectopically expressed, trengg | began my dissertation work
with the intention of developing a better biochemhit¢ool for purification which
circumvents the shortcomings of trans-genes byoduicing the epitope tag into the
native chromosomal gene locus, termed CLEP tag@@tgomosomal_locus ERope
tagging) in vertebrate cells, embryonic stem cafid live mice. This method allows us
to purify tagged proteins coded by genes contrddgtheir native promoter and with the
use of different tags, facilitating the localizatiand function of the protein of interest.

This dissertation comprises five chapters. Chapt@rovides an overview of
our current understanding of the gene expressibmank with a particular focus on pre-
MRNA splicing machinery and the application of ep#-tagging method on
characterization of shRNPs. Chapter 2 containsntaterials and methods of CLEP
tagging technique by inserting a TAP tag or hisid{His) tag into the 3’ terminus of the
SmD3, SF3b155 and Lsm3 genes in cultured vertelogdle. | show that this method
of purification is robust and sensitive by idemt#iion of low-abundance proteins and
novel proteins involved in splicing that have neeh characterized in metazoan cells
before. In Chapter 3, | describe that purifyingrivo-assembled pre-mRNA processing
machines from DT40 cells and HelLa cells expandscttalog of participating factors.
With a similar CLEP technique, a TAP tag and a pisitydine tag insertion into the 3’
terminus of SART1 gene and U5-220K gene, respdgtivie mouse embryonic stem
cells and generation of mice processing a TAP @&dgRRT1 gene, are described in

Chapter 4. In the last Chapter, | demonstratertizatifying SART1 protein with a TAP
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tag triggers an autoimmune response in mice whaftatn a TAP tag at both loci.
These mice will serve as a valuable tool for thadigts of mammalian autoimmune
diseases. In summary, the improvement of epitagging and purification technique

extends our understanding of the complex gene egjane network.
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Chapter 2: Gene targeting in cultured vertebrate cls

2.1BACKGROUND

In order to create a biochemical tool in a vertebeystem which circumvents the
shortcomings of the use of trans-genes, | extetioedise of homologous recombination
technology in appropriate cell lines capable oficeght homologous recombination

techniques.

2.1.1 A vertebrate cell line useful for gene targétg

The DT40 chicken pre-B cell line is derived fromiaav leucosis virus (ALV)-
induced bursal lymphoma, expressing IgM on its aef(slgM). These cells have
integrated the 3’ viral long terminal repeat upstreof the c-myc gene, resulting in the
transcription of c-myc at levels 100-fold higheathnormal avian bursal cells (Baba et
al., 1985). Importantly, the c-myc gene is deratpd by adjacent retroviral integration
in these lymphocytes and maintains them in a stelinstage (Thompson et al., 1987).
Deregulation of c-myc gene during B cell developtmerthe Bursa blocks differentiation
and leads to the expansion of the bursal stenpoelllation. Babat al and Kimet al.
further reported that these cell lines possesssthdi c-myc alleles; some contained one
normal and one deregulated c-myc while others ei@mal c-myc genes, suggesting
these cells generated a mitotic recombination eaardng the parental alleles (Baba et
al., 1985; Kim et al.,, 1990). DT40 is also an Ideedel for the study of somatic
diversification mechanisms after immunoglobulin gerearrangement as DT40 cells
continue to undergo gene conversion as shown byngefor the presence of absence of

restriction sites within the light chain variabkgron (Thompson et al., 1987).
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In 1991, Buersteddet al reported that DT40 cells exhibited high frequesaf
targeted integration several orders of magnitudgdr than the frequencies reported for
transfection of mammalian cells (Buerstedde ande@iak 1991). After transfection
with a construct containing a neomycin resistaneeeghed’) into the immunoglobulin
gene locus, the DT40 cells lost their surface Igkpression due to the targeted
integration. The high frequency of targeted in&ign was neither restricted to the gene
conversion activity within the light chain locusrnestricted to the untranscribed genes,
as they tested targeted integration into tkectin locus (unrelated to light chain locus)
and ovalbumin locus (not transcribed in chickereBsy. This cell line offers a targeted
DNA integration frequency of 10% to 90%, dependamghe locus of interest.

The use of the DT40 cells is increasing in poptyabecause of the ease with
which it can be manipulated in suspension tissukureu media, the high rate of
homologous recombination, a rapid (8-hour) doubtinge, and exceptional conservation
with mammalian cells of cellular processes. TrghHrequency of targeted integration
is a general feature of DT40 and it has been wided in gene disruption experiments,
contributing to our understanding of diverse prgessincluding B cell antigen receptor
signaling, apoptosis, histone gene function, RNécpssing, DNA repair, and cell cycle

[reviewed in (Winding and Berchtold, 2001)].

2.1.2 A human cell line useful for gene targeting

Only a few reports on successful gene targetinguman cell lines are available.
Unfortunately, none of them were shown to be meoembinogenic than the others. In
2004, Feederlest al. reported a human EBV-negative Burkitt lymphoma &fi-dine,
DG75, capable of efficient homologous recombinasomilar to that of the DT40 system

(Feederle et al., 2004). They generated a homawydgmockout of a cellular gene
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encoding a protein interacting with a viral origshreplication and showed that genetic
manipulation of DG75 cells was relatively easy. isTieport provided a useful tool for
studying function through gene targeting in humelfsc

In this chapter, | take an advantage of the efficleomologous recombination in
the DT40 cell line to insert an epitope-tag in ttiromosome locus of a gene by
homologous targeting. | employ chicken DT40 predls to TAP- or (Higtag the
SmD3, SF3b155 or Lsm3 genes in this model vertebcadl line (Buerstedde and
Takeda, 1991). Tagging these ribonucleoprotein pmorants allows us to perform

proteomic and functional analyses of the spliciraghinery in metazoans.

2.2MATERIALS AND METHODS

2.2.1 The design of targeting vector

The general strategy for the CLEP tagging procedusdown in Figure 2.1. To
create the targeting vector, three DNA regions ftbm gene of interest were amplified
by polymerase chain reaction (PCR) from genomic Diuified from DT40 cells. The
AB fragment (Figure 2.1B) is the region of 1 — 4 Kpstream of the stop codon of the
gene of interest containing a BamHI or Bglll sitemediately upstream of the STOP
codon. The 5 end of the AB fragment is generalsigned to be contained in an
intronic sequence. The CD fragment (Figure 2.18Bjypically the 1 Kb of genomic
DNA downstream of the STOP codon of the gene @rest, although this may be made
longer if the sites of cleavage polyadenylationkarewn to be further downstream that 1
Kb from the STOP codon. The EF fragment is théoreg@-4 Kb further downstream of
the CD fragment. All fragments were PCR amplif{i&kpand High Fidelity PCR Kkit,
Roche Applied Science) from the genomic DNA pudffeom the DT40 cells and cloned

in the pGEM-T-Easy (Promega) vector. All fragmentye sequenced to verify that the
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coding region and splice site signals in AB haverbenaintained and to verify the
identity of the CD and EF fragments. The AB, CIDd&F fragments for each gene
were amplified using oligonucleotides as shownabl€ 2.1.

The targeting vector backbone we used is pOSDUfadehd gift of W. Kuziel),
a positive-negative selection vector, containingneamycin phosphotransferase gene
(neg cassette flanked by loxP sites and a thymidimade gene conferring ganciclovir
resistance. The restriction enzyme sites useti@set constructions are flexible. The
AB and CD fragments are cloned into the first palgr region containing the following
sites, in order: Notl, Pmel, Xbal, HinDIIl, Kpnl,d4l, Sall, BamHI and Pacl. The EF
fragment is cloned into the second polylinker rageamntaining the following sites in
order: Clal, Xhol, Pmll, Bcll, and Nhel. For sinpty, Notl and Sall are generally
used for cloning of the AB fragment and Sall andIP@ar the cloning of the CD
fragment as it eliminates the BamHI site in theyfoér such that a BamHI fragment
containing the epitope tag can be inserted or ceglaas needed. Alternatively, the
epitope tag-containing BamHI fragment can be adddtie AB fragment in the pGEM-
T-Easy vector. The cloning strategy should take mccount the order in which the
fragments are inserted into the targeting vectod, ensure that the sites used for cloning
are absent from the fragments yet to be insert@the epitope tag, TAP or (Hig)is
contained on a BamHI restriction fragment and aibimgo the BamHI or Bglll site

incorporated into the AB fragment.
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Figure 2.1 Strategy for the epitope tagging technobyy in DT40 cells, ES cells and
live mice.

(A) Idealized gene structure of a metazoan genexong& are represented by solid
rectangles, introns by thin lines. The epitope iagepresented by a grey rectangle.
(B) Targeting vector fragment containing the segeasmrequired for the introduction of
the epitope tag, and the regions of homology fertdéngeting of the gene. (C) Idealized
gene sequence with targeting construct insertedcations of oligonucleotides used in
PCR and RT-PCR (PCR5 and PCR3) are noted by arrows.
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Table 2.1 Oligonucleotides used for targeting vectaonstruction in DT40 cells

Targeted gene Oligo sequence
GgLSM3-A 5-GCGGCCGCGGTGAGGACAGATCCACGATGCACTGG-3'
GgLSM3B-HIS 5'-GTCGACGGATCCTTAGTGGTGATGATGATGATGATGATGGG

ATCCGCC AACCCTCAGTGGGGGAGCTACAAGCAC-3'

GgLSM3-C 5'-GTCGACAGCAACCAAGGATTGAACCTTCTTGGAAG-3'
GgLSM3-D 5-TTAATTAAGGATCCTAGGCAAGGTATGTCAAGAAATGCCTG-3
GgLSM3-E 5'-CTCGAGGGATCCGGTTTTAGACACGTTCTGTACAATCATC-3'
GgLSM3-F 5-GCTAGCGCAACTTCTGGGCAAAAAGGGAAGGCAAATG-3'
GgSF3b155-A 5'-GCGGCCGCCTTCCAACCCAAACATTCTGTGATTCTC-3'

GgSF3b155-B-HIS 5-GTCGACGGATCCTTAGTGGTGATGATGATGATGATGATGGG
ATCCTAAGATGTAGTCAAGTTCATAACGAATATAGG-3

GgSF3b155-C 5-GTCGACTCTTCTTGTTCTGTTGTTTGTGTTTAATGC-3
GgSF3b155-D 5-TTAATTAAGGATCCAACACTACCAGAATGACGTAACCTTGTG-3’
GgSF3b155-E 5-CTCGAGGGATCCGGGTAGTGTTTCATGTCCATAAGAAAAC-3
GgSF3b155-F 5-GCTAGCGTACTTTCCAAGACAGTTTAGAGTTTGGCAG-3

Gg SmD3-A 5-GCGGCCGCAGGCTGTATGCTTGACAGGGCTTTGAG-3’
GgSmD3-B 5-GTCGACAGATCTTCTTCGCTTCTGGAAGATGTTGCCACGACC-3'
Gg SmD3-C 5-GTCGACGACCAGTATGCTTTTTTTTATTAGAGG-3'

Gg SmD3-D 5-TTAATTAAGGATCCTCATTCATACATGTATAGACTGATGAC-3
Gg SmD3-E 5-CTCGAGGGATCCTATAAAGACCCCCTGTGTGCAGACATG-3

Gg SmD3-F 5-GCTAGCCCTTCTATCCACAGGTGTGATCTTCC-3'

2.2.2 DT40 cell culture and targeting vector transdction

2.2.2.1 Growth condition and media preparation

DT40 cells were grown in Dulbecco’s modified Eagieedia (DMEM)
supplemented with 5% chicken serum, 5% fetalple)enf@®i Bio-Products), and
antibiotics (penicillin/streptomycin, 100X, Gibcovitrogen). When cultured at BD

with 8% CQ the generation time for the wild-type cells is ab®unours.
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2.2.2.2 Cryopreservation of cells

The cells were grown in 30 mL medium to confluetey® cells/mL), followed
by centrifugation for 5 minutes at 1000 rpm. Thell gellets were thoroughly
resuspended in cryopreservation media: 2 mL saolwigl6 ml of DMEM with 4 mL of
fetalplex) and 2 mL solution B (15 ml of DMEM, 6 rfétalplex and 9 ml of DMSO);
aliquot 1 mL into each of 4 labeled cryovials. Tdrgovials were stored in styroform

boxes in -80 C for 2 days and then moved into tiquitrogen.

2.2.2.3 Recovery of frozen cultured cells

The cryovials were thawed in a 37 C water bathhviiéquent shaking. Thawed
cells were transferred into 5 mL DMEM media, andtagéuged for 5 minutes at 1000
rom. The pelleted cells were resuspended in 1iMDMEM media. Cells were

grown in a T25 flask to confluence.

2.2.3 DNA transfection into DT40 cells

After the targeting vectors containing the epitépgging fragment were created,
the plasmid DNA (20-30 pg) was linearized at a urigite (generally Notl or Nhel) and
electroporated into the DT40 cells. Generally, DI40 cells, in 3001 of phosphate
buffered saline, PBS , (137 mM NacCl, 2.7 mM KCI, M NgHPO,, 2 mM KH,POy)
were transferred into cuvettes and electroporatéith ®0 g linearized targeting
constructs (BioRad Genepulser 1, 700 V, B50.4 cm cuvette). After electroporation,
the cells were recovered in 15 ml non-selective imméa 24 hours, then harvested and
resuspended into 40 ml of selective media contgidi® mg/ml of G418 for neomycin
selection. 1001 aliquots were distributed into each well of f@& well plates. G418-
resistant cells formed colonies after 10-14 dayseiective media. They were expanded

into 48 well plates and grown in G418 selection meadhtil confluent. RT-PCR or
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western blot analyses were performed to confirnptiesence of the epitope-tag insertion

into the correct chromosomal locus.

2.2.4 Screening for tagged gene by RT-PCR analysis

For screening DT40 cells positive for SmD3-TAP, [Bs(hlis)s, SF3b155-(Hig)
total RNA was isolated (RNAwiz, Ambion) from 3€ells for RT-PCR analysis using
oligonucleotides as shown in Table 2.2. RNA wasuspended in 30l RNase free-

water and 50ng of RNA was used for one step RT-P@ie Step RT-PCR kit, Qiagen).

Table 2.2 Oligonucleotides for RT-PCR analysis in D40 cells

Targeted gene Oligo sequence
Gg LSM3PCR5 5'-ACGCATATGATCAGCATTTAAATATGATTC-3'
Gg LSM3PCR3 5'-AGCCTGAAACCTTCCAAGAAGGTTCAATCC-3

GgSF3b155PCR5 5-TTGCAGTATTGTTTGCAGGGTTTGTTTCAC-3
GgSF3b155PCR3 5-TTA TGTGAAGAACAGCTGTGCATTAAACAC-3
GgSmD3PCR5 5-CGAGGAAAAGCAGCTATTCTCAAAGCTCAG-3
GgSmD3PCR3 5GACAGAAGTTACCAACATATATGTAGAC-3’

2.2.5 Screening for tagged gene by western blot dpsis

10’ cells were lysed by addition of 200 pl LDS-PAGRding buffer [4X sample
buffer (pH 8.5): 106 mM Tris-HCI, 141 mM Tris bas¥¥% LDS 10% glycerol, 0.51 mM
EDTA, 0.22 mM SERVA Blue G250, 0.175 mM phenol redjd homogenized samples
(20 pl) were electrophoresed through 10% SDS-PAGHs gand transferred to
nitrocellulose membrane. Membranes were blocked. foour in PBST (PBS + 0.2%
Tween 20) containing 5% dry milk solution. Membeanwere then incubated with

Peroxidase-antiperoxidase (PAP) antibody (Sigm&)0dO dilution) for 1 hour to detect
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TAP tagged proteins. After washing membranes axtetly with PBST, the signal was

detected by enhanced chemiluminescence (PerkinrElme

2.2.6 Extract preparation

Six liters of SmD3-TAP DT40 cells were grown in Datco’s modified Eagle
media supplemented with 5% chicken serum and 2.8t#i#ex to a density of 7.30°
cells/ml for TAP purification. Cells were harvedtby centrifugation (400 x g for 5
minutes), washed twice with ice cold PBS, allowedswell in 10 ml of TM buffer [10
mM Tris-HCI, (pH 7.5), 3 mM MgCl with 0.2 mM PMSF, 1 pg/ml leupeptin, and 1
pg/ml pepstatin for 10 minutes on ice, and lysedhw25 strokes of a Dounce
homogenizer at 4 C. The nuclei were pelleted, wdstwice with 10 ml of TM buffer
containing 0.1% NP40, resuspended in 5 ml of lol lsaffer (30 mM Tris-HCI, 125
mM KCI, 5 mM MgCkh, 0.5% Triton-X100, 0.15mM spermine, 0.05mM spelimgg and
0.2 mM PMSF), and sonicated at the maximum outpute for 20 seconds on ice with
1 minute in ice between sonications. The sonicawedure was centrifuged at 5000
rom for 10 minutes and the supernatant, the nudesstion, was used for TAP

purification.

2.2.7 TAP purification procedure

TAP-tagged nuclear protein material for SmD3-TAP 4D Tcells was affinity
purified by the TAP procedure (Puig et al., 2001Jhe nuclear fraction was incubated
with 400 | of IgG sepharose beads for 2 hours at 4 C indsufPP150 (10 mM Tris-HCI
pH 8.0, 150 mM NaCl, 0.1% NP40). The tagged proteid associated material were
recovered from extracts by IgG affinity selectiorAfter washing with 100 column
volumes of IPP150, the beads were suspended in €E®vage buffer (IPP150

containing 1 mM DTT). TEV protease (2 for 400 | bead volume) was added to
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release the bound material at 16 C for 2 hours. e dlnate was then incubated with 200
| calmodulin-coated beads in IPP150 calmodulin imgduffer (10 mM Tris-HCI pH
8.0, 150 mM NacCl, 0.1% NP40, 10 mM 2-mercaptoethahonM magnesium acetate, 1

mM imidazole, 2 mM CaG) and rotated for 1 hour at 4 C. The calmoduliteol
beads were washed with 100 column volumes of IPR&a%Aodulin binding buffer, and
the bound material was released with IPP150 caltimoédlution buffer (10 mM Tris-HCI
pH 8.0, 150 mM NaCl, 0.1% NP40, 10 mM 2-mercaptaeth, 1 mM magnesium
acetate, 1 mM imidazole, 4 mM EGTA). Five elutioactions of 200 | each (1 bead
volume) were collected. RNA and protein were sajgar by phenol/chloroform
extraction. RNA samples from aqueous phase wezeiptated by addition of 0.3 M
NaOAc, pH 5.3 and followed by addition of 2.5 saepblumes of 100 % ice-cold
ethanol, assayed on 7% polyacrylamide gel (19rig,va@sualized by ethidium bromide or
silver stain. Protein samples were precipitated Isgample volumes of ice-cold acetone
from the organic phase, assayed on 10% SDS-PAGEgelvisualized by staining with

silver or Coomassie blue G-250.

2.2.8 Mass spectrometry analysis

SDS-PAGE separated affinity purified polypeptidesrevexcised from the gel
analyzed by mass spectrometry (LS/MS/MS) as preWodescribed (Davis and Lee,
1998; Moore et al., 2000). Fragmented ion masstspevere screened and searched
against the NCBI non-redundant database using #ueiest matching program. The
Qscore scoring procedure was used to measure thgygaf the results for protein
identification obtained from the peptide fragmerataming of the MS/MS data using the
Sequest database program (Moore et al.,, 2002). rinfgceystem is based on the

estimation of the probability that protein iderddtion was by chance. Based on the

35



number of identified peptides from the protein, tb&al number of identified peptides,
and the percentage of distinct tryptic peptidesftbe database covered in the identified
proteins, the Qscore is assigned to each identifieteins. This scoring system allows
us to eliminate contaminants from the Sequest pradentifications. Consequently, each
individual spectral fragment is validated manuatliyensure that each peak matches the

molecular weight of proteins on the gels.

2.3RESULTS

2.3.1 DT40 cells carrying CLEP tags

| employed the chromosomal locus epitope taggingcguure in a model
vertebrate system, the DT40 chicken pre-B cell. linechose three target genes in DT40:
the SmD3, SF3b155 and Lsm3 genes encoding polysspparticipating in pre-mRNA
splicing and/or RNA turnover. The design of thegé&ting vectors was performed as
described above. After construction and clonedaion, the targeting vector was
linearized at an appropriate site upstream of tH® fRagment (usually Notl) or
downstream of the EF fragment and electroporatem @740 cells. The cell colonies
that survived in the presence of G418 selectionianegre chosen and expanded. The
presence of correctly targeted cells was testeB®R using one oligonucleotide primer
designed outside the targeting region (PCR5 in reig2il) and one oligonucleotide
primer designed inside the targeting vector (PCRJigure 2.1). Lsm3-(Hig)was
positively identified in 19/30 colonies (Figure 2.5F3b155-(Hig) was identified in
12/30 colonies (Figure 2.2) and SmD3-TAP was recavén 2/20 colonies (Figure 2.3A
and 2.3B). | note that the smaller size of thesjHiag is a likely reason they were more
efficiently recovered than TAP-tagged construct8%lof positives in the TAP-tagged

construct vs. 63% and 40% for HIS-tagged constyuetewever, | did not try to insert
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different tags into same chromosomal locus. Oap-diurification using Ni-NTA
affinity chromatography to purify SF3b155-(Hjs)and Lsm3-(His) associated
components was not efficient or pure from chickeltscso | did not proceed with further

experiments with these two tagged cell lines.
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Figure 2.2 Targeted insertion of (Hisy tags into DT40 genes.

RT-PCR analysis of SF3b155-(Hissnd Lsm3-(His targeting construct insertion into
the respective DT40 genes. Lower band represkatwild-type allele and upper band
represents the targeted allele.
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| SmD3-TAP

Figure 2.3 Targeted and functional insertion of TAPtag into DT40 genes.

(A) RT-PCR analysis of SmD3-TAP targeted clonesowér band represents the wild-
type allele and upper band represents the targdeld. (B) Western blot analysis of
SmD3-TAP clones. SmD3-TAP polypeptide is noted.

2.3.2 ldentification of SmD3-associated polypeptide

To demonstrate functional association of the taggederial with its native
cellular machinery, 6 liters of SmD3-TAP DT40 ceilsere grown to a density of
7.5x10 cells/ml. Cells were harvested and nuclei weeetfonated and disrupted by
sonication. SmD3-TAP-associated material was jariby the TAP procedure (Puig et
al., 2001) and associated polypeptides were seqhtat SDS-PAGE (Figure 2.4) and
analyzed by mass spectrometry peptide analysis igDand Lee, 1998). SmD3-
associated polypeptides from selected bands arersho Table 2.3. The identified
polypeptides correlate to most of the known SmDsbemted spliceosomal snRNP

proteins (Jurica and Moore, 2003) demonstrating tha SmD3-TAP polypeptide is
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being faithfully incorporated into functional coregks and includes factors shown to be
only loosely associated (Will et al., 2002)(e.g.18R, SAP45 and SAP30). Indeed even
very low-abundance U11/U12 snRNPs (U11/U12-65K dd#l1/U12-48K) were
identified in the salt-stable snRNP fractions destating the sensitivity of the

procedure.
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Figure 2.4 Functional incorporation of SmD3-TAP inb splicing snRNPs.

Untagged DT40 and tagged SmD3-TAP cell nuclei vaeigiected to TAP purification
procedures (Puig et al., 2001) and affinity-pudfi@lypeptides resolved by SDS-PAGE.
TEV elution and calmodulin elution profiles are smofor each. An asterisk marks the
location of the TEV protease.
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Table 2.3 SmD3-associated polypeptides

Identified protein

ENSEMBL name

snRNP association

Ul-70K
ulicC

UlA
SF3b155
SF3b145
SF3b130
SF3b125
SF3al20
SF3a60
DDX15/Prp43
SR140
SPF45
SPF30
uz2B”

U2A’
SF3b14
U5-220K
U5-200K
U5-116K
U5-110K
U5-102K
U5-100K
U5-40K
U5-15.5K
U4/U6-90K
U4/U6-61K
U4/U6-60K
U4/U6-20K
U4/U6-15K
U4/U6.U5-65K
SmB/SmB’
SmD3
SmD2
SmD1
SmE

SmF

SmG
SART3
Lsm2
Lsm6
Lsm8
U11/U12-65K
U11/U12-48K
Prp38

ENSG00000104852*

ENSGALGO00000002773
ENSGALG00000008729
ENSGALG00000008038
ENSGO00000087365*

ENSGALGO00000002531
ENSGALG00000000581
ENSGALGO00000007937
ENSGALG00000001540
ENSGALG00000014395
ENSGALG00000002612
ENSGALG00000006332
ENSGALG00000008561
ENSGALG00000008729
ENSGALGO00000007170
ENSGALG00000016501
ENSGALG00000002943
ENSGALG00000015465
ENSGALG00000000988
ENSGO00000175467*

ENSGALG00000006001
ENSG00000174243*

ENSGALGO00000000615
ENSGALGO00000017396
ENSGALG00000000465
ENSGO00000105618*

ENSGALG00000008857
ENSGALG00000004874
ENSGALG00000011931
ENSG00000168883*

ENSGALG00000007250
ENSGALG00000006596
ENSGO00000125743*

ENSGALG00000011842
ENSGALG00000000137
ENSGALG00000011409
ENSGO00000143977*

ENSGALG00000004887
ENSG00000111987*

ENSGALG00000009985
ENSGALG00000009110
ENSGALG00000005162
ENSGALG00000013005
ENSGALG00000010627

ul

Ul

ul

u2

u2

u2

u2

u2

u2

u2

u2

u2

u2

U2

u2

u2

U5, U4/U6-U5

U5, U4/U6-U5

U5, U4/U6-U5

U5, U4/U6-U5

U5, U4/U6-U5

U5, U4/U6-U5

U5, U4/U6-U5

U5, U4/U6-U5
U4/uUe6, U4/Ue-U5
U4/U6, U4/U6-U5
U4/uUe6, U4/Ue-U5
U4/uUe6, U4/Ue-U5
U4/U6, U4/U6-U5
U4/U6-U5

U1, U2, U4/U6, U5
U1, U2, U4/U6, U5
Ul, U2, U4/U6, U5
U1, U2, U4/U6, U5
Ul, U2, U4/U6, U5
U1, U2, U4/U6, U5
Ul, U2, U4/U6, U5
U6, U4/U6

U6, U4/U6, U4/U6-U5
U6, U4/U6, U4/U6-U5
U6, U4/Ue, U4/U6-U5

Ul1/u12
ul1l/uiz
Yeast U4/UGU5**
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Table 2.3(Continued)

Identified protein ENSEMBL name snRNP association
Prp39 ENSGALG00000012468 Yeast U1**

* Not annotated foGallus gallus Identification was based on database calls to
orthologues from other species.
** Not previously shown to be snRNP-associated gtamoans

2.3.3 Previously uncharacterized metazoan snRNP paleptides associated with

SmD3 in chicken cells

The yeast genedBRP38andPRP39encode polypeptides that are associated with
the yeast U4/U6-U5 and U1l snRNPs, respectivelyt@@balk et al., 1998; Stevens and
Abelson, 1999). These two polypeptides have ndween shown to be stable
components of metazoan snRNPs when purified usimgreoclonal antibody. However,
they were identified in our purification, confirngrthe robustness of the CLEP tagging
purification procedure. Sequence alignments ofvéréebrate homologues of the yeast

Prp38p and Prp39p are presented in Figures 2.2.8ndespectively.
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Figure 2.5 Sequence alignments of polypeptide honogues of yeast Prp38p.

Sequences from Human (HsPrp38), chicken (GgPrp&8J, worm (CePrp38) were
aligned with yeast Prp38p polypeptides. Identamaino acid residues are highlighted
with white text on a black block. Similar aminddacesidues are highlighted with black

text on a gray block.
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Figure 2.6 Sequence alignments of polypeptide honogjues of yeast Prp39p.

Sequences from Human (HsPrp38), chicken (GgPrp899, worm (CePrp39) were
aligned with yeast Prp38p polypeptides. Identamaino acid residues are highlighted
with white text on a black block. Similar aminddacesidues are highlighted with black

text on a gray block.
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2.4DISCUSSION

I have demonstrated the feasibility and promisaodrporating epitope tags into
the chromosomal loci of essential genes in cultwertebrate cells. 1 also have shown
that the procedure is robust and highly sensita®,loosely associated factors and
extremely low-abundance material such as the U1A/&HRNP proteins, were purified
and identified by mass spectrometry. Indeed a eoi®pn between conventional
antibody chromatography and the use of the CLERskagvs a much greater number of
polypeptides identified by mass spectrometry usiiregCLEP tag.

With tissue culture cells, once a tagged cell hias been established using CLEP,
an unlimited supply of cells can be grown for expentation for which precious and
expensive antibodies were previously required. ifieation of protein complexes
controlled under its native promoter enhances #ielity of conclusions made regarding
epitope-tagged proteins versus the use of a trane-g Furthermore, the use of different
epitope tags on multiple genes will not only alloadditional flexibility and
experimentation, such as co-immunoprecipitationyasis but also offer a useful method
for the separation of subsets of complexes in whigbolypeptide of interest exists in
multiple complexes with mutually exclusive bindipgrtners. Along with recent and
future progress in genome sequencing, these expetsnwill be easily applicable to
other metazoan organisms for which extensive genaeixuencing has been performed,

and for which cells possessing efficient homologae®mbination are available.
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Chapter 3: Proteomic analysis of the endogenous piaRNA processing

machinery

3.1BACKGROUND

Pre-mRNA splicing is a fundamental step in eukacygene expression before
the mature mRNA is exported from the nucleus toayi®plasm where it is translated
into protein. The machinery that splices pre-mRiNAalled the spliceosome which is
comprised of hundreds of proteins and five smadlear RNAs (U1, U2, U4, U5, and
U6) assembled into small nuclear ribonucleoprotggsisRNPs). In addition to the
snRNP specific proteins, a large number of splioewsassociated proteins were
identified through biochemical or genetic studie$hese proteins include DEAD-box
helicase family members, RNA binding proteins, Skotgins, and spliceosome
associated proteins, which are important for reaguiahe many temporally and spatially
important RNA and protein rearrangements during $pkcing reaction (Staley and
Guthrie, 1998).

In an alternative systematic approach to the fiatht characterization of the
individual snRNP, several groups have purified ahdracterized spliceosomes using a
large-scale proteomic analysis (Neubauer et a@81Rappsilber et al., 2002; Zhou et al.,
2002). These purifications involved the assemiflgmiceosomes from salt-extracted
HelLa nuclei onto synthetic single-intron pre-mRNAwitro to purify spliceosomes from
a mixture of all stages of assembly. Zheiual assembled spliceosome on AdML-M3
(adenovirus major late) pre-mRNA containing thraegins that bound to the MS2-MBP
fusion protein used for affinity chromatography. eubaueret al and Rappsilbeet al
used biotin-labeled AdDML and-globin transcripts as substrates for the splicewso

assembly followed by streptavidin bead affinity emtlon. Combined with the
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improvements in mass spectrometric methods andnepg gene databases, these three
comprehensive proteomic analyses of the humaneg@ane revealed a remarkably
large number of polypeptides associated with spicomplexes.

Nevertheless, native pre-mRNAs contain multiplegmfextremely large introns;
the in vitro pre-mRNA splicing reactions were carried out usgygthetic pre-mRNA
fragments containing a single, efficiently splicedron of a size compatible with
acrylamide gel electrophoresis analysis. Althoubgk core pre-mRNA processing
machinery will likely be very similar between difént transcripts as well as for the
multiple introns contained within a single tranptrithe bulk pre-mRNA processing
machinery purified from its native context is likelo contain a more comprehensive
sample of the polypeptides required for or paréitipg in the splicing of pre-mRNA in
vertebrate cells. In addition, the spliceosomesfipd from in vitro reactions were
assembled on pre-mRNAs derived from either the @dams major late or-globin loci.
Thus, it is likely that there exist a number oftéas that are required for or participate in
pre-mRNA processingn vivo, yet are not present in previously purified spigi
complexes because they are specific to one or ofdhee thousands of other pre-mRNAs
present in metazoan cells. Finally, the pathwaywdjich pre-mRNA processing
complexes are assembleéd vitro using salt-extracted nuclear fractions most likely
bypasses many interactions relevant to this praoed@so. Thus, spliceosomes purified
following in vivo assembly are expected to contain additional commerthat reflect the
native pathway, but are not required to effect rhadeon removaln vitro.

Consistent with this view, other investigators hamewn that endogenous pre-
mMRNA is processed in extremely large ribonucleagrot particles, called
supraspliceosomes (Azubel et al., 2004; Muller let 1098; Sperling et al., 1985) or

polyspliceosomes (Wassarman and Steitz, 1993), hwbadliment at ~200S in sucrose
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gradients. Biochemical and structural analysethe$e complexes have demonstrated
the presence of RNA Pol Il transcripts and therpRNA splicing machinery as well as
functional interactions that mirror those in acts@icing complexes assembledvitro
(Wassarman and Steitz, 1993). The higher-ordercfes formedin vivo partly reflect
the presence of multiple introns, an average ditgigr pre-mRNA (Lander et al., 2001)
with some transcripts possessing as many as 14dnsf{Nebulin (Sakharkar et al.,
2004)], that need to be faithfully removed priomtaclear export.

With the goal of expanding our understanding ofpiRNA splicing as it occurs
in intact cells, | have purified the endogenous-mRNA processing machines from
chicken DT40 pre-B cells on a preparative scale hade defined their RNA and
polypeptide compositions in this chapter. The ltestrom chicken DT40 cells are
compared with that from HelLa polyspliceosome pedfby conventional means, using
Y12 antibodies against Sm proteins (a gift of J&&®itz). | chose the chicken DT40
system to compare to the HelLa system for a numbmasons. First, | have shown that
this rapidly growing cell type, which possessedhigte of homologous recombination,
allows for efficient epitope-tagging of genes. Hwolutionary distance between human
and chicken will allow me to assess the evolutipr@mservation of the machinery as
well as validating novel co-purifying factors. hav that these pre-mRNA processing
complexes contain spliced and unspliced mRNAs fie#l spliceosomal snRNAs and
polypeptides involved in all aspects of pre-mRNAogassing from transcription to

nuclear export.
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3.2MATERIALS AND METHODS

3.2.1 Purification of human supraspliceosome from ElLa cells

Ten liters of HelLa cells (purchased from the NatloGell Culture Center) were
processed essentially as previously described l{Sget al., 1985). Briefly, cells were
washed in PBS and disrupted by mechanical breakageglass dounce (20 strokes,
pestle “B”) in a hypotonic solution (30 mM Tris-H@H 7.5, 10 mM KCI, 5 mM MgGl
10 mM 2-mercaptoethanol) at 4 C. Nuclei were pgetleat 1000 x g at 4C for 5
minutes through the hypotonic buffer containing 2§%ecerol. The nuclei were washed
three times in the hypotonic buffer containing 0.5Riton X-100 and once with
detergent-free hypotonic buffer. Nuclei were regguisled in a low-salt buffer (LS+; 10
mM Tris-HCI pH 7.5, 100 mM KCI, 2 mM MgGJ| 10 mM 2-mercaptoethanol, 0.15 mM
spermine, 0.05 mM spermidine) and sonicated twae2D seconds at the maximum
microtip setting. The resulting nuclear debris wseleted at 14,000 RPM for 10
seconds, and the supernatant was layered onto 4b%5glycerol gradient (11 ml
Beckman SW41, 125 mM KCI, 20 mM HEPES, 1.5 mM MgQ@0% NP40, 10 mM 2-
mercaptoethanol, 0.2 mM PMSF) made isotonic to b8ffer (LS buffer without
polyamines) and sedimented at 40,000 RPM for 9Qutesn Fractions (420 ul) were
collected from the top. Protein and nucleic acefevseparated by phenol/chloroform
extraction and precipitation with acetone (proteim)ethanol (nucleic acid) (Stevens,
2000). Fractions corresponding to the supraspdioe®s were pooled from six velocity
gradients run in a parallel fashion, diluted to% glycerol with LS- buffer and incubated
with 20 mg Y12 antibody which had been covalenttg@hed to 1 g CnBr-sepharose (GE
Biosciences) according to the manufacturer's imsions. After incubation with

rotation for two hours at 4 C, the sepharose matras washed with 200 ml LS- buffer
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by gravity flow in a column and supraspliceosometemal was eluted with 0.2 M
glycine. Protein and nucleic acids were separatieghenol/chloroform extraction as

described in section 2.2.7.

3.2.2 Purification of chicken supraspliceosome fror®T40 cells

Six liters of SmD3-TAP DT40 cells (Chen et al., 8D@ere grown in Dulbecco’s
modified Eagle media supplemented with 5% chiclemam and 2.5% Fetalplex (Gemini
Bio-Products) to a density of 7.50° cells/ml for TAP purification. Cells were
harvested by centrifugation (1000 x g for 5 minusesd washed twice with ice cold PBS.
Nuclear extracts preparation and TAP-tagged proteiterial for SmD3-TAP DT40 cells
was affinity purified by the TAP procedure (Puigadt, 2001) as described in section
2.2.6 and 2.2.7. The TEV eluate was layered ohtoeepl gradients and fractionated,;
fractions corresponding to the supraspliceosomeg whenol/chloroform extracted for

proteins and nucleic acids analyses.

3.2.3 Mass spectrometry analysis

Pooled supraspliceosome protein fractions wereraggghby polyacrylamide gel
electrophoresis and stained with Coomassie Blue5@-2 Discrete gel slices were
dissected from the top of the gel lane to the Imotend all regions were subjected to
trypsin digestion. Mass spectrometry and databssarching was performed as

previously described in section 2.2.8.

3.2.4 Immunopurification of ZFR-associated compones

3.2.4.1 Immunoprecipitation

Polyclonal antisera directed against the carbosghtnal 15 amino acids of

KIAA0332 and NP_035897 (NCBI accession numbers)ewgroduced by Genemed
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Synthesis and the 1gG fraction was partially pedfibby ammonium sulfate precipitation
at 50% saturation. Antiserum or non-immune seruas wcubated for one hour at 4 C
with the samples of interest prior to addition & 3l Protein-A agarose beads. This
mixture was incubated one further hour with rotate 4 C prior to washing with 4 x 15
ml IPP150. Proteins and nucleic acids were rett&sen the matrix by incubation in
IPP150 at 100 C for 5 minutes. The supernatant eadlected and phenol/chloroform
extracted as described above to harvest, sepandi@racipitate the nucleic acids and

proteins.

3.2.4.2 Northern blot analysis

Nucleic acids were transferred to Brightstar memesa(Ambion) and hybridized
with snRNA probes consisting of antisense chickeRNAs transcribed with<M?P-GTP
using T7 RNA polymerase (U5) or SP6 RNA polymerédé, U2, U4, U6 snRNAS)

from plasmids containing cDNA versions of the cleiglsnRNAs.

3.2.4.3Western blot analysis

To determine if ZFR co-migrated with 200S patrticieglycerol gradients, HelLa
nuclear extracts were subjected to glycerol gradsedimentation and resolved in 10%
polyacrylamide gels (Graham et al., 2005), trametérto nitrocellulose membranes
(Biorad) and blotted with anti-ZFR antiserum (0@Gilution). To determine if ZFR
is specifically associated with spliceosomal predehPrp43 antiserum was used to detect
the presence of Prp43 (1:1000 dilution) (a giftGahdy Will and Reinhard Luhrmann).
Anti-SR140 antiserum was used as a positive coftrd000 dilution). The secondary
antibody used was horseradish peroxidase-conjuggdet anti-rabbit IgG (Rockland;
1:10,000 dilution) and the signal was detected iyaaced chemiluminescence (Perkin

Elmer).
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3.3RESULTS

3.3.1 Compositional analysis of the chicken supraBpeosome

Using the CLEP tagging procedure as described ep€h 2, | tagged the SmD3
polypeptide in chicken DT40 cells with the TAP tagits native genomic locus and
purified the endogenous chicken pre-mRNA processiomgplexes from these cells.

These cells grow rapidly in suspension with ano8rhdoubling time, making
them ideal for biochemical studies of this sort.or Each experiment, six liters of SmD3-
TAP-DT40 cells were harvested and the nuclearifracivas processed as described in
2.2.6 and 2.2.7. Affinity chromatography was perfed according to the TAP
procedure with the TEV protease digestion proceedinl6 C for 2 hours. The TEV
eluate was sedimented through a glycerol gradiedtte material corresponding to the
supraspliceosomes, in the 200S region, was isolatddsociated proteins and nucleic
acids are shown in Figure 3.1A and 3.1B, respdgtiveln Figure 3.2A and 3.2B, the
proteins and RNA resulting from an identical affynpurification procedure performed
using extracts from untagged DT40 cells are showrhe absence of proteins and
snRNAs indicates that the purification is spec#ied the proteins identified by mass
spectrometry are likely to bbona fide supraspliceosome components. Additional
confidence is provided in that there is size-s@ecbf these massive complexes as well

as affinity chromatography.

3.3.1.1 RNA content of the supraspliceosome

RNAs corresponding to the supraspliceosome frastioom chicken cells are
shown in Figure 3.1A. Identities of the RNAs weamenfirmed by northern blotting
(data not shown). The presence of all five ofshkceosomal snRNAs in this material

indicates that it contains a mixture of pre-mRNA@pg complexes in varying stages of
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the splicing reaction as U4 snRNA has been showttigsociate from the spliceosome
before the first catalytic step intro reactions. Alternatively, it may be interpretedaa

functional difference between tlve vitro andin vivo nature of this analysis as compared
to previous analyses and that the U4 snRNA is aomtorved, but only destabilized and
maintained locally. The presence of all 5 snRNAsaughly equivalent amounts also
lends experimental evidence to the participatiothef penta-snRNP in these functional

complexes.
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Figure 3.1 Chicken supraspliceosome-associated ppgptides and snRNAs.

Fractions corresponding to the CLEP-tag purifidgcerol gradient-sedimented chicken
supraspliceosomes were separated into protein (#) BRNA (B) fractions and
electrophoresed through SDS-PAGE (A) or urea-PAGE dels and stained with
coomassie blue (protein) or ethidium bromide (RNAJ.he identities of the snRNAs are
indicated on the right of panel B. The entire lggle from (A) was dissected and each
gel slice was subjected to mass spectrometry pragentification. The proteins
identified are reported under the Gg PS columnahlds 3.1-3.5, and 3.7.
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Figure 3.2 Mock-purified chicken supraspliceosomes.

(A) Proteins from a mock purification in which ugged DT40 extracts were subjected
to the TAP purification procedure and the resulrZ90S material subjected to glycerol
gradient sedimentation and stained with coomadsie 6-250. Note the presence of
small amounts of residual TEV protease frequen#gnsdistributed throughout the
gradients. (B) Ethidium bromide-stained nucleicadrom the fractions.

3.3.1.2 Mass spectrometry analysis of suprasplioses-associated polypeptides

Polyacrylamide gel material from the entire chicksipraspliceosome fraction
lane was dissected and analyzed by tandem massa@petry (Davis and Lee, 1998;
Moore et al., 2000; Moore et al., 2002). A wideiety of polypeptides were identified.

We detected very little background contaminatiofectors unrelated to gene expression.
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Remarkably, we detected 222 distinct polypeptideghe chicken supraspliceosomes
(Table 3.1-3.5, and 3.7).

The polypeptides identified by mass spectrometrsewalidated by analyzing the
numbers of peptides identified and percent-coverageeach protein (Appendix A).
Although there is a distribution of coverage foe identified proteins, we note that some
snRNP-associated proteins had less than 10% caerddjfferences in coverage may
reflect differences in abundance, differences endize spectrum of trypsin fragments or
peculiarities in the mass spectrometry detectionaoparticular peptide. The low-
coverage of some of the novel polypeptides that reagonably be implied to function in
pre-mRNA processing (i.e. contain RNA biding mqtifisay reflect their association with
a smaller subset of pre-mRNA than a general RNAlibo protein such as an hnRNP.
In the case of one novel factor, ZFR, the percentrage was low, 3.4% for chicken, but
its association with the splicing machinery wadfiest independently in section 3.3.5.

In Tables 3.1-3.5, we categorize the identifiedypeptides according to function.
Polypeptides identified from the chicken supragmsome are briefly described (see text
below).

Known snRNP-associated polypeptides

By mass spectrometry, we identified nearly allle known pre-mRNA splicing
snRNP-associated polypeptides (Table 3.1). Of dhBNP-associated proteins not
present in the mass spectrometry results, thellibato be detected correlates with the
presence of an extramolar hnRNP protein of a sinmialecular weight. The CLEP
tagging procedure was sensitive enough to detectptesence of two minor AT-AC
spliceosome components, the U11/U12-65K and U11/48K polypeptides (Will et al.,
2004) in the chicken fractions. The ability toeldtall of the Sm proteins, but not all of

the Lsm proteins may reflect the difficulty in detiag all of these proteins in splicing
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complexes as shown previously (Gottschalk et 8091 Stevens and Abelson, 1999), the
five-fold abundance differences of the two classiegroteins or perhaps due to the Lsm
proteins leaving the spliceosome during the prooégse-mRNA splicing (Chan et al.,
2003).

snRNP biogenesis factors

Previous spliceosome purifications did not yieldlypeptides known to be
involved in sSnRNP biogenesis. We note in TabletBal there are three present in the
chicken supraspliceosomes (SIP1, SMNrp30 and Qoilithese are factors which are
involved in thede novoassembly of SnRNPs and are contained in Cajakesdd@Bs), a
site of enriched pre-mRNA splicing factors (Gallakt 1999). We hypothesize that we

may be purifying a small subset of sSnRNPs in tlee@ss of being re-targeted to the CBs.
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Table 3.1 Comparisons of ShnRNPs and snRNP biogerneéactors between
supraspliceosomes purified from human or chicken dis with those purified from
three in vitro assembled spliceosome experiments.

G Hs
ENSEMBL accession # °  HGNC" Polypeptide ° Psg“ ps* N R° Z°
U1l snRNP
ENSG00000104852 SNRP70 U1-70K . . . e e
ENSG00000077312 SNRPA U1A . . e e
ENSG00000124562 SNRPC u1-C .« .
U2 snRNP
ENSGALG00000008038  SF3B1 SF3b155 . . .« .
ENSG00000087365 SF3B2 SF3b145 . . . e e
ENSGALG00000002531  SF3B3 SF3b130 . . . e e
ENSGALG00000000581  DDX42 SF3b125 . .
ENSGALG00000007937  SF3A1 SF3a120 . . .« .
ENSGALG00000021679  SF3A2 SF3a66 . . . e e
ENSGALG00000001540  SF3A3 SF3a60 . . . e e
ENSGALG00000013352  SF3B4 SF3b49 . « e .
ENSGALG00000008729 SNRPB2  U2B" . . . e e
ENSGALG00000007170 SNRPA1  U2A' . . . e e
ENSGALG00000016501 - SF3b14 . .
ENSGALG00000020000  SF3B5 SF3b10 . .
U2-snRNP associated
ENSGALG00000014395  DHX15 PRP43/DDX15 . . .« .
ENSGALG00000002612 - SR140 . . .« .
ENSGALG00000006332 RBM17 SPF45 . . e e
ENSGALG00000008561 SMNDC1  SPF30 . . e .
ENSGALG00000003824 CHERP CHERP . .« .
U5, U4/U6 & U4/U6+U5 SnRNP
ENSGALG00000002943  PRPF8 U5-220K . . .« .
ENSGALG00000003477 ASCC3L1  U5-200K . . .« .
ENSGALG00000000988 EFTUD2 U5-116K . . .« .
ENSG00000175467 SART1 U4/U5U5-110K . . .« .
ENSGALG00000006001 C200RF14 U5-102K . . .« .
ENSG00000174243 DDX23 U5-100K . . . e e
ENSGALG00000000465 PRPF3 U4/U6-90K . . . e e
ENSG00000168883 USP39 U4/UB°U5-65K . . .« .
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Table 3.1(Continued)

G
ENSEMBL accession # ®  HGNC® Polypeptide © PSgd
ENSG00000105618 PRPF31 U4/U6°U5-61K .
ENSGALG00000008857 PRPF4 U4/U6-60K .
ENSGALG00000004874 PPIH USA-CYP .
ENSGALGO00000000615 WDR57 U5-40K .
ENSGALG00000011931 NHP2L1 U4/U6U5-15.5k .
ENSGALGO00000017396  TXNL4A U5-15K .
AT/AC
ENSGALGO00000005162 RNPC3 U11/U12-65K .
ENSGALG00000013005 C60RF151 U11/U12-48K .
Sm/LSM
ENSGALG00000007250 SNRPB SmB/B' .
ENSGALG00000011842 SNRPD1 SmD1 .
ENSG00000125743 SNRPD2 SmD2 .
ENSGALGO00000006596 SNRPD3 SmD3 .
ENSGALGO00000000137 SNRPE SmE .
ENSGALG00000011409 SNRPF SmF .
ENSG00000143977 SNRPG SmG .
ENSG00000111987 LSM2 LSM2 .
ENSG00000170860 LSM3 LSM3
ENSGALG00000003385 LSM4 LSM4 .
ENSG00000106355 LSM5 LSM5
ENSGALG00000009985 LSM6 LSM6 .
ENSG00000130332 LSM7 LSM7
ENSGALP00000014820 LSM8 LSM8 .
snRNP biogenesis
ENSGALG00000010154 SIP1 SIP1 .
ENSG00000119953 SMNDC1 SMNrp30 .
ENSGALG00000003158 COIL Coilin .

2 Data available attp://www.ensembl.org® HUGO Gene Nomenclature Committee designation,sh da
represents a polypeptide which has not yet beeigress a systematic nameCommon name’ Gallus
gallus supraspliceosomé&; Homo sapiengHeLa) supraspliceosomé&;Neubaueret al spliceosome data
(Neubauer et al., 1998¥; Rappsilberet al spliceosome data (Rappsilber et al., 2062Fhou et al
spliceosome data (Zhou et al., 2002§.were compiled from Jurica and Moore (Jurica andip2003).

6C



Known spliceosome associated proteins (SAPS)

In Table 3.2, we outline the 41 SAPs identified nfrothe chicken
polyspliceosome. Included are pre-mRNA interacfanxgors such as U2AF (Bennett et
al., 1992; Kramer and Utans, 1991), PTB (Gil et #91; Patton et al., 1991), and the
cap binding complex proteins (Lewis et al., 1996)\Ve detected the majority of PRP19-
complex (NTC) related components as well, includiognologues of Prp19p (Cheng et
al., 1993; Russell et al., 2000), Syflp (RusseHlgt2000), Syf2p (Russell et al., 2000),
Syf3/Clflp (Chung et al., 1999; Russell et al., @00, Isylp (Dix et al., 1999),
SKIP/Prp45p (Albers et al., 2003; Figueroa and Hayn?004) and CDC5/Ceflp (Ben-
Yehuda et al., 2000; Tsai et al., 1999). Intengtyi, we detected a number of
polypeptides which in yeast are snRNP associatat,hbve not been identified in
purified metazoan snRNPs. Among these polypepadeputative orthologues of yeast
Prp38p (Blanton et al., 1992), Prp39p (Lockhart &ytnond, 1994), Prp40p (Kao and
Siliciano, 1996), Aar2p (Gottschalk et al., 200hyd.uc7p (Fortes et al., 1999). Other
polypeptides exclusively contained in the purifielicken supraspliceosome include,
NONO/p54nrb, PNN/Pinin and CWC22, which have beeevipusly implicated in
splicing (Kameoka et al., 2004; Ohi et al., 2002k&hita et al., 2004; Wang et al.,
2002)).
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Table 3.2 Comparisons of spliceosome-associated ims between
supraspliceosomes purified from human or chicken dis with those purified from
three in vitro assembled spliceosome experiments.

G Hs
ENSEMBL accession # °  HGNC" Polypeptide ° Psgd ps* N R° Z°
SAPs
ENSGALG00000002514  SFPQ PSF . . .
ENSGALG00000002060  FUS TLS/FUS . .« .
ENSGALG00000012468 PRPF39  PRP39 .
ENSGALG00000010501  SNW1 SKIP/PRP45 . . . e e
ENSGALG00000016704 CDC5L  CDC5 . . . .
ENSGALG00000005012 RAB43 ISY1 . .« .
ENSGALG00000008429 CRNKL1 CRN1 . . . e e
ENSGALG00000009257 PRLG1 Prp46/PRL1 . .« .
ENSGALG00000015061  CDC40 CDC40/PRP17 . .« .
ENSGALG00000002002 BCAS2 SPF27 . .
ENSGALG00000013919 PRPF19  PRP19 . . . e e
ENSGALG00000010627 PRPF38A PRP38 . .
ENSGALG00000005507 NONO p54nrb . .
ENSGALG00000004555 RBM22  ECM2/RBM22 . .« .
ENSGALG00000001247  SYF2 SYF2 . .« .
ENSGALG00000000726 ELAVL1  ELAV/Hu . . .« .
ENSGALG00000009001 - CWC22 .
ENSGALG00000008149 EWSR1  EWSR1 (RBP) . . .
ENSGALG00000004705 BUD31 BUD31 . .« .
ENSG00000076924 XAB2 SYF1 . . .« .
ENSGALG00000001962 PTBP1 PTB . . .
ENSGALG00000011857 LUC7L2  LUC7/CROP . .
ENSG00000196504 PRPF40A PRP40 . . .
ENSGALG00000010167  PNN Pinin . .
ENSGALG00000012813 PRPF4B  Prp4K . . .« .
ENSGALG00000000833 K RED . . .« .
ENSGALG00000001500 - SLU7 . .« .
ENSG00000063244 U2AF2 U2AF65 . . « e e
ENSGALG00000016198  U2AF1 U2AF35 . . « e e
ENSG00000168066 SF1 SF1 « e .
ENSGALG00000001034 C200RF4 AAR2 .
ENSGALG00000005525 SFRS1 SF2/ASF . . .« .
ENSG00000102241 HTATSF1 TAT-SF1 .
ENSGALG00000002087 NCBP1  CBC80 . . .« .
ENSGALG00000006843 NCBP2  CBC20 . . o« .
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Table 3.2(Continued)

G Hs
ENSEMBL accession # ®  HGNC® Polypeptide ° Psgd ps* N R* Z"
ENSG00000087087 - ASR2B .« .
ENSG00000100296 THOC5 KIAA0983 . . .« .
ENSG00000159086 C210RF66 C210RF66 .« .
ENSG00000126803 HSPA2 HSP70-2 . . .« .
ENSGALG00000006512 HSPA8 HSP71 . . .« .
ENSGALG00000009838  AQR Aquarius . . .« .
ENSGALG00000002014  SMU1 SMU1 . . .« .
ENSG00000163510 - CWC22 .« .
ENSGALG00000005623  TFIP11 SPP382 . . .« .
ENSG00000137656 - CWC26 .« .
ENSG00000126698 DNAJC8  SPF31 « e .
ENSG00000105705 SF4 SF4 .« .
ENSG00000113649 TCERG1  CA150 . . e e
ENSGALG00000004626 RBM5 E1B-AP5 . . .
ENSG00000100056 DGCR14 DGCR14 .« .
ENSG00000105298 C190RF29 C190RF29 .« .
ENSG00000109536 FRG1 FRG1 .
ENSG00000171824 EXOSC10 RRP6 .
ENSG00000160799 CCDC12  CCDC12/CWF18 .
ENSGALG00000011678 DNAJC13  Dnal . . .
ENSG00000100813 ACIN1 Acinus . .« .
ENSG00000131051 RNPC2 HCC . .« .
ENSG00000084463 WBP11 WBP11 . .
ENSG00000196419 XRCC6 Ku70 . .

Supraspliceosomassociated hnRNPs

Polypeptides termed hnRNPs are those which are iknownteract with hnRNA
and are highly abundant nuclear proteins. We tedewgirtually all of the known
hnRNP proteins in chicken cells, as well as otk XP-like proteins present in genome

databases (Table 3.3).
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RNA helicase-like proteins

We identified a large number of DExH/D proteinghe purifications (Table 3.3).
In addition to the RNA helicase-like polypeptidesolwn to function in pre-mRNA
splicing, such as DDX15/Prp43p (Arenas and Abelst#97; Fouraux et al., 2002;
Martin et al., 2002), DHX8/Prp22p (Company et 40991; Schwer and Gross, 1998;
Wagner et al., 1998), DDX46/Prp5p (Dalbadie-McHadland Abelson, 1990; O'Day et
al., 1996; Will et al., 2002), DDX5/p68 and DDX178(Lin et al., 2005), UAP56/Sub2p
(Kistler and Guthrie, 2001; Libri et al., 2001; Zigpand Green, 2001), and the snRNP-
associated helicases U5-200K/Brr2p (Lauber et 1#8196; Noble and Guthrie, 1996;
Raghunathan and Guthrie, 1998) and U5-100K/PrpZ8payss and Guthrie, 1991;
Strauss and Guthrie, 1994; Teigelkamp et al., 198@)note a number of helicase-like
proteins not previously implicated in pre-mRNA splg contained in purified chicken
supraspliceosomes. These include 13 additionayppplides with sequence motifs
indicative of DEAD, DEAH or Ski2p-like helicase fagnmembers. Although we do
not have evidence for these proteins functioningrie-mRNA splicing, the complete
absence of DNA helicases in our preparations imeléca specificity which implies their
function in RNA Pol Il transcript processing.
SR proteins

Many splicing factors are rich in arginine and seriresidue including long
stretches of alternating dipeptides termed SR dosnai These factors function at
multiple steps in the pre-mRNA splicing pathway @Bgeois et al., 2004). We detected
a number of these family members in our purificagidrom chicken cells (Table 3.3).
Although there is not a complete set of known S&gins present, it is possible to

conclude that, due to the means by which these lex®p were purified and analyzed,
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these SR proteins represent the major SR protamdibning in these cells, and that the
others function in the splicing of a smaller sulifgire-mRNAs.

Other RNA binding proteins

There were 18 polypeptides identified in our pedfipolyspliceosome material
possessing sequence homology to polypeptides peddic interact with RNA by virtue
of RNA Recognition Motifs (RRM), double stranded RNbinding domains (dsRBD)
and others (Table 3.3). Some were identified jpnesly, such as the ELAV/Hu protein
involved in binding to AU-rich elements (Myer et,&997), the dsRBD-motif-containing
NFAT45 and NFAT90, previously shown to exist ingamuclear complexes (Raitskin et
al., 2001) and likely functioning in RNA Pol Il tniacript metabolism. In Figure 3.3 we
present a graphical representation of the varidd& Rinding proteins novel to our study

and highlight their detectable sequence motifs.
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Figure 3.3 Novel spliceosome-associated polypeptideith predicted RNA binding
motifs.

Polypeptides from Table 3.3 with no known functionthe pre-mRNA processing
pathway are shown with graphical representationshefvarious RNA interaction or
other noted motifs listed at the bottom of the Fegu
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Non-spliceosomal pre-mRNA processing factors

In Table 3.1, we note the presence of 5 end bmdi@BC80 and CBC20)
proteins. In Table 3.3, the 3 end processing diact(CSPF and CSTF), a
comprehensive set of proteins shown to be involvednRNA export including the
TREX complex (THO1/HPR1, THO2, THO3/TEX1, UAP56 aAdY) (Strasser et al.,
2002) and export factors such as GLE2 (Blevinsl.et2803) and GLC7 (Gilbert and
Guthrie, 2004) are reported. We also note thaingles component of the nonsense
mediated decay (NMD) pathway, UPF1, (Mitchell aradl@rvey, 2003) was identified in
the chicken material. As NMD is likely to be aeiwnly in a very small subset of pre-
MRNA processing complexes, we were surprised taesea a single polypeptide from

this class of proteins.
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Table 3.3 Polypeptides predicted to interact withlie pre-mRNA, mRNA or the
spliceosome and comparisons of those identified the supraspliceosomes with those
of spliceosomes formeah vitro.

G Hs
ENSEMBL accession # * HGNC" Polypeptide ° Psgd ps* N R° Z°
RNA Helicase-like
ENSGALG00000016461  DDX1 DDX1 . .
ENSGALG00000016231  DDX3X DDX3 . . .
ENSGALG00000003532  DDX5 DDX5/p68 . . e .
ENSGALG00000012247 DDX17 DDX17/p72 . . .« .
ENSGALG00000012147 DDX18 DDX18 .
ENSG00000102786 DDX26 DDX26/HDB .
ENSGALG00000006974 DDX27 DDX27 .
ENSGALG00000003030 DDX41 DDX41/ABSTRAKT .« .
ENSG00000123136 DDX39 DDX39 .
ENSG00000145833 DDX46 DDX46/PRP5 . .« .
ENSGALG00000008530 DDX48 DDX48 . . .« .
ENSGALG00000004144  DDX50 DDX50/Gu-R . .
ENSGALG00000001186 DHX8 DHX8/PRP22 . . .« .
ENSG00000135829 DHX9 DHX9/HELICASEA . . .« .
ENSG00000137333 DHX16 DHX16/PRP2 .« .
ENSGALG00000005027  DHX30 DHX30 . .
ENSGALG00000003658 DHX35 DHX35 .
ENSG00000174953 DHX36 DHX36 .
ENSGALG00000014709  SKIV2L2 SKIV2L2 . . .« .
ENSG00000198563 BAT1 UAP56 . . .
hnRNP
ENSGALG00000006160 HNRNPAO hnRNPAO . .
ENSGALG00000011036 HNRNPA2B1 hnRNPA2/B1 . . . e .
ENSG00000135486 HNRPA1 hnRNPA1 . . . e .
ENSGALG00000009250 HNRNPA3 hnRNPA3 . . .« .
ENSGALG00000014381 HNRNPAB  hnRNPAB . .
ENSG00000092199 HNRPC hnRNPC1/C2 . . . e .
ENSG00000138668 HNRNPD hnRNPDO/AUF1 . .
ENSGALG00000011184 HNRNPDL  hnRNPDO . . .« .
ENSG00000169813 HNRPF hnRNPF .
ENSGALG00000006457 RBMX hnRNPG . . .
ENSGALG00000005955 HNRNPH1  hnRNPH1 . . .
ENSGALG00000003947 HNRNPH3  hnRNPH3 . .
ENSGALG00000012591  HNRNPK hnRNPK . . o .
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Table 3.3(Continued)

G Hs
ENSEMBL accession # ®  HGNC® Polypeptide ° Psgd ps* N R Z"
ENSG00000104824 HNRNPL  hnRNPL . . .« .
ENSGALG00000000377 HNRNPM  hnRNPM . . .« .
ENSGALG00000015830 SYNCRIP  hnRNPQ . . .« .
ENSGALG00000000814 HNRNPR hnRNPR . . .« .
ENSGALG00000010671 HNRNPU  hnRNPU . . .
ENSGALG00000018665 - hnRNP novel .
ENSG00000126457 HRMT1L2 HRMTLL2 .
SR
ENSG00000133226 SRRM1  SRm160 .« .
ENSG00000167978 SRRM2  SRm300 .« .
ENSGALG00000005525 SFRS1 SF2p33 .
ENSG00000161547 SFRS2 SC35 .« .
ENSGALG00000000533  SFRS2 SFRS3SRp20 . . .« .
ENSG00000116350 SFRS4 SRp75 .
ENSGALG00000009484  SFRS5 SRp40 . .
ENSGALG00000000990  SFRS6 SRp55 . . .« .
ENSGALG00000013825 SFRS7 9G8 . . .« .
ENSGALG00000002487 SFRS8 SFRS8 .
ENSG00000111786 SFRS9 SRp30 . .« .
ENSGALG00000006531 SFRS10  SFRS10 . . .
ENSG00000116754 SFRS11  SRp54 .« .
ENSG00000153914 SFRS12  SFRS12 .
ENSGALG00000004133 FUSIP1  SRrp35 . .
RBP
ENSG00000102317 RBM3 RBM3 .
ENSGALG00000018992 RBM4B  RBM4B/Lark .
ENSGALG00000004626 RBM5 RBM5 . .
ENSGALG00000007017 RBM7 RBM7 . .
ENSG00000131795 RBMS8A  RBMSB .
ENSGALG00000013411 RBM14 RBM14 . .
ENSG00000162775 RBM15 RBM15 . .« .
ENSGALG00000002372 RBM15B  RBM15B . .
ENSG00000197676 RBM16 RBM16 .
ENSGALG00000004555 RBM22 RBM22 .
ENSG00000119707 RBM25 RBM25 .
ENSG00000091009 RBM27 RBM27 .
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Table 3.3(Continued)

G Hs
ENSEMBL accession # ®  HGNC® Polypeptide © Psgd ps* N R° 27"
ENSGALG00000011038 CBX3 RNPS1 . .
ENSG00000033030 ZCCHC8  ZFP8 . .
ENSGALGO00000006113  ZNF326 ZFP326 .
ENSG00000179950 - PUF60 . . .
ENSG00000197381 ADARB1 ADAR1 .
ENSG00000160710 ADAR ADAR2 .
ENSGALGO00000010952 - Requiem .
ENSGALGO00000011570  ILF2 NFAT45 . . . .
ENSG00000129351 ILF3 NFAT90 . . . .
ENSG00000169564 PCBP1 PolyrCBP .
ENSGALG00000012225 CIRBP CIRBP . .
ENSG00000056097 ZFR ZFR . .
ENSGALG00000009427  TIALL TIAL .
ENSGALG00000001187 STRBP STRBP .
ENSGALG00000005623 TFIP11 Tuftillin-1P . .
ENSG00000136231 IGF2BP3 IMP3 . . . .
ENSG00000060138 CSDA CSDA . .
ENSG00000121774 KHDRBS1 SAM68 .
ENSG00000126254 - Novel RRM .
ENSG00000132773 TOE1 TOE1 .
ENSG00000142864 SERBP1 SERBP1 .
Export/transcription/NMD
ENSGALG00000014915 THOC1 THO1/HPR1 . .
ENSGALG00000008507 THOC2 THO2 . . . .
ENSG00000051596 THOC3 THO3/TEX1 . .
ENSGALG00000007237 THOC4 THO4/ALY . . . .
ENSGALG00000004571 PPP1CA GLC7/PPP1CA .
ENSGALG00000002569 RAN Ran . .
ENSG00000119392 GLE1L GLE1L .
ENSGALG00000007653 RAE1l GLE2/RAE1 . .
ENSGALGO00000003220 RENT1 UPF1/RENT .
ENSG00000131795 RBMS8A Y14/RBM8A . . .
ENSGALG00000002144 THRAP3 TRAP150 . .
ENSG00000172660 TAF15 TAF15/RBP56 .
ENSG00000162231 NXF1 TAP .
ENSG00000065978 YBX1 YBX1 . . .
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Table 3.3(Continued)

G Hs
ENSEMBL accession # ®  HGNC® Polypeptide ° Psgd ps* N R* Z"
ENSGALGO00000010689 MAGOH Mago nashi . . .
3' end proc.
ENSG00000071894 CPSF1 CPSF1 .
ENSGALG00000010783  CPSF2 CPSF2 .
ENSGALG00000016424 CPSF3 CPSF3 . .
ENSGALG00000004714 CPSF4 CPSF4 .
ENSGALG00000003084  CPSF5 CPSF5 . .« .
ENSG00000111605 CPSF6 CPSF6 .« .
ENSGALG00000011685 CSTF3 CSTF-77 . .
ENSGALG00000013943  FIP1L1 FIP1 .
ENSG00000172239 PAIP1 PAIP1 .
ENSG00000100836 PABPN1  PABPN1 . . e e
ENSGALG00000003800 PABPC4 PABPC4 .

Nuclear matrix and filament proteins

Recent data from several laboratories indicatestioimal interaction between the
structural proteins of the nuclear matrix and teaeggexpression machinery (de Lanerolle
et al., 2005). We detected a number of such preteicluding actin, spectrin, matrin3,
numatrin, and lamin B (Table 3.4). Although we mainh determine the functional
relevance of the association of structural protewth these endogenously formed pre-
MRNA splicing complexes, we note that a numberrd®NPs and other known splicing
factors such as Prpl9p (Gotzmann et al., 2000) weatially termed nuclear matrix-
associated proteins indicating an intimate relatimn between the pre-mRNA processing
machinery and the nuclear matrix. Indeed it isatiractive hypothesis that pre-mRNA

and mRNA are trafficked to the nuclear pore by nsezfithe nuclear matrix.
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Polypeptides novel to pre-mRNA splicing- SWI/SNFgins and associated factors

A recent report from Muchardt and colleagues hanastrated the association
of the SWI/SNF associated factor Brahma/SMARCAZn{Bwith the splicing apparatus
and its presence favors the inclusion of alteredfigpliced exons (Batsche et al., 2006).
The splicing-related Prp4-kinase, which is presentboth the human and chicken
supraspliceosomes, has been reported to phospteobgéh Brm and the splicing factor
U5-102K/hPrp6 (Dellaire et al., 2002) providing ther evidence that Brahma is
functioning in Pol Il transcript maturation. Inethpurified chicken supraspliceosomes,
Brahma/SMARCA4, and a number of other SWI/SNF-ezlatpolypeptides were
identified (Table 3.4), all with high degrees ohéidence given the depth of the peptide
identification (Appendix A). As this purificatiogielded no mass spectrometry data
suggesting any chromatin-associated factors suchhis®ne proteins, the DNA
replication machinery or other DNA binding proteimg have no reason to believe that
these polypeptides are not specifically associatvith the pre-mRNA processing
complexes. Further studies will illuminate the@pe function of these polypeptides in
pre-mRNA processing.

Nuclear pore complex proteins

In the chicken supraspliceosomes, we detected d setaof NUPs (Table 3.4).
It will be interesting to see if these are functibmteractions between maturing pre-
MRNA processing complexes and the nuclear porejf dhese polypeptides are
promiscuously interacting with the supraspliceoseme
Cyclophillins

In addition to the known snRNP-associated USA-C¥H®rowitz et al., 1997;

Teigelkamp et al., 1998), we detected 5 additigratential disulfide isomerases co-
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purifying with spliceosomes from chicken (Table)3.4These proteins are important for

folding and structural rearrangement.
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Table 3.4 Structural, nucleoporin, and cyclophillinproteins present in the
supraspliceosomes anah vitro assembled splicing complexes

G Hs
ENSEMBL accession # °  HGNC" Polypeptide © PSgd PS® N
Structural
ENSGALG00000012533 MYH9 Myosin . .
ENSGALG00000009126 TTN Titin .
ENSGALG00000001381 ACTG1 Actin . .
ENSGALG00000002478 MATR3 MATRIN3 . .
ENSGALG00000008677 VIM Vimentin . .
ENSG00000117245 KIF17 Kinesin KIF17 .
ENSGALG00000002197 NPML1 NUMATRIN . .
ENSGALG00000014692 LMNB1 Lamin B . .
ENSGALGO00000013505 SYNE1 NuSpectrin . .
ENSG00000140259 MFAP1 MFAP1

Chromatin modification
ENSGALG00000000360 ARID1A ARID1A-SWI/SNF .
ENSGALG00000013683 ARID1B ARID1B-SWI/SNF .

ENSGALGO00000010164 SMARCA2 SMARCA2 .
ENSG00000127616 SMARCA4 Brahma/SMARCA4 .
ENSGALGO00000009913 SMARCA5 SMARCA5S .
ENSGALGO00000005983 SMARCB1 SMARCB1 .
ENSGALG00000005048 SMARCC2 BRG1-SWI/SNF .
ENSGALGO00000005048 SMARCC1 SMARCC1 .
ENSGALP0O0000010010 SMARCD1 SMARCD1 .
ENSGALGO00000000363 SMARCD2 SMARCD?2 .
ENSGALGO00000002100 SMARCE1 SMARCE1 .

Nucleoporins

ENSGALG00000005714 PKD1 PKD1 (NUP assoc) .

ENSGALGO00000003830 NUP214 NUP214 . .
ENSGALGO00000012720 NUP153 NUP153 .

ENSGALGO00000005078  NUP210 NUP210 . .
ENSG00000102900 NUP93 NUP93 .
ENSG00000108559 NUP88 NUP88 .
ENSG00000111581 NUP107 NUP107 .
ENSG00000110713 NUP98 NUP98 .
ENSG00000138750 NUP54 NUP54 .
ENSG00000163002 NUP35 NUP35 .
ENSG00000069248 NUP133 NUP133 .
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Table 3.4(Continued)

G Hs
ENSEMBL accession # ®  HGNC® Polypeptide ° Psgd ps* N R° 2"
ENSG00000155561 NUP205 NUP205 .
Cyclophillins
ENSGALG00000013383  PPIE CYP-E . .« .
ENSGALG00000004874  PPIH USA-CYP .
ENSGALG00000014747 SDCCAG10 CYP16 . .
ENSG00000137168 PPIL1 PPIL1/CWF27 . .« .
ENSG00000100023 PPIL2 PPIL2/CYP60 . .« .
ENSG00000115934 PPIL3 PPIL3B .« .
ENSG00000113593 PPWD1 PPWD1 . . .

3.3.2 Compositional comparison of chicken versus Iman supraspliceosome

For purification of the human supraspliceosomesgestly sonicated nuclei in a
buffered low-salt solution. After a short, low-ggecentrifugation, the resulting nuclear
extract was sedimented through a glycerol gradeed the material from a region
corresponding to a sedimentation coefficient >20@% pooled (Figure 3.4A, 3.4B).
We did not observe a peak sedimenting at a cegtadient fraction due to the fact that
the INRNP particle is proposed to have one to aigieating spliceosomal substructures.
This material was incubated with anti-Sm epitopseti’e monoclonal antibody Y12
covalently attached to Sepharose beads to bind BteHp-containing material to the
affinity resin. Remarkably, this treatment neaglyantitatively retained the detectable
material from this region of the glycerol gradieewgen after extensive washing indicating
that the majority of the nuclear contents of thizesperhaps not surprisingly, are Sm-
antigen-containing complexes. The lack of polysinmes in the rapidly sedimenting

material (as judged by the absence of 5S and RB&s and ribosomal proteins by mass
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spectrometry) indicates that nuclei we prepare rae contaminated with cytoplasm.
Preparatively-purified material was separated bys$IAGE gels of two compositions to
better resolve the polypeptides (Figure 3.4C). dBononstrate the specificity of this
purification, gradient-separated supraspliceosoma&sre subjected to affinity
chromatography using identical beads and identi@ahing and elution conditions, but
lacking the Y12 antibody. In Figure 3.5A and 3.58¢ show that from mock
purification, there is not detectable coomassigsthmaterial in the resulting protein gel

and no snRNAs are present.
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Figure 3.4 Human supraspliceosome-associated polygales and snRNAs.

RNA (A) and protein (B) were extracted from prepaeglycerol gradient fractions and
electrophoretically resolved through urea-PAGE ¢ABSDS-PAGE (B) gels stained with
silver (nucleic acid) or coomassie blue (proteinar below B represents the fractions
of the material pooled for immunopurification witi2 antibody. (C) Affinity-purified
supraspliceosomal proteins run under two SDS-PAGHlitions to resolve either large
or small polypeptides. Gels were aligned to shdwpalypeptides in the affinity-
purified fractions and are delineated by the mayletween them. The entire gel lanes
shown from the two gels in (C) were dissected aacheel slice was subjected to mass
spectrometry protein identification. The proteidsntified are reported under the Hs
PS column in Tables 3.1-3.5 and 3.7.
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Figure 3.5 Mock-purified HeLa supraspliceosomes.

(A) Proteins from HelLa mock-purified polyspliceosermstained with coomassie blue G-
250. (B) Ethidium bromide-stained nucleic acidsrthe fraction.

By mass spectrometry we detected 177 distinct ppiides in the Hela
supraspliceosome, however, the coverage of thermpjmeosomal snRNP proteins was
more complete for the chicken supraspliceosomeslypBptides identified specifically
from chicken supraspliceosome but not from HeLaasgiceosome are summarized in

Table 3.5.
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No AT-AC specific splicing components were deteciedhe human complex,
suggesting CLEP tagging and purification procedsimmore sensitive than conventional
antibody affinity chromatography. We did not détany snRNP biogenesis factors in
the HelLa supraspliceosomes, but we note that thekerh cells were processed fresh,
while the HelLa cells were obtained commercially aswohained at 4 C during shipment
overnight. This may disfavor the purification diese or even other factors (e.g.
cyclophillins and chromatin remodeling proteins) ithe case of the Hela
supraspliceosomes. A substantial set of nuclenpofNUPs) were present in the
purified supraspliceosomes complexes from humals.ceNP40 was absent during the
purification of the human complexes, which likelyaimtained the integrity of

hydrophobic interactions which may stabilize the@x complexes with the NUPSs.
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Table 3.5 Polypeptides identified in chicken supragiceosomes but not in human

supraspliceosomes

G
ENSEMBL accession # °  HGNC" Polypeptide © PSgd
U2 snRNP
ENSGALG00000013352 SF3B4 SF3b49 .
ENSGALG00000016501 - SF3b14 .
ENSGALG00000020000 SF3B5 SF3b10 .
U2-snRNP associated
ENSGALG00000006332 RBM17 SPF45 .
ENSGALG00000008561 SMNDC1 SPF30 .
ENSGALG00000003824 CHERP CHERP .
U5, U4/U6 & U4/U6+U5 snRNP
ENSGALG00000004874  PPIH USA-CYP .
ENSGALG00000011931  NHP2L1 U4/U6+U5-15.5k .
ENSGALG00000017396  TXNL4A U5-15K .
AT/AC
ENSGALGO00000005162 RNPC3 U11/U12-65K .
ENSGALGO00000013005 C60RF151 U11/U12-48K .
Sm/LSM
ENSG00000111987 LSM2 LSM2 .
ENSGALG00000003385 LSM4 LSM4 .
snRNP biogenesis
ENSGALG00000010154 SIP1 SIP1 .
ENSG00000119953 SMNDC1 SMNrp30 .
ENSGALG00000003158 COIL Cailin .
SAPs
ENSGALG00000002060 FUS TLS/FUS .
ENSGALG00000012468 PRPF39 PRP39 .
ENSGALGO00000005012 RAB43 ISY1 .
ENSGALG00000009257 PRLG1 Prp46/PRL1 .
ENSGALG00000015061 CDC40 CDC40/PRP17 .
ENSGALGO00000004555 RBM22 ECM2/RBM22 .
ENSGALG00000001247 SYF2 SYF2 .
ENSGALGO00000009001 - CwcC22 .
ENSGALG00000004705 BUD31 BUD31 .
ENSGALG00000011857  LUCT7L2 LUC7/CROP .
ENSGALGO00000001500 - SLU7 .
ENSGALG00000001034 C200RF4  AAR2 .
RNA Helicase-like
ENSGALG00000003532  DDX5 DDX5/p68 .
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Table 3.5(Continued)

ENSEMBL accession #

HGNC" Polypeptide ©

Gg
pst

Hs
ps®

ENSGALG00000012147
ENSGALG00000006974
ENSGALG00000003030
ENSGALG00000003658
hnRNP
ENSGALG00000018665
ENSG00000126457

SR
ENSGALG00000005525
ENSGALG00000009484
ENSGALG00000002487
RBP
ENSGALG00000018992
ENSGALG00000004626
ENSGALG00000007017
ENSGALG00000004555
ENSGALG00000011038
ENSGALG00000006113
ENSGALG00000010952
ENSG00000169564
ENSGALG00000009427
ENSGALG00000001187
Export/transcription/NMD
ENSGALG00000004571
ENSGALG00000003220
ENSG00000172660

3' end proc.
ENSGALG00000010783
ENSGALG00000004714
ENSGALG00000013943
Structural
ENSGALG00000009126
ENSG00000117245
Chromatin modification
ENSGALG00000000360
ENSGALG00000013683
ENSGALG00000010164
ENSG00000127616

DDX18 DDX18
DDX27 DDX27
DDX41 DDX41/ABSTRAKT
DHX35 DHX35

- hnRNP novel
HRMT1L2 HRMTI1L2

SFRS1 SF2p33
SFRS5 SRp40
SFRS8 SFRS8

RBM4B RBM4B/Lark

RBM5 RBM5
RBM7 RBM7
RBM22 RBM22
CBX3 RNPS1
ZNF326 ZFP326
- Requiem
PCBP1 PolyrCBP
TIAL1 TIAL

STRBP STRBP

PPP1CA GLC7/PPP1CA
RENT1 UPF1/RENT
TAF15 TAF15/RBP56

CPSF2 CPSF2
CPSF4 CPSF4
FIP1L1 FIP1

TTN Titin
KIF17 Kinesin KIF17

ARID1A ARID1A-SWI/SNF
ARID1B ARID1B-SWI/SNF
SMARCA2 SMARCA2
SMARCA4 Brahma/SMARCA4
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Table 3.5(Continued)

G Hs
ENSEMBL accession # ®  HGNC® Polypeptide © PSgd PS®
ENSGALG00000009913 SMARCA5 SMARCAS5 .
ENSGALG00000005983 SMARCB1 SMARCB1 .
ENSGALGO00000005048 SMARCC2 BRG1-SWI/SNF .
ENSGALGO00000005048 SMARCC1 SMARCC1 .
ENSGALP00000010010 SMARCD1 SMARCD1 .
ENSGALGO00000000363 SMARCD2 SMARCD2 .
ENSGALG00000002100 SMARCE1 SMARCE1l .
Cyclophillins
ENSGALG00000013383 PPIE CYP-E .
ENSGALG00000004874 PPIH USA-CYP .
ENSGALG00000014747 SDCCAG10 CYP16 .
ENSGO00000137168 PPIL1 PPIL1/CWF27 .
ENSG00000100023 PPIL2 PPIL2/CYP60 .
ENSG00000113593 PPWD1 PPWD1 .

3.3.3 Compositional comparison oin vivo versusin vitro purified supraspliceosome

The core machinery, including snRNPs, SAPs, and @B&eins, is well
represented in the material derived from all poafion schemes. However, several
polypeptides are exclusively contained in the sspifeeosome-associated material, or
exclusively contained in thim vitro purified spliceosomes. We propose that this may
result from the differences in procedure, or peshapthe differences realized when
analyzing a single intron-containing pre-mRNA versll of the pre-mRNAs in a cell
(Tables 3.1-3.4). We note that in the spliceosomes purified frionvitro extracts, many
of the hnRNPs, RNA helicase-like proteins, and RblAding proteins were identified.

However, perhaps owing to specific binding of sqog/peptides to the bulk pre-mRNA
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and not the single transcript used in ith@itro spliceosome assembly reactions, a greater

number of these polypeptides were present in theaspliceosomes.

3.3.4 Pre-mRNA processing factors not present in grspliceosome purification

To estimate the aggregate number of polypeptiddagcipating in the nuclear pre-
MRNA processing pathway between all of the purifares, we have compiled a list of
factors know to function in post-RNA Pol Il trangdrprocessing, but not present in any
of the five purifications listed in Tables 3.1-3.5In Table 3.6, we outline this small list
of factors. The inability to be detected may bes do transient interaction with
spliceosome, low abundance or correlated with ttesgnce of an abundance hnRNP
protein of similar molecular weight. We have notluded factors for which there are
yeast homologues, but no identifiable human orelmete homologue in the genomic

databases.

Table 3.6 Known pre-mRNA processing proteins not pgsent in any purified
splicing complex.

ENSEMBL accession # *  HGNC" Polypeptide ©
ENSG00000095485 CWF19L1 CWF19
ENSG00000152404 CWF19L2 CWF19
ENSG00000165630 PRPF18 PRP18
ENSG00000140829 DHX38 PRP16
ENSG00000149532 - CFI-59K
ENSG00000165494 PCF11 PCF11
ENSG00000172409 CLP1 CLP1
ENSG00000111880 HCAP1 HCE/CEG1
ENSG00000146007 ZMAT?2 SNU23
ENSG00000108296 CCDC49 CWC25
ENSG00000101138 CSTF1 CSTF-50
ENSG00000101811 CSTF2 CSTF-64
ENSG00000161981 C160RF33 U11/U12-25K
ENSG00000184209 - U11/U12-35K
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3.3.5 Validation of ZFR as aona fidespliceosome component

To demonstrate the authenticity of a novel polypleptthat co-purified with
endogenous spliceosomes, we generated antiserunstaggR (Table 3.3) and used it to
specifically immunopurify ZFR-associated componentl Figure 3.6A, we show that
the ZFR polypeptide is present in very high molacweight complexes that co-migrate
with supraspliceosomal material. In Figure 3.68, slhow that the anti-ZFR antiserum,
but not the pre-immune serum or the Protein-A besdsiunoprecipitates the U1, U2,
U4, U5 and U6 snRNAs. As a positive control, wewéd that antiserum directed
against the known spliceosomal protein SR140, peghband analyzed under identical
conditions, also immunoprecipitated all of the s8N We also tested for the presence
of another pre-mRNA splicing factor, hPrp43 (DHX1B) the material immunopurified
with anti-ZFR; Figure 3.6C shows that the spec#itiserum, but not the pre-immune
serum or the Protein-A beads, immunoprecipitatep4®p/DDX15. This demonstrates
that the novel spliceosome-associated factor ZFHRdeed associated with spliceosomal

snRNAs and other spliceosomal proteins.
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Figure 3.6 The novel Zn finger protein ZFR is aona fidespliceosomal component.

(A) ZFR sediments with the 200S particle in ghgtegradients. Hela nuclear
extract was subjected to glycerol velocity gradisedimentation analysis as in Figure 2.
Proteins from the indicated fractions were eledtmpsed through SDS-PAGE gels and
subjected to western blot analysis using anti-ZFFRsarum. The bar below the gel
denotes the 200S region. (B) ZFR is specificalsociated with spliceosomal
snRNAs. Equal amounts of HelLa nuclear extract iscabated with protein-A beads
(beads), pre-immune serum and protein-A beadsifpmaine), anti-ZFR antiserum and
protein-A beads (anti-ZFR) or anti SR140 antiselamd protein-A beads (anti-SR140)
according to the Materials and Methods. Recovenaceic acids were subjected to
northern blot analysis and probed with antisens#bes to human snRNAs (identities
noted to the right of the Figure). (C) ZFR is dpeally associated with complexes
containing spliceosomal proteins. Immunoprecimtatconditions and lanes are as

described in (B). Proteins were subjected to westdot analysis using hPrp43
antiserum.
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3.4DISCUSSION

Affinity purification of the SmD3-associated pratsi from DT40 cells has
allowed us to probe more deeply into the generalrpRNA processing machinery
present in vertebrate cells. Indeed, when combingti the data fromin vitro
assembled spliceosome characterization and knoVigingpfactors not detected in any
complexes previously purified, we show there areadt 305 polypeptides involved in or
present during the processing of nuclear pre-mRNA Figure 3.7, | present a
schematic model of the pre-mRNA processing pathimayivo that encompasses the
concept of the supraspliceosome.

What is perhaps most remarkable about our ressilted fact that, despite the
operationally distinct purification strategies, thasal pre-mRNA processing machinery
required to effect the removal of a single introrvitro is not significantly different than
that purified from complex mixtures of all of theepmRNAs in a vertebrate or human
nucleus. The major differences in composition leetvthe previous purifications and
the one described herein involve 1) polypeptidesdigted by sequence homology to
interact with the pre-mRNA 2) the depth of cover&mepolypeptides involved in export
and 3’ end processing, and 3) polypeptides whicly neguire that the pre-mRNA in
these complexes follow the path of RNA Pol Il tremystion and nuclear trafficking, such
as the SWI/SNF complexes, structural proteins araleoporins. Two possible classes
of polypeptides may exist that are not detectedunpreparations. First are those that
are underrepresented because they may interacowligra small number of pre-mRNAs,
such as intron-or exon-specific binding protein§he other class of proteins which may
participate in pre-mRNA splicing but is absent fromr analysis might include tissue-
specific developmental stage-specific factors whigbuld not be present in our bulk

supraspliceosome preparation due to the use oftaalgells types.
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Figure 3.7 Model of the vertebrate supraspliceosorsdan gene expression.

(A) Co-transcriptional assembly of spliceosomes,ebtd modification machinery and
other pre-mRNA binding factors with RNA polymeraletranscripts. (B) Released

transcript contains numerous spliceosome moietigliced and un-spliced exons and 5’
cap-binding complex and 3’ end processing factof€) Mature mRNA contains RNA

binding proteins, 5- and 3’-end stabilizing facprand proteins which promote the
export of the mRNA.

87



Our mass spectrometry peptide data revealed sewveit@duing and novel
polypeptides in these complexes. We found chidkemologues of the yeast splicing
factors Prp38p, Prp39p and Aar2p, previously untatad in purified pre-mRNA
splicing complexes.

A number of uncharacterized RNA binding proteinsrevedentified in our
purifications. Recent studies have revealed timetfons of some of the RNA binding
protein. RBM4 has been shown as alternative sigigiegulator that favors intron
inclusion (Kar et al., 2006; Lai et al.,, 2003). d>et al demonstrated that RBM7
interacted with splicing factor 3ubunit 2 (SAP145), and with the splicing regulator
SRp20a, suggesting a role in pre-mRNA processitigyay (Guo et al., 2003).

One of the novel polypeptides of interest in thdagenous splicing complexes is
RAT1p/XRN2. Ratlp has been identified as a nuckan 3’ exonuclease (Amberg et
al., 1992; Johnson, 1997; Kim et al., 2004) andolved in many RNA processing
pathways such as rRNA processing, snoRNA biogenesiRNA export, and
transcription termination. Interestingly, when dab characterized the temperature
sensitive mutanprp27-1, initially identified from Abelson lab (Vijayraglvan et al.,
1989), it was shown to be allelic ®AT1 (Gupton et al., submitted). ThEp27-1
mutant resulted from a single amino acid change iconserved yet uncharacterized
domain. At non-permissive temperature, this mutanises severe post-splicing intron-
accumulation phenotype, suggesting its role incspkome disassembly or intron
turnover pathways. A bank o&tl mutants has been created to further determine the
domain specificity to intron turnover. Another mbwolypeptide, Tra2 collaborates
with other SR proteins and regulate alternativeicegy of gonadotropin releasing

hormone pre-mRNA (Paradis et al., 2007; Park e2aD6).
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Furthermore, two uncharacterized AAA ATPases, ATADénd ATAD3B that
may perform chaperone-like functions and assiserablyy or disassembly of protein
complexes were identified in both chicken and huspraspliceosome. We report the
identity of all the novel factors in Table 3.7

Although we cannot completely eliminate the podisiks that there may be
contaminants present in our preparations, our tesué validated by evidence from our
lab and other researchers that proteins Brahmdl, Rad Tra2 have a novel role in
splicing that were not detected previously initheitro-assembled spliceosome.

With the introduction of the CLEP tagging technoldg novel proteins in DT 40
cells or to more cell types (Chen et al., 2006) asithg small interfering RNA (SiRNA)
for gene silencing (Paul et al., 2002) in othel lve¢s or creating knockout in DT40 cells
(Winding and Berchtold, 2001), it will be possille characterize these factors more

rapidly.
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Table 3.7 Novel polypeptides present in the suprabpeosomes andn vitro

assembled splicing complexes

ENSEMBL accession # #

HGNC”

Polypeptide ©

Gg
pst

Hs
ps®

Nf

Novel or unknown to splicing

ENSGALG00000011351
ENSGALG00000010175
ENSGALG00000012726
ENSGALGO00000009967
ENSGALG00000003693
ENSGALGO00000007705
ENSGALG00000015933
ENSGALG00000008454
ENSGALG00000009061
ENSGALG00000007520
ENSGALG00000015821
ENSGALG00000014500
ENSGALG00000005624
ENSGALG00000010973
ENSGALG00000008372
ENSG00000197157

ENSGALG00000001948
ENSGALGO00000003177
ENSGALG00000010699
ENSGALGO00000005177
ENSGALG00000002653
ENSGALG00000016949
ENSGALG00000004133
ENSGALG00000017384
ENSGO00000079246

ENSG00000182562

ENSGALG00000001515
ENSG00000108588

HSP90AA1
HSP90AA2
HSP90B1
LRPPRC
MACF1
NCL
C210RF66
ACTL6A
SSRP1
CCT8
NOL5A
MED12
TRA2A
XRN2
SAFB2
BRD8

CO90RF10
WBP4
FUSIP1
ERH
XRCC5

ATADS3A

ATAD3B
CCDCA47

HSP90
HSPI0R
HSP108
LRP130
Macrophin
Nucleolin
GCRBF
NOP58
BAF53A
FACT80
TCP1-theta
Nol5A/NOP56
TRAP230
TRA2a
RAT1
SND1
SAFB/HSP27
BRD8

FOG
C90RF10
ELG

WBP4

Fus IP

ERH

Ku80

ATAD3A (AAA
ATPase)
ATAD3B (AAA
ATPase)

CCDC47
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Chapter 4: Gene targeting in mouse embryonic stemetls and

generation of mice carrying an epitope tag

4.1BACKGROUND

Mouse embryonic stem cells are pluripotent celisvad from the inner mass of
preimplantation blastocyst-stage embryos. Braekegl showed that ES cells had the
capacity to colonize the reproductive organs ofmaric mice and transmit genetic
information to progeny even after having been e¢aliufor a long period of timm vitro
(Bradley et al., 1984; Robertson et al., 1986). isTdbservation paved the way for the
generation of transgenic mice by manipulating geineg&S cells. Alteration of the
mouse genome by homologous recombination in ES ealls first achieved in 1987.
Doetschmanet al and Thomaset al were able to show that by homologous
recombination, segments of the mouse genome coelddisrupted or replaced
(Doetschman et al., 1987; Thomas and Capecchi,)198he ability of ES cells to enter
the germline after genetic manipulation in cultared differentiate into different cells
types depends on the conditions in cell culture.o Keep the ES cells in an
undifferentiated state in the cell culture systéimey are co-cultured with a feeder layer
of cells, typically mouse embryonic fibroblasts ahon the inner layer of culture dishes
and/or the addition of leukemia inhibitory factar the culture media (Hogan, 1994;
Pease and Williams, 1990). The feeder layer nbt provides cellular contact for the
maintenance of the ES cells in the undifferentiatiadle but also releases nutrients to the
media. Transgenic mice, knockout and knockin mgexeration is based on ES cell-
derived techniques. Coupled with Cre/lox-based r@aghes, tissue-specific and
conditional knockouts can be obtained, which amtiqdarly useful with embryonically

lethal genes. Gene-targeting has become a fedsitiléo produce mice with alterations
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in specific genomic loci. It is an important tow study the function of individual
proteins, biological complexes and pathways [seewein (Muller, 1999)].

In this chapter, | show how | applied the CLEP teghe (described in Chapter 2)
to mouse embryonic stem cells and describe thedgeamc mice that were generated. |
created two targeting constructs for two differgpliiceosomal proteins for gene targeting
in mouse ES cells. First, | inserted a TAP tathatcarboxyl-terminus of the U4/U6-U5
(tri-snRNP) associated protein, SART-1 (squamolisaecinoma antigen recognized by
T-cells 1; also known as U4/U6<U5-110K). Secondighose a U5-associated protein
U5-220K and inserted a polyhistidine tag at itdoawl-terminus.

SART1 was identified previously as a gene encodingrotein recognized by
cytotoxic T cells of squamous cell carcinoma pdsierfShichijo et al., 1998).
Expression of SART1 might be a potential tool fpeafic immunotherapy of patients
with tumors. It is also identified as an autoamtigwhich can interact with IgE
autoantibodies from patients suffering from actogermatitis (Valenta et al., 1998).
Subsequently, Makarovat al. showed that SART1 was an SR-related U4/U6U5 tri-
snRNP protein. SART-1 encodes a protein of 800namacids and a predicted
molecular weight of 90,263 kDa; however, the slowsgration behavior of SART1 in
SDS-PAGE gels, corresponding to an molecular wedglit10 kDa was assumed due to
the glutamic acid rich region comprising amino acitb0-600 (Makarova et al., 2001).
It is orthologous to the yeast Snu66p and is ingyartfor the recruitment of the
U4/U6-U5 tri-snRNP to the pre-spliceosome and tegembly of mature spliceosome
(Stevens and Abelson, 1999)

U5-220K, an ortholog of yeast Prp8p, is the largest most highly conserved U5
snRNP associated protein which in the course ofisgl contacts U5 snRNA, U6

SNRNA, the branchpoint of pre-mRNA, the 5’ and g@lice sites in the intron as detected
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by photochemicatross-linking. It interacts with several splicingoteins and is
involved in both the first and second step of spidreviewed in (Grainger and Beggs,
2005)].

The mice carrying CLEP tags will not only allow tascharacterize spliceosomes
from different tissues but also perform biochemiaat histological analyses from the

native, endogenous pre-mRNA splicing machinery limiag animal.

4.2 MATERIALS AND METHODS

4.2.1 Targeting vector construction

The targeting vector creation is described as imtiee 2.2.1. The
oligonucleotides for creating the SART1-TAP targgtvector and U5-220K-(Hig)are

shown in Table 4.1.

Table 4.1 Oligonucleotides used for targeting vect@onstruction in ES cells

Targeted gene Oligo sequence
MSART-1A 5- GCGGCCGCGAAATAGGAGCAGCTGTGAACATGG-3
MSART-1B 5- TCTAGAGGATCCTTTGGTGATGGTGTTCCTGCAGGG-3
MSART1C 5-GTCGACAGCCGCCCTCCTCCCTGGCCCAGATG-3
MSART1D 5-TTAATTAAGATCCACAGGCACAGCCGAGAACAC-3
MSART1E 5-ATCGATTGGCTAGTGATGGTTGTGCAGGAGTG-3
MSART1F 5-TGATCAATTGACCCATTCTGTCAATGGGTGTG-3'
mU5-220KA 5'-GCGGCCGCGGCTAAAAATATTTTTGTATGTAGG-3'
mU5-220KB 5-AAGCTTCTAGTGGTGATGATGATGATGATGATG

GGCATAGAGGTCCTCTCTGTCTGCAG-3'

mU5-220KC 5-GTCGACTTACTTCCTTCTGCTTCAGATCCCC-3'
mU5-220KD 5-TTAATTAACGGGTCCGAAGCGGCGTGCCAGCCC-3
mU5-220KE 5'-CTCGAGACGCGGCGGCTGGGCTGGTGCCACTAG-3'
mU5-220KF 5-GCTAGCTCCAGTCCCTCACCGCTGGAAGTACGC-3'
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4.2.2 ES cell electroporation and generating tranggic mice

To generate transgenic mice using mouse ES céllg, tBouse embryonic stem
cells (129S6) were electroporated with the linestizargeting construct. ES clones
which survived in double selection media containB#l8 and ganciclovir were isolated,
expanded into 6-well plates and grown until conflue PCR analysis of purified
genomic DNA (DNeasy tissue kit, Qiagen) was perfadnio screen for epitope-tag
insertion into the correct chromosomal locus. Eoeagate transgenic mice (lllustration
4.1), correctly targeted ES clones were microigedahto E3.5 C57BI/6 blastocysts and
implanted into (CD1) pseudopregnant females. Rieguthimeric males were mated to
C57BI/6 females for germline transmission of theerald allele. The resulting agouti
mice were screened for the SART1-TAP with westdat &nalysis. Male and female
heterozygotes carrying the epitope tag in one efdlteles are mated to one another to
generate homozygotes carrying TAP tags in botleslle

All mice were housed in accordance with protocggroved by the Animal

Care and Use Committee of the University of Texasustin.

4.2.3 Screening for the epitope-tagged gene by PGRd RT-PCR analysis

Genomic DNA was extracted (DNeasy tissue kit, Q@geom G418- and
ganciclovir-resistant ES colonies to screen mouSecélls positive for mSART-1-TAP.
PCR reactions were performed using one oligonuideatesigned outside the targeting
construct region (PCR5) and the other one inside thrgeting vector (PCR3):
MSARTPCR5 (5-CCTCTCACTGCCTCTCCTGCTGCGGGG-3') andSARTPCR3
(5- GAGGAGGCTCAGCGACTTGCCAGATGG-3’). The genotypef agouti mice
and progeny were screened for evidence of targassition of the TAP tag using RT-

PCR analysis from whole blood total RNA (Mouse RibeTM-Blood RNA Isolation
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Kit, Ambion) with oligonucleotides (RTPCR5) MSARTRE (5'-
GCTCCAGGAGAAGCAGAAGGC-3) and (RTPCR3) mMSARTRTPCR3(5’
CTAACCTTAGACAGCAGCACAACCAAGAGSI). The oligonucleades for
screening the insertion of polyhistidine tag int6-RRPOK gene were mU5220KRTPCR5
(5'-CAACAACCCCAAAGGCTACCTACCCTCGC-3') and mU5220KRACR3 (5'-
GTTCAAGAGGCTCCAGGCTTTGGGGATC-3)).
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Illustration 4.1 Producing transgenic mice carryingan epitope tag

Embryonic stem cells carrying a targeted epitogeat@ injected into the blastocyst-stage
embryo from a black mouse strain and then placesdiirogate mothers. If the ES cells
can survive and proliferate in the embryos, theb@ws will become chimeric carrying
cells from two mouse strains. Chimeric mice arentimated to black mice and the
resulting agouti progeny are screened for evidefitke targeted insertion of the epitope
tag. Male and female heterozygotes carrying atopgitag in one of the alleles are
mated to one another to generate homozygotes egreyitope tags in both alleles.
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4.2.4 Western blotting analysis

Mouse ES cells and organs from sacrificed mice werecessed by
homogenization in LDS sample buffer. Approximat&9 mg of each organ was
homogenized in 1 ml of SDS-PAGE loading buffer. eThgouti mice expressing
SARTI1-TAP were confirmed by western blot analysisnf tails homogenized in the
LDS sample buffer. Homogenized samples (20 plevetectrophoresed through SDS-
PAGE gels and transferred to a nylon membrane festevn blotting analysis.
Peroxidase-antiperoxidase (PAP) antibody (Sigmay wsed for detecting TAP tagged

proteins.

4.2.5 Preparation of extracts from liver nuclei andbrain nuclei

The preparation of extracts was performed as pusWyodescribed (Lu et al.,
1998) with some modifications. Four livers and rfmerebra were collected on ice,
washed with 1X PBS and cut into small pieces irdcakel buffer A [1.3 M sucrose, 1 mM
MgCl,, 10 mM potassium phosphate, (pH 6.8)]. The sipi@tes were homogenized
into 8 vol of buffer A containing 0.2 mM PMSF, 1 /nd leupeptin, and 1 pg/ml
pepstatin in a dounce homogenizer with 10 strokes®@ The homogenate was filtered
through 2 layers of cheesecloth and centrifugedfi0 x g for 20 minutes. The
resulting pellets were then suspended in a 2 ntestold buffer A containing 0.2 mM
PMSF, 1 pg/ml leupeptin, and 1 pg/ml pepstatin hothogenized again in a dounce
homogenizer with 10 strokes. The resulting suspensas mixed with 3.5 vol of ice-
cold buffer B [2.4 M sucrose, 1 mM Mg{L0 mM potassium phosphate, (pH 6.8)] and
centrifuged at 100,000 x g for 1 hour. The whitelrar pellet was suspended in 2 ml
of low-salt buffer (30 mM Tris-HCI, 125 mM KCI, 5 dh MgCl,, 0.5% Triton-X100,
0.15mM spermine, 0.05mM spermidine, and 0.2 mM PMS#d sonicated at the
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maximum output, twice for 20 seconds on ice withnihute in ice between sonications.
The sonicated mixture was centrifuged at 5000 wrglb seconds and the supernatant,

the nuclear fraction, was used for TAP purificatandescribed in section 2.2.7.

4.3RESULTS

4.3.1 Live mammals carrying CLEP tags

4.3.1.1 Mice carrying SART1-TAP

After construction and clone validation, the taigyg vector is linearized at an
appropriate site upstream of the AB fragment (Ugudbtl) or downstream of the EF
fragment (if not using ganciclovir selection). TBART1-TAP targeting vector was
linearized with Notl and electroporated into mo&cells. After selection with G418
and ganciclovir, one hundred forty one resistaribries were selected and expanded.
The presence of correctly targeted cells was telsie®CR using one oligonucleotide
primer designed outside the targeting region (PCIR5 Figure 2.1) and one
oligonucleotide primer designed inside the targgtiactor (PCR3 in Figure 2.1). Seven
out of 141 ES cell clones were positive for the SARTAP construct (Figure 4.1A) and
all seven were positive for the TAP tag of an appedely sized band (~130 Kd) by
western blotting (Figure 4.1B). Three chimeric eniwere produced from injected
blastocysts and tissue samples from brain, heately and spleen were analyzed for
SART1-TAP by western blotting. While wild-type mievere negative for TAP signal,

the chimeric mice were positive in all tissues gpadl (Figure 4.1C).
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A — SART1-TAP
— SART1
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Wildtype ~ SART1-TAP

Figure 4.1 Targeted SART1-TAP in ES cells and livenice.

(A) Detection of SART1-TAP targeted mouse ES cllhes by PCR. Wild-type and
targeted alleles are noted. (B) Western blot amalgf 5 of the 7 mouse ES cell clones
positive for SART1-TAP from [A]. The 130Kd SARTIAP is noted. (C) Western
blot analysis of SART1-TAP from organs of the mgsmerated from the mouse ES cells.
Left panel, wild-type untagged mouse organs, nggrtel, SART1-TAP mouse organs.
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Chimeric mice were mated to black mice which resulin 11 agouti progeny.
Six out of eleven agouti mice showed positive dgntor SART1-TAP of an
appropriately sized 130KDa band (Figure 4.2A). geaotype of progeny from agouti
mice was determined by RT-PCR from whole blood Rdgng one oligonucleotide
primer designed outside the targeting region arelinside the 3’'UTR which is the same
in the targeted and wild-type loci. The wild-tyméce contain two wild-type alleles, the
heterozygotes contain one wild-type allele and ¢oameeted allele, which is 590-
nucleotides larger due to the tag and the homoeggatintain two targeted alleles (Figure

4.2B).
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Figure 4.2 Targeted SART1-TAP in agouti mice and teir progeny.

(A) The genotypes of agouti mice were determinedMegtern blot analysis from tails
homogenized in LDS sample using peroxidase-antypgase (PAP). We generated 11
agouti mice; six out of eleven agouti mice showeslifpve signals of SART1-TAP.

(B) RT-PCR analysis of progeny from SART1-TAP trg@sic mice.

Oligonucleotide primers designed upstream of tbp sbdon and within the 3'UTR were
used to identify wild-type, heterozygote SART1-TAPhomozygote SART1-TAP mice.

4.3.1.2 Mice carrying U5-220K-(His)

Utilizing the method described above, a polyhistidiag (Hisg was inserted into
the carboxyl terminus of U5-220K. Two out of onentired and thirty one ES cell
colonies were positive for a HIS tagged U5-220KRIyPCR of RNA (Figure 4.3A) and
1 of 3agouti progeny from HIS-tagged chimeras showed insenibHIS-tag in one of
the chromosomes (Figure 4.3B). Unfortunately, &dyuencing analysis, insertion of the
polyhistidine tag inhibited the splicing of the lastron of U5-220K, leading to the
accumulation of U5-220K mRNA containing the lagtam sequence. U5-220K mRNA
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containing the last intron sequence was not ableexpress polyhistidine tag for

purification due to the presence of a stop coddhiwihe intron sequence.
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Figure 4.3 Targeted U5-220K-(Hisg in ES cells and in agouti mice.

Correctly targeted U5-220K-(Hig)were screened by RT-PCR analysis. The PCR
fragments containing the last intron sequence weted.

4.3.2 Purification of SART1-associated proteins fnm brain and liver cells

Splicing regulation, particularly alternative sphig, in a specific tissue or
developmental stage contribute to functional comipjen the genome (Xu et al., 2002).
Epitope tagging of proteins at the native chromaadioci of genes in mice provides a
useful tool to study the expression and organipatibthe gene expression machinery
during different stages of development and in ddifé tissues. In addition, nuclear
extracts derived from differentiated tissue sergeaauseful tool to identify regulatory
processing factors that are physiologically sigaifit. By purifying pre-mRNA
processing complex from the livers of SART-1-TARyjgad homozygote, we will
produce thein vivo assembled particles, which will provide great mnfation and

application to the study of tissue-specific reguigtmechanisms.
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Liver and brain cells were first used for purificet because of their relatively
large biomass. Moreover, other researchers haweessfully purified proteins from
liver cells or prepared splicing-active extractsnfr brain cells in mice/rats (Grabowski,
2005; Lu et al., 1998). Using similar nuclei extran methods combined with TAP
purification, | tried to purify SART1-associatedopgins from brain and liver. For brain
samples, after running purified fractions on theSSPAGE gels, the protein bands
looked exactly the same as that from wild type, -tagged mice, suggesting no
polypeptides specifically associated with SART1 ev@urified with this purification
method (Figure 4.4); however, according to my waesl#otting analysis of brain tissue
samples, | was able to identify the presence of BARAP proteins in brain (Figure
4.1C). | conclude that SART1 proteins are not aamh enough for purification in brain
tissue but can be detected by western blot analydikis result is supported by the
database of gene expression pattern in mouse bfiains Allen Institute for Brain
Science/Allen Brain Atlas, as no SART1 expressioaswnoted by in situ RNA
hybridization (Figure 4.5). Alternatively, the ywdomolog of SART1, Snu66p, is not
essential in yeast but disruption®RNU66confers a cold-sensitive phenotype (Stevens et
al., 2001). This data suggests that SART1 may aatrbessential splicing factor in brain.
For the liver samples, | was able to purify theypebtides specifically interacting with
SART1 and U4, U5, and U6 snRNAs were present inpiinified components (Figure

4.6). These polypeptides will further be confirnsed! validated by mass spectrometry.
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Figure 4.4 SART1-associated polypeptides in mouseamn.

Calmodulin elution from a mock purification in whidVT type (non-tagged) mice brain
samples was subjected to the TAP purification akdr@und control in lane 1. TEV
elution, calmodulin beads flow through, and calmodwelution from SART1-TAP
homozygote brain samples were loaded in lane 2084, respectively.
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Figure 4.5 SART1 and Prp8f expression in brain.

SARTL1 (A) and Prpf8 (B) expression level were detedy RNA in situ hybridization.
Expression of SART1 was not detected comparedatbahanother splicing factor Prpf8.
The images were adapted from:

http://www.brain-

map.org:80/viewlmage.do?imageld=76074004&coord ystexel&x=5088.5&y=3464
.5&7=7.86086272968458&initExp=y

http://www.brain-

map.org:80/viewlmage.do?imageld=68250086&coord dystexel&x=5384.5&y=3240
.5&z=7.42873061565605&initExp=y
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Figure 4.6 SART1-associated polypeptides and RNA imouse liver.

(A) Calmodulin elution from a mock purification imhich WT type (non-tagged) mice
liver samples were subjected to the TAP purifiaatas background control in lane 1.
TEV elution, calmodulin beads flow through, andneatlulin elution from SART1-TAP
homozygote liver samples were loaded in lane An8, 4, respectively. Polypeptides
present only in the calmodulin fractions but nothe control were noted as arrows. (B)
U4, U5, and U6 snRNAs were noted in the purifiechptex.



4.4DISCUSSION

These CLEP procedures will be of great use wheoeigistances require that the
gene of interest be controlled by its native pranoespecially in live animals where
expression of proteins at inappropriate levels tzad to developmental defects or
unwanted interactions. CLEP tagged animals shalsld prove useful for the study of
virtually any process and serve as a biochemiadltstudy the organization of protein
complexes during different stages of developmemt @ndifferent tissues, especially

those of disease relevant gene products.
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Chapter 5: Induction of a Severe Autoimmune Respormsby
Modification of SART1 (U4/U6<U5-110K) in Mice

5.1 BACKGROUND

Inappropriate autoimmune responses result fronbteakdown of self-tolerance
in which the immune system is not able to distisgself antigens from foreign antigens.
In healthy individuals, several tolerance mechasjsmorking independently but in
concert, maintain the balance between activationinBiammatory responses and
prevention of autoimmunity (Gregersen and Behr2@86). These mechanisms include
clonal anergy, clonal deletion and peripheral sapgion, such as immune suppression by
natural T regulatory (Treg) cells and dysregulat@fncytokines (Heath et al., 1996;
O'Shea et al., 2002; Takahashi and Sakaguchi, 2003)

Over the past few years, the discovery of funcligndistinct subsets of
lymphocytes has expanded our knowledge regardiagrthintenance of self-tolerance.
For example Treg cells, expressing the cell surimeekers CD4 and CD25 and the
transcription factor FoxP3, play a critical rolesappression of the activity of effector T
cells (Asano et al.,, 1996; Fontenot et al.,, 200&nd®dlph and Fathman, 2006).
Imbalances in effector and regulatory T cells leBdautoimmune diseases (Torgerson,
2006). Another subset of lymphocytes, the margnoale (MZ) B cells, is located at the
blood-lymphoid interface. These cells are enricketh self-reactive clones and are
proposed to initiate autoantibody production (Wealim et al., 2001; Zeng et al., 2000).

Increases in MZ B cells occur in lupus-prone miocere before clinical
manifestation of the disease (Wither et al., 2000Multiple activated pathways
contribute to the process of autoimmune diseaseir@apmpropriate immune response is

often the cause of organ-specific or systemic dan{darrack et al., 2001). The cause
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of autoimmune diseases is not fully understood,ilgome cases it can be triggered by
exposure to drugs, microorganisms, or by envirorialerauses in people with a genetic
predisposition to autoimmunity (Marrack et al., 2P0

A high titer of autoantibodies is a diagnostic etk in many autoimmune
diseases (von Muhlen and Tan, 1995). Anti-nuclaatibodies, including several
populations of antibodies with different specifiest, have been identified in patients with
various autoimmune diseases (von Muhlen and Ta®5)19 Among these anti-nuclear
antibodies, is a spectrum of antibodies to smattlear ribonucleoproteins (SnRNP)
involved in pre-mRNA splicing, such as anti-Sm amdi-U1 RNP (Hoet et al., 1993).
Non-spliceosomal RNP components Ro/SSA, and La/S8B also targets of
autoimmune-related antibody responses (White e1881; Wolin and Steitz, 1984).

It is intriguing that RNP components are commorgets of the autoimmune
response as recent studies have shown these RNPorenis not only initiate
autoantibody production but also perpetuate autaimiy (Marshak-Rothstein, 2006;
Martin and Elkon, 2005). These RNPs become immenizgduring apoptosis-induced
cleavage, structural alteration, or interaction hwitautoreactive B cells.
Immunoglobulin-snRNP complexes have been shownetdaten up by endocytosis
through the B cell receptors on B cells or Fc-rémepn dentritic cells (Boule et al.,
2004; Leadbetter et al., 2002). RNA componentdjquaarly those rich in uridine (U)
or uridine and guanosine (UG) function as effectigands for Toll-like receptor TLR7
and TLR7/8 in B cells and dentritic cells (Dieb@tal., 2004; Heil et al., 2004; Vollmer
et al.,, 2005). TLR stimulation leads to cell aatien and proliferation, cytokine
production, MHCIl and co-stimulatory molecule exgs®n, thus perpetuating

autoimmunity (Martin and Elkon, 2005).
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Epitope tagging proteins of interest, widely used @ffinity chromatography,
western blotting, or immunofluorescence assays, deen a valuable tool for protein
compositional, structural and functional studies dascribed in the previous chapters).
Interestingly, when we specifically modified theepnRNA splicing factor SART1
(U4/U6 U5-110K) by insertion of the TAP tag at its 3’ tenms, autoimmune
phenotypes were observed in mice containing a TAB &t both loci. Only
homozygotes exhibit several physical manifestattgpgal of mouse autoimmunity such
as runting syndrome with ruffled hair, hunched backl severe anal prolapse. These
mice also possess high serum IgG levels and inedeasimbers of MZ B cells.
Histological examination showed disorganized redd awmhite pulp centers and
proliferation of lymphocytes in spleen. Inferglit assays showed increased
inflammatory cell infiltration and apoptosis in gercells of homozygote testes.
Additionally, the serum from some homozygote knackiice specifically recognized a
~60kD nuclear antigen, whereas serum from normakmiere non-reactive to nuclear
protein components. These mice will serve as aadé tool for the studies of
mammalian autoimmune diseases, especially thosdtings from the generation of
autoantibodies against RNP components, as welkeasng as a biochemical tool for

spliceosome analysis in live mice.

5.2MATERIALS AND METHODS

5.2.1 Quantitation of total serum immunoglobulin cocentration

Whole blood samples were collected from mice tail&fter centrifugation, the
supernatant was removed and staed80°C or immediately tested using an ELISA
assay for total serum IgG or IgM usiagmouse IgG or IgM ELISA Quantitation kit

(Bethyl Laboratories). Microtitgplates were coated with goat anti-mouse 1gG or IgM
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affinity-purified Ab and incubated for 60 min. Plates were washet {80 mM Tris-
HCI (pH 8.0), 0.14 M NaCl containir@05% Tween 20] and each well was blocked with
200 plof [50 mM Tris-HCI (pH 8.0), 0.14 M NaCl, and 1% BFfor 30 min. 100 pl of
test samples argtandards were added per well, and incubated fani®0 100 pul of
horseradish peroxidase (HRP)-labeled goat anti-eg@s or IgM Fc-specific antibodies
were added to each well and incubatedstbmin. Plates were washed, developed for
30 min with HRP substra@MB (3, 3’, 5, 5'-tetramethylbenzidine), stoppedthviL00 pl

2 M H,SQy, and reaadt 450 nm using microtiter plate reader.

5.2.2 Flow cytometry analysis

Spleens were harvested from euthanized mice anthedawith HBSS buffer
(Sigma). Tissues were passed through a 70 um rogbrstrainer to prepare a single-
cell suspension. Isolated cells from spleens weeted with RBC lysis buffer [0.5 M
NH4CI, 0.15 M Tris-HCI, (pH 7.65)] for 5 minutes atam temperature to remove red
blood cells. Cells were washed with HBSS buffeicey harvesting at 1000 x g at 4 C
and resuspended in Hanks buffer (HBSS buffer withEBS and 0.1% sodium azide) on
ice. Cells were counted using a hemocytometer2xid’ cells were used for FACS
analysis. Cells were incubated with Fc-blockinmdky provided by Dr. Ellen Richie,
M.D. Anderson Cancer Research center) for 15 minuate ice. Spleen cells were
stained with the following mAbs for 45 minutes: AfeGnjugated anti-CD19, FITC-
conjugated CD21, Bio-conjugated CD23, followed WHy-é¢dnjugated streptavidin (BD
Pharmingen). The cells were then washed twiceankd buffer and once with HBSS
buffer before fixing with 2% paraformaldehyde. IGelvere analyzed on a BD

FACScalibur instrument and data were analyzed uSelffQuest Pro software.
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5.2.3 Western blot analysis for detection of autodibodies

Proteins from cytoplasmic and nuclear fraction wexgacted from 2x1mouse
STO cells. Cells were harvested by centrifugatedlowed to swell in TM buffer [10
mM Tris-HCI (pH 7.5), 3 mM MgGCJ containing 0.2 mM PMSF, 1 pg/ml pepstatin, and
1 pg/ml leupeptin on ice for 10 minutes and lyseihw25 strokes of a dounce
homogenizer. The nuclei were pelleted and the-poskear supernatant was designated
as the cytoplasmic fraction. The nuclear pelleesemvashed twice with TM buffer
containing 0.1% NP-40 and resuspended in low sdfeb[30 mM Tris-HCI (pH 7.5),
125 mM KCI, 5 mM MgC}, 0.5% Triton-X100] followed by sonication. Twolpas of
20 seconds each with 1 minute rest intervals wesesl @t maximum output. Insoluble
nuclear material was pelleted by centrifugationor Western blot analysis, 5 pg of total
proteins from cytoplasmic or nuclear extracts wésaded and resolved on 10%
polyacrylamide gels, transferred to nitrocellulasembranes and blotted with serum
(1:2000 dilution) from the indicated mice. The @edary antibody used was HRP-
conjugated goat anti-mouse IgG and the signal watected by enhanced

chemiluminescence (Perkin Elmer).

5.2.4 Histological analysis of spleen

Mice were sacrificed at 3 months of age and spleare fixed in 10% neutral-
buffered formalin. Paraffin embedded tissue sestiavere cut and stained with
hematoxylin and eosin. Multiple sections were obsg under light microscope for

histological examination.

5.2.5 Immunohistochemical staining of liver samples

Mice were sacrificed at 3 months of age and liverere fixed in formalin

solution. To detect the presence of SART1-TAP @nst, the slides were incubated
11z



with PAP antibodies at a 1:50 dilution overnight 4C followed by addition of

peroxidase substrate DAB for staining development.

5.2.6 Histology and TUNEL assay of Testis

Mice were sacrificed at 3 months of age and tests fixed in Bouin’s solution.
Sections (5 um) of paraffin embedded tissues weatiated for morphological changes
via standard methods using periodic acid-Schiffetdtoxylin (PAS/H). Tissues were
imaged using a Nikon E800 microscope equipped witthgital camera and captured
using MetaMorph software (Downingtown, PA). Teralin deoxynucleotidyl
transferase-mediated digoxigenin-dUTP nick end liabg TUNEL assay, ApopTad
kit, Intergen, Purchase, NY) was used to detecptpic fragmentation of DNA in germ
cells as previously described (Seaman et al., 200B)e signal from digoxigenin-dUTP
end-labeled DNA was detected with anti-digoxigep@rexidase antibody followed by
addition of peroxidase substrate [0.05% diaminoloiéme (DAB)]. TUNEL-positive
germ cells were counted in each seminiferous tubiilthe testis cross section. The
incidence of apoptosis, represented as the apopitatex was defined as the percentage

of seminiferous tubules containing 3 or more TUNgtsitive germ cells.

5.2.7 Statistical analysis

The data were subjected to the analysis of varidABEOVA) to determine the
statistical significance. Total serum immunoglabuwdoncentrations and percentage of

apoptosis are presented as mean + standard eftwe ofean (SEM).
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5.3RESULTS

5.3.1 Tagged SART1 protein localizes in the nucleus

To demonstrate the functional expression of the T&dPin the progeny mice, an
immunohistochemistry assay was used to detect rémepce of SART1-TAP using the
PAP antibody. In Figure 5.1, we show that the SARRAP proteins were localized in
the nucleus of liver cells in SART1-TAP homozygoteé\s the wild-type mice did not
contain SART1-TAP, no signal was detected indicathre specificity of detection in the

mutant mice (Figure 5.1).
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Figure 5.1 Nuclear localization of SART1-TAP in homozygote mice.

Formaldehyde fixed liver samples were sectioned anmunohistochemistry was
performed using the peroxidase-antiperoxidase (PaARt)body as described in the
Materials and Methods. Wild-type samples did nmhileit SART1 signal, while

homozygote mice possess nuclear-localized SART 1-{BAPws)
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Figure 5.2 Phenotypes of SART1-TAP homozygotes.

The SART1-TAP homozygotes are smaller comparetéduw tittermates (left panel) with
ruffled hair (middle panel) and anal prolapse (riganel) symptoms.

5.3.2 Phenotypes of the SART1-TAP homozygotes

Seven out of sixteen SART1-TAP homozygotes werepqmtnal dwarfs
compared to their littermates and three died abteeof 4 months. The accompanying
phenotypes include hunched back, ruffled hair, ggeéd anus and infertility (Figure
5.2). Runting syndrome is usually associated wath underlying immunological
etiology, such as graft-versus-host reaction, nebrthymectomy, cortisone injection
into neonates, bacterial vaccine or endotoxin tigacinto neonates, and neomycin
sulphate treatment (Keast, 1968). Although theesgvof the clinical phenotypes in
homozygotes is exhibited to different degrees iohemdividual, the combination of
these phenotypes suggests an abnormal immunolegigomse in the SART1-TAP
homozygotes. We feel the differences in severity probably due to differential
penetrance of the effects of the modification odividual susceptibility to the

modification, similar to that seen in human autoinmity patients.



5.3.3 Increased total serum IgG in SART1-TAP homozyotes

Total serum IgG levels were determined in wild-typeeterozygote- and
homozygote-modified SART1 mice. In homozygotesuselgG levels were twice, on
average, the IgG levels in WT mice (Figure 5.3). e Wéte that the IgG concentration is
correlated to the clinical phenotype; the more sevlee phenotypes, the higher the total
serum IgG concentration. This effect is not dueaooverall increase in the levels of
total immunoglobulin, however, as there is no digant difference in the total serum

IgM concentration between the WT, heterozygoted,fammozygotes (Figure 5.4).
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Figure 5.3 Serum IgG levels in wild-type and SARTIFAP homozygotes.

Serum 1gG levels in SART1-TAP homozygote mice omrage were twice that of the
wild-type or SART1-TAP heterozygote mice (*P< Olo&tween WT and homozygotes).
When SART1-TAP homozygote mice were compared basedhe severity of the

phenotypes, IgG levels were higher in mice with ensevere phenotypes (cf. Anal
prolapse with ruffled-hair only or no phenotypeData are presented as + S.E.M.



Figure 5.4 Serum IgM levels in wild-type and SARTIFAP homozygotes.

Serum IgM levels in wild-type mice were indistingable from that of SART1-TAP
heterozygote or SART1-TAP homozygote mice. Datapmesented as + S.E.M.

5.3.4 Disorganized spleen tissue in SART1-TAP homygotes

Typically, the organization of the spleen include® major features termed red
pulp and white pulp. The function of the red pigpto filter out damaged red blood
cells from circulation and the white pulp is a giteh in B-cells and T-cells. In wild
type mice, these centers have defined boundarigguré- 5.5). In SART1-TAP
homozygotes, however, histopathological differericespleen organization were noted,

with smaller centers of red and white pulp and gardisorganization (Figure 5.5).
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Figure 5.5 Spleen disorganization in SART1-TAP honmygotes.

Sectioned spleen from a wild-type mouse showed abarganization of red and white
pulp in the left panel. Sectioned spleen from aRTIA-TAP mouse showed overall
histopathological disorganization and smaller centd red and white pulp in the right
panel.

5.3.5 Increased MZ B cells in SART1-TAP homozygotes

Marginal zones are regions in the spleen betweemetth pulp and the white pulp.
Unlike circulating B cells, MZ B cells are statiand never leave this region. MZ B
cells contain relatively high levels of the cellrfeice marker CD21 and relatively low
levels of the CD23 marker protein (CD®ID23°). Studies have shown MZ B cells are
enriched with self-reactive clones - for exampleZ Bl cells are increased in the lupus-
prone mice, suggesting an important role in ingiatof autoimmunity. The marginal
zone B cells of wild-type and SART1-TAP homozygotgsre compared. In the
SART1-TAP homozygote mice the MZ B cells were >Rifoigher compared to those in

wild-type siblings, indicating an enrichment offsedactive clones (Figure 5.6).
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Figure 5.6 Marginal zone B-cells in wild-type and SBRT1-TAP homozygotes.

CD21 and CD23 were assayed in single-cell suspessiom spleens of wild-type and
SART1-TAP homozygotes. Left panel: wild-type micentain 2.03% CDZ21CD23°
cells, indicative of the marginal zone B-cell pagidn. Right panel: SART1-TAP
homozygotes have 4.19% CO¥ID23° cells, a greater than two-fold increase of this
population.

5.3.6 Infertility accompanies the autoimmune phengfpes

Attempts to mate homozygote males and females wepeoductive, indicating
potential infertility problems in these mice. Weamined the morphology and
apoptosis status of the germ cells in wild-type 8&dRT1-TAP homozygote testes. In
WT mice, the germs cells aligned regularly in teenmiferous tubules and the tubules
were uniform in size and shape. Cells in the gearitéhe seminiferous tubules are more
mature, with the immature cells at the periphetyn SART1-TAP homozygotes, the
seminiferous tubules have an abnormal and irregllape with various lumen sizes and

the cells are aligned randomly in the tubules iating maturation defects (Figure 5.7).

12z



The apoptosis level in these mice was assessedebyWNEL assay (Figure 5.8). In
addition, infiltration of macrophages was obserirethe interstitial tissue of the testis of
homozygotes (circled in Figure 5.8). The apoptotiex was calculated as the number
of seminiferous tubules with 3 or more apoptotitscé=igure 5.9). The apoptotic level
of the homozygotes was significantly higher thaat tf the wild type mice.

We also examined the reproductive organs of feif8ABT1-TAP homozygotes.
Female homozygotes have much smaller uteri, falopubes, and ovaries compared to
those in wild-type mice, suggesting they suffeneairf failure of normal development of

these organs (Figure 5.10). These organs werestad/for histology analyses.
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Figure 5.7 Testes histology of wild-type and SARTTAP mice.

Sections of seminiferous tubules from wild-typep(fmanel), heterozygote (middle panel)
or homozygote (bottom panel) mice were fixed in B&usolution and stained with
periodic acid-Schiff's-hematoxylin. The morphology wild-type is normal with
immature cells at the periphery of the tubules madure cells in the lumen. In contrast,
the cells in the seminiferous tubules from homoztggaare disorganized with various
lumen size of the tubules.
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Figure 5.8 Apoptotic defects in SART1-TAP homozygess.

Darker regions represent apoptotic cells in thssags A gradient of apoptotic severity is
seen between wild-type (top panel), heterozygotéddi®m panel) and homozygote
(bottom panel) mice. Presumptive macrophages favers circled and indicate likely
infiltrative immune responses.
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Figure 5.9 Apoptotic index in wild-type and SART1-TAP mice.

The numbers of seminiferous tubules in SART-TAP bpygotes undergo apoptosis 4
times more than those in wild-type mice (* P< 0.8&ta are presented as + S.E.M.).
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Figure 5.10 Gross view of uterus from wild-type andSART1-TAP homozygotes.

Uteri (arrows) and kidneyK() were noted. Compared to the wild-type mice
(left panel), the uterus in homozygotes (right pamas much smaller, indicating failure
to develop.

5.3.7 The presence of antinuclear antibodies in SAR-TAP homozygotes serum

In several forms of autoimmune disease, a spectofinantibodies to RNP
components, such as anti-Sm, anti-U1 RNP, anti-8&/Sand anti-La/SSB has been
seen. Using serum as a primary antibody sourcenated a signal of approximately
60Kd in the nuclear fraction in SART1-TAP homozygo(Figure 5.11), showing that in
addition to the array of autoimmune symptoms diseds above, SART1-TAP
homozygotes produce anti-nuclear autoantibodiemirch the same way as classical

autoimmune mice do.



Figure 5.11 Circulating anti-nuclear antibodies inSART1-TAP homozygotes.

Serum from wild-type and SART1-TAP mice was usedaaprimary antibody in a

western blot against total protein from the nucl@gror the cytoplasmic (C) fractions of
cultured murine cells. After probing with a secangd anti- mouse IgG antibody, a
~60kD antigen present exclusively in the nucleus veactive with serum from only the
SART1-TAP homozygote mice.

5.4DISCUSSION

Autoimmune diseases are characterized by circglatintoantibodies reactive
against cellular components. Among the earliesttified antibodies were anti-Sm and
anti-Ul snRNP antibodies, targeting conserved rmucleomponents (Mattioli and
Reichlin, 1971; Tan and Kunkel, 1966). Lerner aftkitz showed that anti-Sm
antibodies react with the U1, U2, U4 and U5 snRMRiges whereas anti-Ul snRNP
antibodies precipitate only the U1 snRNP (Lerneat 8teitz, 1979). Subsequently, they
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showed that the sequence of U1 RNA is complemert@arfy splice junctions in pre-
MRNA, providing a link between snRNPs and pre-mR3pfcing (Lerner et al., 1980).

The question of how autoantigens stimulate inapatgp immune response has
remained mysterious for several decades now. Tim8/B protein possesses an
epitope PPPGMRPP (Williams et al., 1990), locatétthivv its carboxyl-terminus, which
cross-reacts with the Ul snRNP (De Keyser et &92), suggesting similarities in
autoimmune response generation (Arbuckle et a@9)19

Proper folding and posttranslational modificatiamighe epitope have also been
shown to be important for autoimmune responses.thyegion of arginine residues
within the C-terminal epitope of SmD1 is criticak the recognition of SmD1 by anti-Sm
antibodies (Brahms et al., 2000). In contrasttlsstic SmD1 peptides producedvitro
or SmD1 overexpressed ki coli interact only weakly or non-specifically with at8m
antibodies (Rivkin et al., 1994; Rokeach et al92)9 Interaction between anti-La/SSB
antibodies and La proteins is strongly dependenploosphorylated La protein at its
serine 366 residue (Terzoglou et al., 2006a) wisessdi-Ro antibodies preferentially
recognize the unmodified Ro protein (Terzoglou ekt a006b). In addition, the
antigenicity of Ro is significantly enhanced upomding with a chaperone protein,
calreticulin (Staikou et al., 2003). Although lkttis known about the effects of the
modification of proteins on its antigenicity, maddtion of the SART1 protein by
insertion a TAP tag at its 3 terminus may change structure, and provoke
autoimmunity.

Several studies have shown the links between apigpand autoimmunity (Utz

et al., 2000). Novel epitopes generated duringptgsis, produced either by altered
peptide structure or residue modification, are sstpred in apoptotic blebs of the cell

(Casciola-Rosen et al., 1994), and are proposesetee as targets for autoantibody
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production (Casciola-Rosen et al., 1994; Hall et 2004; Hof et al., 2005; Utz et al.,
1997). Failure of completion of apoptosis or tleacance of apoptotic cells can lead to
autoimmunity by exposing novel epitopes to the immaystem (Kim et al., 2003; Utz et
al., 2000). Consistent with view, germ cells witthigh apoptotic index are found in
SART1-TAP tagged homozygotes. These apoptotics aabhy result from delays in
programmed cell death or failure to clear apoptoéiltls. These apoptotic cells may be
triggering autoantibody production in these mice.

In conclusion, modification of the SART1 proteintive TAP tag, and defects in
apoptosis pathways may contribute to the autoimnraaponse in SART1-TAP tagged
homozygotes. We would like to note that the antilear antibodies do not recognize
the 130kD SART1-TAP, and thus the autoimmune respas directed against factors in
the nucleus unrelated to the modification genegatire response. Whether this is a
common feature in autoimmune pathology remains ¢osben. Our homozygote
SART1-TAP mice provide a new model for studying fteghology of autoimmunity,
especially those resulting from the generation aftoantibodies against RNP

components.
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Appendix

Appendix A Validation of matched polypeptides by tle number polypeptides identified and
the percentage of the polypeptide covered

Chicken Human

polyspliceosome polyspliceosome

# pep. % # pep. %
ENSEMBL accession # Polypeptide ID coverage ID coverage
U1l snRNP
ENSG00000104852 Ul-70K 11 38.3 4 12.1
ENSG00000077312 U1A 6 24.3
U2 snRNP
ENSGALG00000008038 SF3b155 35 32.2 26 28.8
ENSG00000087365 SF3b145 12 15.5 9 9.6
ENSGALGO00000002531 SF3b130 23 26.1 14 14.5
ENSGALGO00000000581 SF3b125 5 18 3 12.5
ENSGALGO00000007937 SF3al20 21 30.1 10 21.9
ENSGALGO00000021679 SF3a66 5 28.3 4 19.2
ENSGALGO00000001540 SF3a60 14 29.1 9 24.4
ENSGALGO00000013352 SF3b49 3 21.7
ENSGALG00000008729 U2B" 8 29.2 4 23.1
ENSGALGO00000007170 U2A' 10 43.9 8 35.3
ENSGALGO00000016501 SF3bl4 5 36
ENSGALG00000020000 SF3b10 2 22.1
U2-snRNP associated
ENSGALGO00000014395 PRP43/DDX15 25 31.6 13 19
ENSGALGO00000002612 SR140 12 13.7 5 5.6
ENSGALGO00000006332 SPF45 8 23.4
ENSGALG00000008561 SPF30 3 15.3
ENSGALGO00000003824 CHERP 3 5
U5, U4/U6 & U4/U6+U5 snRNP
ENSGALGO00000002943 U5-220K 72 33.7 41 21
ENSGALGO00000003477 U5-200K 63 27.8 44 26.8
ENSGALGO00000000988 U5-116K 31 34.7 22 33.3
ENSG00000175467 U4/U5.U5-110K 2 5.1 12 19.2
ENSGALGO00000006001 U5-102K 31 19.5 21 27.3
ENSG00000174243 U5-100K 21 29.9 18 26.4
ENSGALGO00000000465 U4/U6-90K 13 25 8 24.6
ENSG00000168883 U4/U6°U5-65K 4 12.9 6 14.8
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(Continued)

Chicken Human

polyspliceosome polyspliceosome

# pep. % # pep. %
ENSEMBL accession # Polypeptide ID coverage ID coverage
ENSG00000105618 U4/U6°U5-61K 5 20.1 8 23
ENSGALG00000008857 U4/U6-60K 12 28.7 7 16.1
ENSGALG00000004874 USA-CYP 2 24.1
ENSGALG00000000615 U5-40K 10 335 5 23.2
ENSGALG00000011931  U4/U6U5-15.5k 2 12.4
ENSGALG00000017396 U5-15K 2 16.2
AT/AC
ENSGALG00000005162 U11/U12-65K 2 8.6
ENSGALG00000013005 U11/U12-48K 2 7.2
Sm/LSM
ENSGALGO00000007250 SmB/B' 9 40.2 5 40.7
ENSGALG00000011842 SmD1 4 37.8 4 54.6
ENSG00000125743 SmD2 12 13.7 5 44.9
ENSGALG00000006596 SmD3 4 47.6 5 40.7
ENSGALG00000000137 SmE 5 79 2 19.8
ENSGALG00000011409 SmF 4 8.7 2 15.1
ENSG00000143977 SmG 3 31.3 3 35.5
ENSG00000111987 LSM2 3 39
ENSGALG00000003385 LSM4 3 31
ENSGALG00000009985 LSM6 3 35 3 36.3
ENSGALP00000014820 LSM8 3 52.1 2 34.3
snRNP biogenesis
ENSGALG00000010154 SIP1 4 14.7
ENSG00000119953 SMNrp30 2 6
ENSGALG00000003158 Cailin 8 20.2
SAPs
ENSGALG00000002514 PSF 8 16.8 12 19.1
ENSGALG00000002060 TLS/FUS 10 15.7 3 13.7
ENSGALG00000012468 PRP39 4 9.8
ENSGALG00000010501 SKIP/PRP45 16 38.8 2 10.8
ENSGALG00000016704 CDC5 24 37.7 11 16.3
ENSGALG00000005012 ISY1 4 20
ENSGALG00000008429 CRN1 15 245 4 6
ENSGALG00000009257 Prp46/PRL1 15 38.6
ENSGALG00000015061 CDC40/PRP17 15 39.3
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(Continued)

Chicken Human

polyspliceosome polyspliceosome

# pep. % # pep. %
ENSEMBL accession # Polypeptide ID coverage ID coverage
ENSGALGO00000002002 SPF27 4 27 3 12.5
ENSGALGO00000013919 PRP19 13 35.4 15 46
ENSGALGO00000010627 PRP38 5 18.3 3 15.6
ENSGALGO00000005507 p54nrb 5 14.4 5 13.2
ENSGALGO00000004555 ECM2/RBM22 6 18.6
ENSGALG00000001247 SYF2 4 8.7
ENSGALGO00000000726 ELAV/Hu 4 13.8 11 48.2
ENSGALGO00000009001 CwcC22 7 9.5
ENSGALGO00000008149 EWSR1 (RBP) 5 10 2 9.9
ENSGALG00000004705 BUD31 2 27.3
ENSG00000076924 SYF1 15 21.1 13 20.9
ENSGALGO00000001962 PTB 12 325 12 19.1
ENSGALG00000011857 LUC7/CROP 3 30.7
ENSG00000196504 PRP40 3 4.2 2 4.5
ENSGALGO00000010167 Pinin 14 23 10 16.2
ENSGALG00000012813 Prp4K 6 16.1 8 25.2
ENSGALG00000000833 RED 7 12.4 7 21.4
ENSGALGO00000001500 SLU7 8 15.4
ENSG00000063244 U2AF65 2 10.1 7 31
ENSGALGO00000016198 U2AF35 2 14.6 3 16.9
ENSGALGO00000001034 AAR2 5 15.1
ENSGALGO00000005525 SF2/ASF 4 20.3 3 30.6
ENSGALG00000002087 CBC80 3 3.5 12 37.7
ENSGALG00000006843 CBC20 3 28 2 15.1
ENSG00000100296 KIAA0983 5 11.3 2 6.1
ENSG00000126803 HSP70-2 5 14.8 6 10.4
ENSGALGO00000006512 HSP71 22 38.8 4 6.1
ENSGALGO00000009838 Aquarius 25 17.5 20 22
ENSGALG00000002014 SMU1l 10 33.1 4 19.1
ENSG00000113649 CA150 4 12.1
ENSGALGO00000004626 E1B-AP5 6 11.2 5 10.1
ENSGALG00000011678 DnalJ 8 8.3 4 5.6
ENSG00000100813 Acinus 10 22.6
ENSG00000131051 HCC 9 27.3
ENSG00000084463 WBP11 2 4.5
ENSG00000196419 Ku70 8 16.4
RNA Helicase-like
ENSGALG00000016461 DDX1 10 18.6 8 16.4
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(Continued)

Chicken Human

polyspliceosome polyspliceosome

# pep. % # pep. %
ENSEMBL accession # Polypeptide ID coverage ID coverage
ENSGALG00000016231 DDX3 5 10.3 9 17.4
ENSGALG00000003532 DDX5/p68 16 28.9
ENSGALG00000012247 DDX17/p72 11 20.8 13 21.3
ENSGALG00000012147 DDX18 2 10
ENSGALG00000006974 DDX27 3 5.1
ENSGALGO00000003030 DDX41/ABSTRAKT 3 7.4
ENSG00000123136 DDX39 12 34.9
ENSG00000145833 DDX46/PRP5 13 19
ENSGALG00000008530 DDX48 18 48.4 15 39.7
ENSGALG00000004144 DDX50/Gu-3 2 3.8 11 17.3
ENSGALG00000001186 DHX8/PRP22 12 17.9 2 7.7
ENSG00000135829 DHX9/HELICASEA 3 5.6 43 40.9
ENSGALG00000005027 DHX30 20 19.7 9 9.3
ENSGALG00000003658 DHX35 4 7.8
ENSG00000174953 DHX36 5 5.1
ENSGALG00000014709 SKIV2L2 5 7.1 2 10.8
ENSG00000198563 UAP56 12 29.7 12 34.9
hnRNP
ENSGALG00000006160 hnRNPAO 4 10.2 7 35.4
ENSGALG00000011036 hnRNPA2/B1 12 37.8 23 67.2
ENSG00000135486 hnRNPA1 7 32.7 26 52.9
ENSGALG00000009250 hnRNPA3 11 42.9 19 51.6
ENSGALG00000014381 hnRNPAB 6 20.7 7 221
ENSG00000092199 hnRNPC1/C2 10 325 14 47.9
ENSG00000138668 hnRNPDO/AUF1 4 29.7 13 45.6
ENSGALG00000011184 hnRNPDO 4 20.6 9 25.4
ENSG00000169813 hnRNPF 12 42.4
ENSGALG00000006457 hnRNPG 15 34.3 11 26.9
ENSGALG00000005955 hnRNPH1 17 46.4 13 40.3
ENSGALG00000003947 hnRNPH3 12 13.7 6 26.9
ENSGALG00000012591 hnRNPK 18 46.1 18 49.1
ENSG00000104824 hnRNPL 7 13.7 14 33
ENSGALG00000000377 hnRNPM 24 38.6 21 37.7
ENSGALG00000015830 hnRNPQ 10 27.3 18 45.8
ENSGALG00000000814 hnRNPR 11 225 21 42.1
ENSGALG00000010671 hnRNPU 10 131 29 33
ENSGALG00000018665 hnRNP novel 2 Fkk
ENSG00000126457 HRMT1L2 2 11.5
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(Continued)

Chicken Human

polyspliceosome polyspliceosome

# pep. % # pep. %
ENSEMBL accession # Polypeptide ID coverage ID coverage
SR
ENSGALGO00000005525 SF2p33 9 35.8 12 37.9
ENSGALG00000000533 SFRS3SRp20 3 24.4 8 59.3
ENSGALG00000009484 SRp40 5 24.8
ENSGALGO00000000990 SRp55 6 27.4 4 11.5
ENSGALG00000013825 9G8 5 26 6 37.6
ENSGALG00000002487 SFRSS8 6 10.5
ENSG00000111786 SRp30 8 37.6
ENSGALG00000006531 SFRS10 4 20.1 6 37.2
ENSG00000153914 SFRS12 3 11.9
ENSGALG00000004133 SRrp35 3 37.1 6 41.8
RBP
ENSG00000102317 RBM3 25 5.6
ENSGALG00000018992 RBM4B/Lark 9 56.8
ENSGALG00000004626 RBM5 4 9.1
ENSGALG00000007017 RBM7 3 36
ENSG00000131795 RBM8B 3 17.7 4 31
ENSGALG00000013411 RBM14 6 12.9 8 15.7
ENSG00000162775 RBM15 7 12
ENSGALG00000002372 RBM15B 7 15.6 3 8.5
ENSG00000197676 RBM16 8 12.3
ENSGALG00000004555 RBM22 5 17.4
ENSG00000119707 RBM25 4 8.4
ENSG00000091009 RBM27 2 3.2
ENSGALG00000011038 RNPS1 3 17
ENSG00000033030 ZFP8 6 8.1
ENSGALG00000006113 ZFP326 10 23.2 2 9.4
ENSG00000179950 PUF60 3 10.9
ENSG00000197381 ADAR1 26 33.7
ENSG00000160710 ADAR?2 4 10
ENSGALG00000010952 Requiem 12 27.2
ENSGALGO00000011570 NFAT45 8 214 12 53.7
ENSG00000129351 NFAT90 10 155 12 18.4
ENSG00000169564 PolyrCBP 7 28.7
ENSGALG00000012225 CIRBP 2 245 3 18.9
ENSG00000056097 ZFR 2 3.4 3 8
ENSGALG00000009427 TIA1 2 8.8
ENSGALG00000001187 STRBP 10 18.5
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(Continued)

Chicken Human

polyspliceosome polyspliceosome

# pep. % # pep. %
ENSEMBL accession # Polypeptide ID coverage ID coverage
ENSGALG00000005623  Tuftillin-1P 8 12.4 5 6.7
ENSG00000136231 IMP3 4 7.5 7 18.9
ENSG00000121774 SAM68 4 10.2
ENSG00000126254 Novel RRM 3 14
ENSG00000132773 TOE1 2 6.7
ENSG00000142864 SERBP1 2 9.1
Export/transcription/NMD
ENSGALG00000014915 THO1/HPR1 11 26 6 14.6
ENSGALG00000008507 THO2 14 9.7 5 8
ENSG00000051596 THO3/TEX1 14 24.2 13 16.3
ENSGALG00000007237 THO4/ALY 6 20.9 8 30.8
ENSGALG00000004571 GLC7/PPP1CA 2 5.3
ENSGALGO00000002569 Ran 5 30.1 2 4.8
ENSG00000119392 GLE1L 2 5.7
ENSGALG00000007653 GLE2/RAE1 3 8.4 7 13.1
ENSGALG00000003220 UPF1/RENT 3 6.4
ENSG00000131795 Y14/RBM8A 4 36.2 4 31
ENSGALG00000002144 TRAP150 9 20.9 3 24.3
ENSG00000172660 TAF15/RBP56 4 9.2
ENSG00000162231 TAP 7 13.1
ENSG00000065978 YBX1 5 335
ENSGALG00000010689 Mago nashi 7 52.8 7 57.9
3' end proc.
ENSGALG00000010783 CPSF2 2 10.5
ENSGALG00000016424 CPSF3 2 8.1 2 4.8
ENSGALG00000004714 CPSF4 4 20
ENSGALG00000003084 CPSF5 4 21.6
ENSGALG00000011685 CSTF-77 3 4.5 3 6.2
ENSGALG00000013943 FIP1 4 7.8
ENSG00000172239 PAIP1 5 14.2
ENSG00000100836 PABPN1 5 16.9
ENSGALGO00000003800 PABPC4 10 22.6
Structural
ENSGALG00000012533 Myosin 44 28.4 26 32.8
ENSGALG00000009126 Titin 12 Foxk
ENSGALG00000001381 Actin 15 52 3 17.6
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(Continued)

Chicken Human

polyspliceosome polyspliceosome

# pep. % # pep. %
ENSEMBL accession # Polypeptide ID coverage ID coverage
ENSGALG00000002478 MATRIN3 17 24.2 28 34.2
ENSGALGO00000008677 Vimentin 13 40.1 24 50.7
ENSG00000117245 Kinesin KIF17 7 8
ENSGALGO00000002197 NUMATRIN 4 17 4 4.5
ENSGALGO00000014692 LaminB 18 35.8 4 9.9
ENSGALGO00000013505 NuSpectrin 12 ok 34 19.9
Chromatin
modification
ENSGALGO00000000360 ARID1A-SWI/SNF 18 27.4
ENSGALG00000013683 ARID1B-SWI/SNF 13 9.8
ENSGALG00000010164 SMARCA2 27 334
ENSG00000127616 Brahma/SMARCA4 29 21.3
ENSGALGO00000009913 SMARCA5 11 11
ENSGALGO00000005983 SMARCB1 11 37
ENSGALG00000005048 BRG1-SWI/SNF 30 20.2
ENSGALGO00000005048 SMARCC1 21 19.5
ENSGALP00000010010 SMARCD1 6 11.5
ENSGALGO00000000363 SMARCD2 10 329
ENSGALG00000002100 SMARCEL1l 7 30.9
Nucleoporins
ENSGALGO00000005714 PKD1 (NUP assoc) 10 4.1
ENSGALGO00000003830 NUP214 7 4.8 4 4
ENSGALGO00000012720 NUP153 4 4.3
ENSGALGO00000005078 NUP210 6 4.9 8 5.1
ENSG00000102900 NUP93 19 29.4
ENSG00000108559 NUP88 8 13.9
ENSG00000111581 NUP107 5 31.3
ENSG00000110713 NUP98 4 11.9
ENSG00000138750 NUP54 4 21.3
ENSG00000163002 NUP35 3 14.6
ENSG00000069248 NUP133 3 3.4
ENSG00000155561 NUP205 4 3.3
Cyclophillins
ENSGALG00000013383 CYP-E 4 20.4
ENSGALG00000004874 USA-CYP 2 34.1
ENSGALG00000014747 CYP16 4 12.4
ENSG00000137168 PPIL1/CWF27 2 12.2




(Continued)

Chicken Human

polyspliceosome polyspliceosome

# pep. % # pep. %
ENSEMBL accession # Polypeptide ID coverage ID coverage
ENSG00000100023 PPIL2/CYP60 2 6.1
ENSG00000113593 PPWD1 4 7.4
Novel or unknown to splicing
ENSGALG00000011351 HSP90a 11 18.2 10 19.3
ENSGALG00000010175 HSP90R 18 23.4 9 14.6
ENSGALG00000012726 HSP108 15 19 8 14.5
ENSGALGO00000009967 LRP130 19 135
ENSGALG00000003693 Macrophin 6 16.9
ENSGALGO00000007705 Nucleolin 10 16.4
ENSGALG00000015933 GCRBF 3 5.9
ENSGALG00000008454 NOP58 5 12.5
ENSGALGO00000009061 BAF53A 9 32
ENSGALGO00000007520 FACT80 9 13.8 3 5.6
ENSGALG00000015821 TCP1-theta 7 15.9
ENSGALG00000014500 NoISA/NOP56 9 194
ENSGALG00000005624 TRAP230 2 4.6
ENSGALG00000010973 TRA2a 4 20 2 16.8
ENSGALGO00000008372 RAT1 8 10 3 3.7
ENSG00000197157 SND1 5 8.8 16 25.9
ENSGALG00000001948 SAFB/HSP27 3 8.2 12 78.9
ENSGALG00000003177 BRDS8 4 Foxk 2 6.9
ENSGALGO00000010699 FOG 3 Foxk
ENSGALG00000005177 C90ORF10 4 6.8 3 5
ENSGALG00000002653 ELG 4 13.2 3 8.7
ENSGALG00000016949 WBP4 5 14.4
ENSGALG00000004133 Fus IP 3 37.1 6 41.8
ENSGALG00000017384 ERH 3 65.6 3 33.3
ENSG00000079246 Ku80 14 28.1
ENSG00000182562 ATAD3A 12 24.4 9 18.6
ENSGALGO00000001515 ATAD3B 10 19 6 21.3
ENSG00000108588 CCDC47 2 18.4
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