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Abstract

Development can be seen as the consequence of alternative gene expression in different cell types.
The focus of this study is the hierarchy of gene expression that controls the process of
spermatogenesis, at the RNA level. RBM is an RNA-binding protein (encoded by the Y
chromosome) thought to be important for the production of sperm. Its primary structure is
reminiscent of SR protein splicing factors and it colocalises with them in the nucleus of germ line
cells in the testes. If RBM were involved in splicing it should interact with components of the
splicing machinery, so a yeast two-hybrid screen was employed and several candidate RNA-binding
proteins were retrieved. These included two testes-specific novel proteins with ubiquitous known
homologues. Overall the prey fell into three functional categories: signal transducers and RNA
processors (STAR proteins), general heterogeneous ribonucleoproteins (hnRNPs) and SR protein
splicing factors. This suggests a global theory for RBM function, that it relays signals from the

cytoplasm to effect key changes in gene expression at the level of splicing.

Evidence was obtained that these proteins colocalise in vivo and bind in vitro in a phosphorylation-

dependent manner that could be the key to its essential regulation in nature.
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1.1 RNA-Binding Proteins

RNA-binding proteins are needed by newly transcribed mRNA throughout the processes of
splicing, nuclear export and translation and for their subsequent degradation and also by non-
messenger RNAs to form ribonucleoprotein enzymes such as the spliceosome (Kambach et al.,
1999) and the ribosome. RNA-binding proteins contain one or more of several types of RNA-
binding domain. The two most common RNA-binding domains are the RNA recognition motif
(RRM, also known as an RNP) and the K-Homology (KH) domain. Other RNA-binding domains

characterised include charged motifs rich in arginine including the ‘RGG box’ and motifs similar to
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DNA-binding domains such as zinc fingers and homeodomain proteins and also the double stranded

RNA-binding motif for which a structure has been determined (Siomi and Dreyfuss, 1997).

1.2 RRMs

The RRM is the most common RNA-binding motif and 300 or more RNA binding proteins are
known. It is a domain of 90-100 amino acids with two conserved regions called RNP1 and RNP2
(Birney et al., 1993). Four RRM containing proteins have been crystallised: the U1 A protein bound
to Ul snRNA (Nagai et al., 1990), the two RRMs of hnRNPA1 (Ding et al., 1999), the sex lethal
protein bound to the tra RNA (Handa et al., 1999), and the first two RRMs of PABP bound to
poly(A) (Deo et al., 1999). In the last paper no common features of RNA binding between these
proteins were found except they all bind single stranded RNA through contacts with a large central

B sheet region. In the case of PABP the two RRMs form a continuous groove for the poly(A) RNA.

1.3 KH domains

The next most common RNA-binding domain is the ‘K-Homology’ or KH domain first found in the
hnRNP K protein. The structure of the KH domain was first determined for the protein responsible
for fragile X syndrome (Musco et al., 1996) and has now also been determined for Nova-1 (Lewis et
al., 1999) for which a specific physiological substrate was discovered by ‘systematic evolution of

ligands by exponential enrichment’ or ‘SELEX’ (Buckanovich and Darnell, 1997).

The two types of RNA binding domain correlate with protein function in some but not all cases. For

instance RRMs are always found in the ‘SR’ protein group of splicing factors and KH domains are
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found in the ‘Signal Transducers and RNA processors’ (STAR proteins), however the large group

of proteins found bound to nascent RNA, the heterogeneous nuclear ribonucleoproteins (hnRNPs)
consist of both RRM and KH-domain containing proteins. Discussion of the properties and

functions of these three important groups of RNA-binding proteins follows.

1.4 STAR family members

The KH domain like the RRM is contained is contained in the full spectrum of functional groups of
RNA-binding proteins. One subset proteins containing the KH domain are thought to be involved in
the transduction of cell signals and are named the signal transduction and RNA processing (STAR)
group of proteins (Vernet and Artzt, 1997). These proteins share a KH domain and common internal
loops and flanking regions (Musco et al., 1996). The best characterised STAR protein and that for
which there is most reason to suspect its involvement in cell signalling is ‘Src Associated at
Mitosis’ (SAM68, the major partner of Src during mitosis. The importance of Sam68 was recently
emphasised when it was found to bind the Rev response element and cause it to be exported and
thus aid in HIV replication (Reddy et al., 1999). SAM68 was described (as p62) in 1992 (Wong et
al., 1992) and shown to be associated with Ras-Gap GTPase. This association has since been
retracted (Lock et al., 1996) and finally reconfirmed (Guitard et al., 1998) on the basis of the

specificity of the antibodies used to detect it.

However SAM68 was found in a differential screen of phosphoproteins to be highly phosphorylated
on tyrosine specifically during mitosis (Fumagalli et al., 1994). Phosphorylation was shown to be
increased by over-expression of ¢-Src, and Samé68 bound to both the SH2 and SH3 domains of c-src
in vitro (Taylor and Shalloway, 1994). As SAM68 is nuclear and SRC is cytoplasmic the two only

associate when the nuclear envelope breaks down during mitosis, hence the name which means ‘src
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associated at mitosis’. A peptide corresponding to N-terminal residues 32-44 of Sam68 was shown

to strongly inhibit its interaction with c-SRC (Finan et al., 1996). This region corresponds to one of
three SH3 consensus binding sites (Feng et al., 1994) in Sam68 (fig 10). A novel nuclear
localisation signal was located to the C-terminus of SAM68 (Ishidate et al., 1997) and SELEX has

suggested that its RNA substrates may contain UAAA (Lin et al., 1997).

Over-expression of tyrosine kinase p59™ also caused phosphorylation of SAM68. This
phosphorylation was shown to stop SAM68 binding to polyuridine and this effect could be reversed

by treatment of extracts with calf intestinal phosphatase (Wang et al., 1995).

Tyrosine phosphorylation may be especially important in sperm development as there is a
spermatocyte-specific tyrosine kinase (Hazan et al., 1993) and a spermatocyte-specific tyrosine
phosphatase (Ohsugi et al., 1997) in mice. Samé68 interacts with several tyrosine kinases apart from
src: p56 (Vogel and Fujita, 1995), Grb2 (Richard et al., 1995), the SH2 domains of plcy (Maa et

al., 1994), and Bruton’s tyrosine kinase (Guinamard et al., 1997).

An experiment using an inhibitor of tyrosine kinases, called radicohol, that allows cells to enter
mitosis but inhibits subsequent exit into Gl phase, suggested that SAM68 was involved in
controlling the M-G1 transition (Pillay et al., 1996). Further connection with the cell cycle came on
identification of an alternatively spliced form of Samé68 lacking the KH domain (AKH) that is
naturally expressed upon confluence and may be responsible for growth arrest, as over-expression
of AKH inhibits serum-induced G1-S transition (and cyclin expression) and this effect is reversed
by full length SAM68 (Barlat et al., 1997). SAMG68 is a mitosis-specific substrate of the most
important cell cycle regulator, serine/threonine kinase CDC2 (Resnick et al., 1997), the very kinase

that activates c-SRC and causes it to phosphorylate SAM68.



The KH domain of SAM68 was shown to be essential for formation of homooligomers (Chen et al.,
1997) and also for wild type localisation (McBride et al., 1998). The subnuclear punctate staining of

the wild type was not observed in KH deletions or with a point mutation.

Other cell signalling molecules have also been found to interact with SAM68. These include
NCK(Lawe et al., 1997) and ZAP-70 (Lang et al., 1997) and the SH3 domains of p85alpha and
p47™ (Finan et al., 1996). SAM68 also interacts with hnRNP K (the archetypal KH protein) and

the polypyrimidine tract binding protein hnRNP I (Grossman et al., 1998; Ogawa et al., 1994).

SAMG68 is one of a family of KH proteins that contain extra loops within the KH domain and
conserved sequences either side of it. These proteins were referred to as ‘GSG’ proteins (Jones and
Schedl, 1995) because the original members were GLD-1, SAM68 and GRP33, but are now better
known as ‘STAR’ proteins, for ‘Signal Transduction And RNA’ processing (Ebersole et al., 1996).
GLD-1 is a tumour suppresser gene in C. elegans whose essential function in meiosis is to stop cells
from reverting from pachytene to mitotic division; tumours formed in mutants cause sterility in
females and hermaphrodites and are lethal in females (Francis et al., 1995; Francis et al., 1995).
GLD-1 is also known to translationally repress the 3> UTR of a gene called fra2 (also a transformer
gene but structurally unrelated to Drosophila and human tra2s) in order to prevent C. elegans
switching from sperm to oocyte production (Jan et al., 1999). QUAKING is another STAR family
protein that is essential for myelenation and embryonic development in mice (Ebersole et al., 1996)
and its Xenopus homologue is needed for notochord development (Zorn and Krieg, 1997). A
quaking homologue has also been discovered in Drosophila that is important for embryonic muscle
development (Baehrecke, 1997; Zaffran et al., 1997). Quaking has also been shown to be a

translational repressor when moved into C. Elegans (Saccomanno et al., 1999). Splicing factor SF1
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is also in the STAR family and an orthologue of yeast branch point binding protein (Abovich and

Rosbash, 1997; Berglund et al., 1997). SF1 interacts with U2AF65 and they bind cooperatively at
branch points (Berglund et al., 1998); this specificity is conferred by the KH domain of SF1

(Berglund et al., 1998).

1.5 Heterogeneous nuclear ribonucleoproteins (hnRNPs)

HnRNPs are the abundant proteins that coat hnRNA (Krecic and Swanson, 1999; Mcaffee et al.,
1997) as it is transcribed in a pre-splicing (hnRNA) or H complex. These proteins are labelled A-U
according to their level of abundance (Dreyfuss et al., 1993). The most abundant hnRNP is hnRNP
Al which has been intensively studied to reveal several attributes. It shuttles in and out of the
nucleus by a unique mechanism (Pollard et al., 1996) and may be involved in export/import of some
mRNAs (Izaurralde et al., 1997). It has RNA duplex annealing activity (Kumar and Wilson, 1990)
which is abrogated by phosphorylation (Cobianchi et al., 1993) and it is known to antagonise SF2 in

alternative splice site choice (Mayeda and Krainer, 1992).

HnRNP F has been found associated with the mRNA cap binding complex (Gamberi et al., 1997)
and also with a neural specific splicing enhancer complex (Min et al., 1995; Min et al., 1997).
hnRNP I is also known as polypyrimidine tract binding protein (PTB) and has been found as a
negative regulator of alternative splicing of a-tropomyosin in smooth muscle cells (Gooding et al.,
1998; Perez et al., 1997) and B-tropomyosin in non-muscle cells (Guo et al., 1991; Mulligan et al.,
1992). HnRNP I has also been implicated in non-neural specific repression of splicing of neural
specific exons of GABA4 receptor (Ashiya and Grabowski, 1997) and n-src (Chan and Black,
1997). The examples of hnRNPs Al, F and I demonstrate that hnRNPs are not inert RNA-covering

proteins but represent a diverse functional group.
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HnRNP K for example has been shown not only to be a transcription factor (Michelotti et al., 1996)

but also a repressor of translation (Ostareck et al., 1997).

1.6 SR Proteins

Compared to the relatively few examples of known functions for STAR proteins and even for

hnRNPs the story for SR proteins is more focused.

The SR protein family (Fu, 1995) includes several proteins that are conserved between Drosophila
and man. These are proteins with RRM domains and auxiliary C-terminal domains rich in arginine
and serine (RS domains), and the prototypical members SF2 and SC35 were both shown to be
essential splicing factors. SC35 could complement anti-SC35 immunodepleted extracts and was
essential for spliceosome assembly (Fu and Maniatis, 1990), and SF2 was shown to complement
splicing deficient extracts (S100s) from which SR proteins had been cleared by ultracentrifugation
(Krainer et al., 1990). In fact all six members of the original SR protein family were shown to be

redundantly active at restoring splicing to S100s (Zahler et al., 1992).

High concentrations of SF2 (Krainer et al., 1990) and SC35 (Fu et al., 1992) also caused a
qualitative difference in splice site choice, causing use of downstream 5’ sites. This effect of SF2 is
antagonised by hnRNP Al in vitro (Mayeda and Krainer, 1992) and in transfected cells (Bai et al.,
1999) and this may be the basis of alternative 5’ splice site selection in vivo, as SR proteins
including SF2 (Hanamura et al., 1998) and hnRNPs including Al (Faura et al., 1995) are both
differentially expressed in different tissues, and hnRNPs (Bennett et al., 1992) and SR proteins are
found in differing ratios on varying transcripts (Schaal and Maniatis, 1999). The mechanism of

downstream 5’ splice site choice may be related to the strengthening of Ul snRNP binding to weak
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splice sites by SF2 (Eperon et al., 1993). Consistent with this SC35 was shown to recruit Ul snRNP

to 3’ splice sites, implying a role for SR proteins in bridging splice sites (Fu and Maniatis, 1992).
The specific basis for this recruitment may be the binding by both SC35 and SF2, to the Ul 70K

protein and U2AF35 at the 5° and 3’ splice sites respectively (Wu and Maniatis, 1993).

Although RS domains are functionally redundant in some assays they do have different properties.
For example, protein:protein interactions involving any RS domain have been shown to be
sufficient for splicing (Graveley and Maniatis, 1998) whereas the RS domains of some SR proteins
contain signals that cause them to shuttle to and from the cytoplasm whereas others do not (Caceres
et al., 1998). Although the SR proteins have similar properties they are not redundant in vivo as SF2

has been shown to be essential for cell viability (Wang et al., 1996).

1.7 RNA-Binding Specificities of SR Proteins/ Enhancers

The different splicing activities of RRM/RS chimaeras (and natural SR proteins), in vivo, is a
complex issue involving protein-protein and protein-RNA interactions (Dauwalder and Mattox,
1998). However, commitment to splicing of different RNAs by different SR proteins in vitro was
found to depend solely on their RRMs and for this their SR domains were interchangeable
(Chandler et al., 1997). This commitment is obviously also dependent on specific alternative exonic
or intronic sequences (Fu, 1993; Sun et al., 1993; Tian and Maniatis, 1993). Currently the most
common way of identifying RNA sequences bound by proteins is SELEX (Tuerk and Gold, 1990).
This involves several rounds of enriching target RNA sequences bound to immobilised bait protein.
This procedure has helped define the natural binding sites and thus identify the function of Nova-1
(Buckanovich and Darnell, 1997), PTB/hnRNP I (Singh et al., 1995), CstF (Takagaki and Manley,

1997) and RBP1 (Heinrichs and Baker, 1995). SELEX winners have also been identified for 4
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human SR proteins (9G8, SF2, SRp40, and Tra2f) (Cavaloc et al., 1999; Tacke et al., 1997; Tacke

and Manley, 1995; Tacke et al., 1998) but these have not led to the certain identification of substrate
genes. One reason for ‘this may be the shortness of sequences recognised by these proteins and
further, a method of identifying target RNAs for SF2 and SRp40 based on functional splice site
enhancer selection also yielded very short (7 base pair) degenerate sequences which were not the
same as the SELEX winners (Liu et al., 1998). Another functional selection experiment generated
two types of enhancer sequences, purine rich and AC rich elements (Coulter et al., 1997). Recently
exonic binding sites for SF2 and SC35 were found to be essential for constitutive incorporation
(Schaal and Maniatis, 1999) and several new short consensuses for SR dependent enhancer were
identified and added to the growing list (Schaal and Maniatis, 1999). ‘Strong splicing enhancement’
may depend on a combination of SR or other proteins recognising adjacent combinations of short
sequences e.g. TRA2 interacts with the dsx PRE alone but requires synergy with TRA to bind to the

repeats in the doublesex enhancer (Lynch and Maniatis, 1996; Lynch and Maniatis, 1995).

The SELEX consensus for SRp40 was the purine-rich element GGGAG and for SF2 it was
AGAAGAAC. GAA repeats were also selected by Tra2 (Tacke et al., 1998). A GAA repeat was
also shown to interact specifically with SR proteins and to be responsible for alternative inclusion of
an exon of fibronectin (Lavigueur et al., 1993) and human TRA2 proteins may also bind a 13
nucleotide GAA enhancer in calcitonin gene related peptide (Tacke et al., 1998; Yeakley et al.,
1996). As already mentioned SELEX need not lead to the only sequences that SR proteins bind to
as SF2 and Drosphila Tra2 both bind to the purine-rich element in the doublesex enhancer which
does not contain GAA repeats (Lynch and Maniatis, 1995). Tra2p3 was not found to reconstitute
splicing activity in S100 extracts like SF2 could, but 7ra2 did allow ‘GAA enhancer’-dependent

splicing in dilute nuclear extract whereas SF2 did not (Tacke et al., 1998).
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1.8 SR protein phosphorylation

1.8.1 Phosphorylation and splicing

1.8.2 Splicing and phosphorylation in the testes

1.8.3 SR proteins and phosphorylation

1.8.4 SR phosphorylation and constitutive splicing

1.8.5 SR phosphorylation and alternative splicing

1.8.6 SR phosphorylation and localisation

1.8.7 Phosphorylation of SR proteins affects their binding affinities

1.8.1 Phosphorylation and splicing

The yeast two hybrid system has revealed connections between splicing and phosphorylation;
protein phosphatase 1 (Hirano et al., 1996) and SR-specific kinase Topoisomerase 1 (Rossi et al.,
1996; Straub et al., 1998) have both been found to interact with pyrimidine tract binding protein

associated splicing factor PSF.

1.8.2 Splicing and phosphorylation in the testes

Protein phosphorylation may be of specific importance in the testes as a relative of clk kinase called
clk3 has been discovered that is predominantly expressed there (Becker et al., 1996), Clk3 might be
involved in alternative splicing in testes, although this idea is complicated by the observation that
SF2 appears to be hypo-phosphorylated in testes, compared to in other tissues (Hanamura et al.,
1998). The facts that SRPK 1 was found to be four times more active in metaphase than in anaphase
(Gui et al., 1994) in mitotic cells and that in S. pombe an SR-specific kinase is genetically essential
for the metaphase-anaphase transition (Tang et al., 1998) suggest that SR kinases are important in
mitosis and by analogy that they might also be important in meiosis. Indeed recently in the case of

Drosophila sexual differentiation an essential role has been found for an SR kinase that
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phosphorylates TRA2 in vivo (Du et al.,, 1998). Also recently SRPK1 has been shown to be

predominantly expressed in testes (Papoutsopoulou et al., 1999).

1.8.3 SR proteins and phosphorylation

Phosphorylation has effects on evefy aspect of SR protein function; phosphorylation and
dephosphorylation of SR proteins are needed for constitutive (1.8.4) and alternative (1.8.5) splicing,
subnuclear and subcellular localisation (1.8.6) and also for their specific protein- and RNA-binding

properties (1.8.7).

1.8.4 SR phosphorylation and constitutive splicing

Phosphorylated SR proteins are needed for the U4/U6.US tri-snRNP to enter spliceosomes
(Roscigno and Garcia-Blanco, 1995) and dephosphorylation of SR proteins (Cao et al.,, 1997;
Murray et al., 1999) and the integral spliceosomal RS containing protein U170K (Tazi et al., 1993)
is needed after commitment complex formation for splicing. The importance of phosphatases for
splicing was discovered by using okadaic acid, which specifically inhibits phosphatases 1 and 2A,

and also blocks splicing after spliceosome assembly (Mermoud et al., 1992).

1.8.5 SR phosphorylation and alternative splicing

Pre-incubation of spliceosomes with protein phosphatase 1 inhibitor okadaic acid causes a switch to
downstream 5’ splice sites (Cardinali et al., 1994) so the authors pointed out that ‘changes in
phosphorylation state could provide a rapid mechanism for cells to respond to stimuli that require an
alteration in splicing patterns’. Conversely, cotransfection with the SR specific ‘clk’ kinase caused
use of upstream 5’ sites in two substrates (Duncan et al., 1997). Protein phosphatase 2A is activated

by adenovirus infection causing dephosphorylation of SR proteins which then no longer repress an
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alternative splice site (Kanopka et al., 1998). Recently precise phosphorylation by clk/sty kinase has

been shown to be important for alternative splicing (Prasad et al., 1999).

1.8.6 SR phosphorylation and localisation

Phosphorylation of SR proteins affects their subcellular location and this inducible
compartmentalisation may be the mechanism by which SR proteins allow both constitutive splicing
turnover and alternative splice site recognition. Protein phosphatase activity causes the localisation
of SR proteins in 100 or so nuclear speckles as these can be disassembled by SRPK1 (Gui et al.,
1994) and clk/sty kinases (Colwill et al., 1996) or okadaic acid (Lyon et al., 1997; Misteli et al.,
1997; Misteli and Spector, 1996). Clk overexpression also causes relocation of SF2 but not SC35 to
the cytoplasm (Caceres et al., 1998). There are more spots of TRA2 In Drosophila spermatocytes

mutant for the Lammer kinase DOA (Du et al., 1998).

1.8.7 Phosphorylation of SR proteins affects their binding affinities

At a molecular level the many effects of SR protein phosphorylation (1.8.1-1.8.6) are presumably
attributable to a consequent change in their affinity for other molecules. Phosphorylation of SF2 has
been shown to increase its interactions through its RS domain with Ul snRNP (Xiao and Manley,
1997; Xiao and Manley, 1998). Phosphorylation of SRp40 reduced non-specific binding and
unmasked (increased) specific binding to RNA (Tacke et al., 1997). Phosphorylation is also known
to affect RNA binding by hnRNPs (1.5). The hnRNP C protein has been shown to bind pre mRNA
only when dephosphorylated (Mayrand et al., 1993), and the difference in phosphorylation state
between the nuclear and cytoplasmic forms of hnRNP Al is thought to account for differences in its

RNA-binding specificity (Hamilton et al., 1997) .



17
1.9 A model system for studying the role of RNA-binding

proteins in development - Spermatogenesis

The life of the male germ cell, along, perhaps, with that of the neuron is the most complex of any
cell type and this is accompanied by complex regulation of genes at the RNA level. A male germ
stem cell or spermatogonium undergoes dramatic changes to become a free-swimming sperm or
spermatozoon in a process called spermatogenesis (Alberts et al., 1994; deKretser et al., 1998;

Hecht, 1998).

Spermatogenesis takes place in the seminiferous tubules (diameter 0.25mm) of the testes, where
primordial germ cells around the basement membrane undergo mitosis and some then go along the
path of differentiation. Differentiation involves several cell divisions into a syncitium of typically
128 cells with cytoplasmic bridges which ensures that the cells’ contents are evenly shared (Braun
et al., 1989; Morales et al., 1998) and that their success is not prejudiced by their genetic differences

(e.g. An X-linked gene for longer tails could give XX sperm an advantage).

After the two week long process (in humans) of meiosis the haploid cells are known as round
spermatids and the ensuing stages of spermatogenesis are known as spermiogenesis. Round
spermatids become elongating spermatids and develop the structure of mature spermatozoa, with a
proteolytic acrosome and nuclear head followed by mitochondrial ‘body’ and a tail. The process of
spermatogenesis takes the sperm towards the lumen of the seminiferous tubules where they bud off

at a rate of 500 million a day in man.
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1.10 Transcriptional Constraints on Germ Cells

Global transcription is obligatorily shut down during metaphase of mitosis due to the extreme
condensation of the chromosomes (Ferreira et al., 1994) and therefore presumably shut down during
the metaphases of meiosis in germ cells too. Transcription is also gradually reduced after meiosis
(Erickson, 1990; Penttila et al., 1995) as the chromatin is twice repackaged and concentrated into

the sperm head (WoutersTyrou et al., 1998).

Transcription from the sex chromosomes in male germ cells is also shut down during the pachytene
stage of meiosis. The sex chromosome regions of human and mouse spermatocytes were observed
not to incorporate ribonucleotides in pachytene, at which stage transcription from the autosomes
peaked (Monesi, 1965). Several specific genes from the X chromosome are known to be
permanently shut down at the onset of meiosis (McCarrey et al., 1992). This lack of transcription
correlates with exclusion of RNA POL2 and also splicing components from the condensed ‘XY
body’ (Richler et al., 1994). One mechanism of overcoming transcription inhibition of important
genes on the X chromosome is to activate autosomal back-up genes (McCarrey and Thomas, 1987;
Takakubo and Dahl, 1992), but not all genes on the sex chromosomes are fully inactivated and those
that are may have stable RNA or protein products to overcome the effects of transcription inhibition

(Kerr et al., 1996).

The mechanism of XY inactivation is not known but it may involve the Xis¢ transcript which is
known to be responsible for X chromosome inactivation in female somatic cells. Xist RNA is
associated with both chromosomes in the XY body of spermatocytes and is not found elsewhere in
males (Ayoub et al., 1997). Xist deficient male mice make viable sperm, but it was not tested if any

sex chromosome genes were actually expressed in the absence of Xist (Marahrens et al., 1997). The
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XY pair is not only peculiar for a lack of transcription but also a lack of recombination so it may be

that the XY body is condensed to guard against recombination between the X and the Y and that
transcriptional inactivation is just a non essential by-product of condensation (Mckee and Handel,

1993; Wiltshire et al., 1998).

1.11 Regulation of Alternative Gene Expression

The DNA sequences in all cells of a complex organism are identical but their protein complement is
not. For example, hnRNP Al is permanently switched off at the onset of meiosis (Kamma et al.,
1995) but is constantly expressed in most other cell types (Faura et al., 1995). While the differences
in expression of structural genes are diagnostic of different cell types and developmental stages, the
obvious morphological differences between all cell types, and their subtler but no less crucial
biochemical differences, are also direct manifestations of differences in gene expression at the
highest level earlier in development. For example, specifically expressed genes have been shown to
coordinate chromosomal changes during meiosis with morphological changes in Drosophila

spermiogenesis (WhiteCooper et al., 1998).

Primary control of gene expression is exerted at the level of transcription, but as has been pointed
out in the last section, transcription is impossible at various stages of spermatogenesis. Even when
available, transcription may not be the preferred mechanism of controlling gene expression, for
several reasons. When transcription of a gene is switched on, by default, the build up of protein
product is gradual and it is usually evenly distributed in the cytoplasm. Post transcriptional
regulation includes sequestration and specific localisation of mRNA, and derepression of translation

can lead to a short sharp delivery of gene products in the right place at the right time (St Johnston,
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1995). Another constraint of transcription is the paucity of genes that an organism has to choose

from, a mere 80,000 or so in humans.

Alternative splicing is aﬁother major regulator of gene expression (Elliott, 2000; Lopez, 1998). This
can produce many different variants of a gene. Alternative splicing can result in multiple forms of
structural proteins such as the tropomyosins (MacLeod et al., 1985) as well as gene regulatory
proteins such as transcription factors (e.g. CREB) and alternative splicing factors (e.g. TRA).
Alternatively spliced gene products may be functional vs. non-functional (e.g. tra), have
qualitatively different activities (e.g. DSX) or be antagonistic to one another (e.g. CREB- all
examples discussed later). Where there is a switch between antagonistic isoforms alternative

splicing can control a temporal window of expression with very sharp boundaries.

Specific control of alternative gene expression in germ cells, then, is largely achieved at 3 levels:
transcription, translation and splicing, which are discussed in that order, with examples from
mammals, followed by reference in each case to the protamine genes which are a model of gene

expression in the testes.

1.12 Transcriptional regulation

As well as ubiquitous genes such as hnRNP Al that are temporally transcribed in the testes there are
also a large number of wholly testes-specific genes (Cooke et al., 1998; Eddy, 1995), including a
testes-specific RNA helicase (Leroy et al., 1989) and a testes-specific variant of poly (A) binding
protein (Kleene et al., 1998). Testes-specific genes have been categorised according to their many
functions including ‘nuclear structure, cytoskeleton, DNA repair, transcription, RNA processing,

cell cycle, tumour suppression, growth factors, signal transduction, proteases, synaptonemal
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complex and meiosis’ (Eddy and O'Brien, 1998). However the genes controlling meiosis, that most

crucial of spermatogenic processes, are not well characterised in mammals, in contrast to the

situation in yeast (Burns et al., 1994).

Some of the promoters that confer testes-specific expression are known, as are the stages of
spermatogenesis at which they work (Erickson, 1990; SassoneCorsi, 1997). For example in the case
of the rat testes-specific histone, thf2b, it is known that a testes-specific protein represses its

transcription by binding downstream of its TATA element (Lim and Chae, 1992).

The protamines are proteins that replace the histones and transition proteins to repackage spermatid
DNA (WoutersTyrou et al., 1998). The protamine’s promoters have many elements, several of
which are bound by testes-specific proteins (Ha et al., 1997; Hummelke et al., 1998; Nikolajczyk et

al., 1995; Tamura et al., 1992; Yiu and Hecht, 1997; Zambrowicz and Palmiter, 1994).

1.13 Translational Regulation

To reduce their reliance on transcriptional regulation, male (Hecht, 1998; Schafer et al., 1995)
(Braun, 1998; Braun, 1998; Kleene, 1996) and female (St Johnston, 1995; Stutz et al., 1998; Walker
et al., 1996) germ cells (both before and after fertilisation) rely heavily on translational regulation.
In C. elegans hermaphrodites the sperm-to-oocyte switch is triggered by translational derepression
of 3° UTR pyrimidine rich sequences by the ‘STAR’ protein Gld-1 (Jan et al., 1999; Jan et al.,
1997). A ‘testis-brain RNA binding protein’ in mice represses translation by binding to the 3 UTRs
of testes and brain RNAs and also attaches them to microtubules in brain (Han et al., 1995) in a
phosphorylation dependent manner (Kwon and Hecht, 1993). The proacrosin gene is specifically

translated after meiosis although it is transcribed during meiosis; when its 5> UTR was fused to a
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CAT reporter gene this was expressed in the same manner in transgenic mice (Nayernia et al.,

1992).

When protamine RNA is synthesised shortly after meiosis it is translationally masked for 3-7 days
and only expressed at the elongating spermatid stage. Some of the RNA-binding proteins and their
sites of action have been characterised (Fajardo et al., 1997; Gu et al., 1998; Kwon and Hecht, 1993;
Morales et al., 1991), and it has recently been suggested that a double stranded RNA-binding
protein binds a stem in the protamine 5 UTR to de-repress its translation (Zhong et al., 1999).
“Testes nuclear RNA-binding protein’ (TENR) is thought to repress translation of protamine 1.
TENR is itself under translational control, as it is transcribed in mid-pachytene and only translated
after meiosis (Schumacher et al., 1995). Protamine binding protein (PRBP) is another possible
repressor of protamine 1 (Lee et al., 1996). Another protein, ‘spermatid nuclear RNA binding
protein’ (SPNR), binds the 3’ end of the protamine 1 gene when the protamine gene is
translationally derepressed after meiosis, so SPNR may be involved in translational re-activation

(Schumacher et al., 1995).

1.14 Alternative Splicing Regulation

There are many specific ‘isoforms’ of genes produced by alternative splicing that are only found in
the testes. The case of DNA methyltransferase for example (Mertineit et al., 1998), is one of
exquisite fine-tuning of alternative splicing. Methyltransferase is responsible for methylation of the
paternal genome involved in genomic imprinting. The enzyme is translationally downregulated
specifically during the homologous recombination (pachytene) stage by alternative inclusion of an
exon in this time period only. The exon included has multiple AUGs and is incorporated upstream

of the correct start site; inclusion of this exon inhibits translation from the correct start site.
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Table 1. shows twelve examples of alternative splices in mammalian testes that are regulated at
specific stages. Three quarters of the examples are of splicing switches that occur either transiently
or permanently during pachytene. The last 3 examples document the appearance of testes-specific

isoforms after meiosis.



Table 1. Stage-specific, mammalian germ cell-specific, alternatively spliced genes.
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Gene Splicing Effect Stage Reference
Transcription | Cassette exon|Extra central 46 amino | Spermatocytes | (Ito et al., 1996)
elongation inclusion acids incorporated
factor S2
Lamin C2 Altermnative 5’ [N-terminal 119 amino | Pachytene only | (Furukawa et al.,
exon acids replaced by 7 amino 1994)
acids
DNA methyl | alternative 5’ | Multiple AUG sequences | Pachytene only | (Mertineit et al.,
transferase exon repress translation 1998)
Vav Alternative 5’ |Novel 31 amino acids | pachytene- (Okumura et al,
exon replace N-terminal | diplotene 1997)
SH3/SH2 domain
Sox17 Internal  exon | N-terminal truncation | Pachytene -|(Kanai et al.,
skipped lacks DNA-binding | round 1996)
domain spermatids
DNA ligase 3 | Alternative 3’]|Lacks C-term XRCCI1 |Pachytene- (Mackey et al.,
exon binding domain round 1997)
spermatid
CREMTau Two separate | Inclusion of  acidic | Pachytene (Foulkes et al.,
internal exons | activating domains | onwards 1992)
incorporated converts repressor into
‘activator’
CREB Extra central | Incorporation of in frame | Pachytene (Walker et al.,
exon stop codons enhances | onwards 1996)
internal  initiation  to
produce a  truncated
‘repressor’
CFTR Internal  exon | Introduces stop codon | Pachytene (Delaney et al.,
included truncating nucleotide | onwards 1994)
binding fold
PDHA-2 Switch to Round (Fitzgerald et al.,
shorter isoform spermatids 1994)
Thymosin Alternative 5’ Spermatids (Lin and
beta-10 UTR only Morrisonbogorad,
1991)
Hormone Alternative 5’ [ Adds 300 amino acids to | Elongating (Holst et al., 1996)
sensitive lipase | end N-terminus spermatids
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Table 2. documents further examples of testes-specific alternatively spliced transcripts where either

there is no change in ratios of isoforms during spermatogenesis or temporal induction was not

investigated. Examples of 5°, central and 3’ positioning of alternative domains are shown.

Table 2. More testes-specific alternatively spliced genes

Gene Splicing Effect Reference
hexokinase Lacks  mitochondrial  porin|(Mori et al,
binding domain 1998)
Vasopressin Alternative 5’ ends (Foo et al,
1991)

Casein kinase 1 delta

Alternative 3’ ends

(Graves et al.,
1993)

haem oxygenase-2

Alternative 5’ ends

(Mccoubrey et

al., 1995)
Luteinizing hormone | Alternative 5’ ends (Zhang et al,,
beta subunit 1995)
cAMP specific | Alternative 5’ ends | Gives extra 21 amino acids at|(Bolger et al,
Phosphodiesterase amino terminus 1996)
RXR Alternative 5’ ends Lacks 28 n term amino acids|(Brocard et al.,
alters activation function domain | 1996)
Protein  phosphatase | Alternative 3’ ends | Three amino acids substituted for [ (Osawa et al.,
inhibitor 2 14 at C-terminus 1996)
FSH receptor Alternative 3’ ends | Protein with shorter C-terminus | (Sairam et al.,
has dominant negative function | 1996)
Cux 1 Protein  lacks  transcription | (VandenHeuvel
activating domain et al., 1996)
CD46 Novel cytoplasmic tail and|(Hara et al.,
transmembrane sections 1998)
Lim kinase 2 Internal exon | Encodes extra N-terminal amino | (Ikebe et al,
included acids 1998)
HTEX4 (Lepourcelet et

al., 1998)




26

The protamines are not known to be alternatively spliced but some of the transcription factors that
control them are. As well as testes-specific elements protamine promoters also contain cAMP
responsive elements (CREs) that are bound by many ubiquitous cAMP-responsive transcription
factors. In testes, CREs are bound by transcription activators and repressors: activators include
CREB before meiosis, and a homologous protein CREMtau after meiosis. These proteins are
transiently switched off and on respectively during meiosis, by alternative splicing mechanisms,
that create either full-length protein or an inhibitor form lacking the N terminal activation domain.
In CREB an alternative central exon is included with both translation termination and internal
initiation signals to create the truncated repressor form (Daniel and Habener, 1998; Habener et al.,
1998; Walker et al., 1996). In contrast, alternative splicing causes the inclusion of exons encoding
the activation domain of CREM to produce the CREMtau isoform (Delmas et al., 1993; Foulkes et
al.,, 1992; Monaco and Sassone-Corsi, 1998). CREMtau is also considerably translationally
repressed until after meiosis and the only apparent defect of CREM knockout mice is the failure of
spermatocytes to complete meiosis (Nantel et al., 1996). There are also many known testis-specific
splicing events in non-mammalian species, for example, a cAMP dependent protein kinase
phosphorylation site is specifically introduced into the STAR protein ‘QUAKING’ in chicken

testes by alternative splicing (Mezquita et al., 1998).

1.15 Alternative Splicing in Spermatogenesis and male

courtship behaviour

Alternative splicing is best characterised in Drosophila and in Drosophila spermatogenesis a
protein, called TRA2, has been identified that controls spermatogenesis by altering the splicing of 3

transcripts; azt (Madigan et al., 1996), exu (Hazelrigg and Tu, 1994) and Tra2 (autoregulation). Tra2
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is like the group of splicing factors known as SR proteins (see 7.4) as it contains a C terminal serine

and arginine-rich domain (RS domain) and an upstream ‘RNA recognition motif’ (RRM) type
RNA-binding domain (Siomi and Dreyfuss, 1997), and it also has an extra RS domain at its N
terminus (fig 13). Exu and Tra2 mutant flies both produce spermatids but these fail to elongate and
this results in sterility (Belote and Baker, 1982; Hazelrigg and Tu, 1994). In the cases of a#f and exu,
alternative splicing may be subordinate to alternative promoter and polyadenylation site choice, so
the effect of TRA2 on splicing may be indirect. In the case of autoregulation however tra2 inhibits
splicing of an internal intron resulting in truncated protein lacking its N terminal SR domain. TRA2
has not yet been shown to bind to its own RNA directly (Mattox and Baker, 1991). Recently
overexpression of Tra2 has been shown to downregulate full length Tra2, in favour of the truncated
version, and result in normal looking sperm, that are immobile and thus incapable of producing
offspring (McGuffin et al., 1998). Defects of over- or non-expression of 7ra2 manifest themselves
after meiosis (although full length Tra? is only expressed during meiosis) and the exact downstream

targets that cause this are unknown (McGuffin et al., 1998).

Tra2 is also involved in female-specific events in neurons where it has been shown to repress male
courtship behaviour by binding cooperatively with a female-specific protein tra to enhance the use
of an alternative downstream 5’ splice site of the fruitless gene (Heinrichs et al., 1998). This causes
fruitless in females to be truncated whereas in the male the functional longer form is expressed in

only 500 of the 100,000 neurons in its central nervous system (Ryner et al., 1996).

Tag fusions to the C-terminal but not the N-terminal domain of Tra2 have been found to disrupt
spermatogenesis in flies but not the sex determination function (see next section) of 7ra2
(Dauwalder and Mattox, 1998). Only partial fertility was restored to males where the C-terminal RS

domain of 7ra2 (RS2) was replaced by the RS domain of Drosophila U2AF, but dsx and fruitless
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Tra2-dependent splicing still occurred. RS1 may also be important for spermatogenesis, as the

natural alternatively spliced isoform of 7Tra2 that lacks RS1 was insufficient to make males fertile

but did function in sexual differentiation (Mattox et al., 1996).

1.16 Alternative Splicing in Sex Determination

The best example of alternative splicing controlling development is the cascade of alternative
splicing that controls Drosophila sex determination (Baker, 1989). The sex of Drosophila depends
on how many X chromosomes they have; if they only have one they become male. The X to
autosome ratio causes the expression of the master regulatory gene sex-lethal from a female-specific
early promoter (Keyes et al., 1992). Sex-lethal is so called because it regulates dosage compensation
in females (hence the lethal phenotype of mutants) as well as directing female development rather
than the default male pathway. Part of the effect of sex-lethal on dosage compensation is achieved
by modulating alternative splicing of one of the genes involved (Bashaw and Baker, 1995; Gebauer

et al., 1998).

The effect of sex-lethal (sxl) on alternative splicing is best characterised in the pathway of sex
differentiation, where it represses splicing of its own transcript and that of the transformer (tra)
gene (fig 1). SXL is needed, throughout the life of Drosophila, to maintain the sexual identity of
cells through its action on fra but when SxI switches from its early (female specific) to its late (male
and female) promoter upstream, its default splicing pattern changes due to cis acting sequences
(included from the late promoter) to include an exon containing a stop codon into its reading frame
(Zhu et al., 1997); but in females this exon is not included, due to inhibition by sxl protein (Bell et
al., 1991; Bell et al., 1988; Sakamoto et al., 1992). Female identity is thus established by an early

sex-specific early promoter for sxI and its subsequent autoregulation of splicing.
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Fig 1. Splicing cascade in Drosophila sex determination. Female and male splicing patterns of the three genes in the pathway are shown: sex lethal
(sx/),transformer (tra) and doublesex (dsx). SXL causes skipping of exon 3 of its own transcript in females thus avoiding a premature stop codon.
Functional SXL causes the use of a downstream 3 splice site in ¢ra, again avoiding a stop codon. Functional TRA in conjunction with TRA2 in
females cause inclusion of exon 4 of dsx resulting in a female specific form of this transcription factor and female differentiation (from Baker 1989).
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SxI directs alternative splicing of tra in females by alternative 3’ splice site choice (Boggs et al.,
1987) and it was shown that sx/ blocks the upstream (male-specific) 3’ splice site of tra in females
(Sosnowski et al., 1989) and that it binds there (Inoue et al., 1990), preventing incorporation of a
region containing stop codons that truncates the product and stops functional tra being made in
males. Specific binding of sxl to the male 3’ splice site of tra stops U2AF from binding there and
forming splicing complexes; indeed fusing the SR domain of U2AF onto the RRM of SXL turns it
from a repressor into an activator (Valcarcel et al., 1993). However this trick does not work on sxl
autoregulation (Granadino et al., 1997) because sxl binds to uridine-rich sequences near to both

splice sites of its alternative exon to ensure that it is skipped (Deshpande et al., 1996).

Transformer protein is thus established in females only and its function is to enhance splicing of a
female-specific exon in the doublesex (dsx) gene. This gives an alternative C terminus to male and
female doublesex proteins which then act as male and female-specific transcription factors which
direct their sexual differentiation (Burtis et al., 1991; Jursnich and Burtis, 1993). The female-
specific exon of dsx contains a polyadenylation site but the splice site use is not dependent on

cleavage and polyadenylation (Hoshijima et al., 1991; Ryner and Baker, 1991).

Tra is directly responsible for dsx alternative splicing and its action is dependent on 7ra2 (the same
gene needed for spermatogenesis, and the same tra/tra2 combination needed for neuronal
development -see 1.15) which binds specifically to the alternative exon (Hedley and Maniatis,
1991) as does TRA (Inoue et al., 1992). The dsx enhancer region contains six 13 nucleotide repeats
and these were shown to bind #ra2 directly, but to bind TRA only in the presence of nuclear extract
(Tian and Maniatis, 1992). SR proteins from nuclear extract could be crosslinked to the dsx repeats

(Tian and Maniatis, 1993) and SR proteins were shown to bind to TRA and TRA2 in vitro and in
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the yeast two hybrid system (Wu and Maniatis, 1993). The region of TRA2 responsible for

interacting with TRA and SF2 was then found to be its C terminal RS domain (Amrein et al., 1994).
The function of TRA and TRA2 was inferred to be to strengthen the binding of SR proteins to the
enhancer as the doublesex enhancer could function without TRA/TRA2 when it was brought nearer
than its natural 300 nucleotides from the alternative 3’ splice site (Tian and Maniatis, 1994). RBP1
was identified as the SR protein responsible for enhancement and shown to bind not only to the dsx
repeats but also at the 5° end of the female specific exon (Heinrichs and Baker, 1995). TRA2 was
also discovered to bind to a purine rich element (PRE) nestled into the dsx repeats (Lynch and
Maniatis, 1995) and an elegant model including exact binding sites was proposed for enhancer
complexes on both elements of the dsx alternative exon consisting of TRA2 and SR protein RBP1
(or 9G8 in human extracts) bound to the repeats and with TRA2 and another specific SR protein on

the PRE (Lynch and Maniatis, 1996).

Relatively little is known about the two mammalian Tra2 proteins, Tra2c and Tra2f as they were
first identified only in 1996 when Tra2o was shown to partially restore femaleness to 7ra2 mutant
flies (Dauwalder et al., 1996). The Tra2 gene has been characterised with regard to gene structure
and multiple isoforms have been detected, which include an N-terminal truncation analogous to the
Drosphila testes-specific form (Beil et al., 1997; Daoud et al., 1999; Nayler et al., 1998). Like tra2,
both tra2a and tra2f3 have alternative splicing activity (Tacke and Manley, 1999; Tacke et al.,

1998).

1.17 Sex determination in Evolution

A cascade of 3 sex-specific alternative splices is therefore responsible for sex determination in
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Drosophila melongaster, but what relevance does this have to human differentiation? At the top end

of the cascade (fig 1) there appears to be little conservation in evolution. The SXL protein of
Drosophila melongaster’s relative, Drosophila virilis, is sex-specifically regulated but rather than
being on or off, is a very similar protein in males and females (Bopp et al., 1996). More distant
species such as the medfly (Saccone et al., 1998) and the housefly show no sex-specific regulation

of sx/ at all (Meise et al., 1998) and in mammals there are no obvious sx1 homologues.

In the tra gene there is conservation of the alternatively spliced intron despite divergence of its
coding sequence amongst drosophilids (Oneil and Belote, 1992). Similarly in the dsx mRNA, the
dsx repeats are conserved in an otherwise diverging region amongst drosophilids (Hertel et al.,

1996), and also in more distant fly relative B. Tryoni (Shearman and Frommer, 1998).

At the bottom of the cascade (fig 1) the functions of the DSX proteins in promoting sex-specific
neuroblast and yolk protein transcription is conserved between Drosophila and C.elegans to the
point where the Drosophila gene actually functions in nematodes (Raymond et al., 1998).
Intriguingly the human homologue of dsx was only found in testes out of 50 tissues tested, implying
perhaps that the sex determination function of doublesex has been taken over, freeing it for control
of a more specialised alternative splicing function in testes (Raymond et al., 1998). However, the
study of human dsx is at a very early stage and it has not been tested as an alternative splicing
substrate. The primary determinant of human sex is a ‘newer’ gene, transcription factor Sry, located
on the Y chromosome (Capel, 1998; Vilain and McCabe, 1998) but it is the downstream genes in
sex determination hierarchies that are more often conserved between organisms as changes at the
top of hierarchies are easier to accommodate especially in genetic pathways that are not essential for

the ‘default’ sex (Marin and Baker, 1998).
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1.18 Testes-specific RNA-binding proteins on the Y
chromosome (DAZ and RBM)

As well as the gene for sex determination the Y chromosome also contains several genes thought to
be important for spermatogenesis (Tiepolo and Zuffardi, 1976). Microdeletions of the Y
chromosome in infertile men have identified 3 regions on the non-combining region of the long
arm, called AZFa, AZFb and AZFc (for ‘Azoospermia Factor’, meaning ‘factor without which there
is no sperm”). AZFa has no obvious testes specific candidates on it (Burgoyne, 1998); however, the
AZFb and AZFc regions, which are 3.6Mb and 1.4 Mb respectively in size (Girardi et al., 1997), are
the sites of two testes-specific multi-gene families of RRM-containing RNA-binding proteins. The
RRM domain is found in hundreds of proteins and is the most common RNA-binding domain
known (Siomi and Dreyfuss, 1997). AZFb contains all the actively transcribed genes of the RBM
(RNA binding motif) family (Elliott et al., 1997), whereas AZFc contains the Daz (deleted in
azoospermia) gene cluster (Vogt et al., 1996). Other candidate azoospermia factors include further
testis-specific genes recently discovered on the Y chromosome (Lahn and Page, 1997). However,
crucial genes could equally be autosomal. Deletions of the AZFb region containing RBM are
always infertile and correlate with spermatogenic arrest during meiosis (Elliott et al., 1997).
Deletion of the AZFc region containing Daz confers a variable phenotype from complete absence of
germ cells, to limited condensed spermatid production (Reijo et al., 1995). Daz deletions have
actually been passed from father to son in one case (Vogt et al., 1996) and sperm remnants found in
the testes of azoospermic individuals with Daz deletions have been successfully used for in vitro

fertilization (Mulhall et al., 1997).
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Daz and RBM are peculiar in that they both have repeated protein coding segments derived by

duplication of an exon relative to the ubiquitous counterpart (Burgoyne, 1998). Daz contains 7
repeats of a 24 amino acid sequence, but not all of these repeats are present in all transcripts (Yen et
al., 1997). RBM (fig 2) has 4 repeats (in humans only) of a 37 amino acid sequence (Ma et al.,
1993), only one copy of which is found in its ubiquitous homologue, hnRNP G (Soulard et al.,
1993). RBM transcripts containing only 3 boxes have been detected (Chai et al., 1997) and at least 2
of the 30 or so copies of the human RBM gene have only 1 repeat (Chai et al., 1998). Daz and RBM
were presumed to be related to autosomal genes from which they were derived by transposition
(Chai et al., 1998; Saxena et al., 1996). However, it now seems possible that the hnRNP G family
may have derived originally from the sex chromosomes, as a copy of hnRNP G has been found (in
both human and mice) on the X chromosome’s non-recombining region (as well as several other

chromosomes), and this is the only copy with introns (Delbridge et al., 1999; Mazeyrat et al., 1999).

1.19 DAZ

Daz is only found on the Y chromosome of primates and old world monkeys (Cooke et al., 1996),
but an autosomal ‘daz homologue’ (dazh also called dazla or dazl for ‘daz like’) gene is found in
humans, mice and Xenopus and there are 2 dazh genes in Drosophila which are testes-specific.
Human dazh is more closely related to the other species’ autosomal dazh genes than to human daz
(Shan et al., 1996). Mouse dazh is predominantly expressed in testes but is also in ovaries (Reijo et
al., 1996), Dazh mRNA increases from 1 day old to 10 day old male mice (Reijo et al., 1996) in pre-
meiotic cells (Niederberger et al., 1997) and transcripts are found in embryonic germ cells prior to

meiosis in both sexes (Seligman and Page, 1998).

Mouse dazh is essential for gametogenesis in both sexes and is located in the cytoplasm (Ruggiu et
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al., 1997). Dazh is expressed in the cytoplasm of male and female germ cells in Xenopus, and

Xenopus Dazh can rescue Dazh mutant Drosophila (Houston et al., 1998) whose germ cells never

normally enter meiosis (Eberhart et al., 1996).



Fig2. Primary sequence of RBM showing the RRM domain and consensus sequences therein

RNP2 and RNP1. SRGY tetrapeptides are in bold.
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CAGGGAAGCTCCAGCTGTCCCTCCCGCAG
GTTCCGAAGCCGGTTACGTACGGCCTGAGGGCAG!
Met Val Glu Ala Asp His Pro Gly Lys{Leu Phe Ile Gly Gly Le
ATG GTA GAA GCA GAT CAT CCT GGC AAGLCIT TTC ATT GGL GGC O
Asn Glu Lys Met Leu Lys Ala Val Phe
AAT GAG AAG ATG CTT AAA GCA GTA
Leu Ile Lys Asp Arg Thr Ser Lys Se

232 TTG ATA AAG GAT CGA ACC AGC AAA TCC AGA GGC TTT GCA TTT ATT ACT TTT GAG AAC

Pro Ala Asp Ala Lys Asn Ala Ala Lys Asp Met Asn Gly Lys Ser

Leu His Gly Lys

289 CCT GCA GAT GCT AAG AAT GCT GCC AAA GAT ATG AAT GGA AAG TCT TTG CAT GGA AAA

Ala Ile Lys Val

346 GCA ATA AAA GTA| GAA CAA GCC AAG AAA CCA TCT TTT CAA AGT GGT GGT AGG CGG AGA

Ser Arg Asn Arg Ser Pro Ser Gly Ser Leu Arg

Ser Ala Arg Gly

403 CCA CCA GCT TCT TCG AGA AAC AGA AGC CCT TCA GGA AGT CTG AGA TCT GCA AGA GGA
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1372
1429
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1600

1822

Ser Arg Gly Gly Thr Arg Gly Trp Leu Pro Ser His Glu Gly His
AGC CGT GGA GGA ACA AGA GGG TGG CTT CCC TCA CAT GAA GGG CAC
Gly Tyr Thr Pro Asp Leu Lys Met Ser Tyr Ser Arg Gly Leu Ile
GGA TAC ACT CCT GAT CTC AAG ATG AGT TAT TCT AGG GGA CTC ATT
Gly Pro Ser Ser Arg Ser Gly Gly Pro Pro Pro Lys Lys Ser Ala
GGT CCA TCT TCA AGA AGT GGA GGT CCT CCT CCG AAA AAA TCT GCT
Ala Arg Ser Asn Ser Trp Met Gly Ser Gln Gly Pro Met Ser Gln
GCA AGA AGC AAT AGT TGG ATG GGA AGC CAA GGT CCC ATG TCA CAA
Tyr Gly Val Pro Pro Arg Arg Ala Thr Ile Ser Ser Trp Arg Asn
TAT GGA GTT CCT CCA CGC AGA GCG ACA ATA TCT TCC TGG AGA AAT
Thr Arg His Asp Gly Tyr Ala Thr Asn Asp Gly Asn His Pro Ser
ACA AGA CAT GAT GGT TAT GCA ACT AAC GAT GGA AAT CAT CCA AGT
Arg Asp Tyr Ala Pro Pro Ser Arg Gly Tyr Ala Tyr Arg Asp Asn
AGG GAT TAT GCT CCA CCA TCT AGA GGC TAT GCA TAC CGT GAT AAT
Arg Asp Glu His Ser Ser Arg Gly Tyr Arg Asn His Arg Ser Ser
CGG GAT GAA CAT TCC TCT AGA GGA TAT AGA AAT CAT CGA AGT TCC
Asp Tyr Ala Pro Pro Ser Arg Gly His Ala Tyr Arg Asp Tyr Gly
GAT TAT GCT CCA CCA TCT AGA GGC CAT GCA TAC CGT GAT TAT GGT
Asp Glu Ser Tyr Ser Arg Gly Tyr Arg Asn Arg Arg Ser Ser Arg
GAT GAA AGT TAT TCT AGA GGA TAC AGA AAT CGT CGA AGT TCC CGA
Tyr Ala Pro Pro Ser Arg Gly His Gly Tyr Arg Asp Tyr Gly His
TAT GCT CCA CCA TCT AGA GGC CAT GGA TAC CGT GAT TAT GGT CAT
Glu Ser Tyr Ser Arg Gly Tyr Arg Asn His Pro Ser Ser Arg Glu
GAA AGT TAT TCT AGA GGA TAT AGA AAT CAT CCA AGT TCC CGA GAA
Ala Pro Pro His Arg Asp Tyr Ala Tyr Arg Asp Tyr Gly His Ser
GCT CCA CCA CAT AGA GAC TAT GCA TAC CGT GAT TAT GGT CAT TCT
His Ser Ser Arg Gly Tyr Ser Tyr His Asp Gly Tyr Gly Glu Ala
CAT TCC TCT AGA GGA TAT AGT TAT CAT GAT GGC TAC GGT GAG GCC
His Ser Glu His Leu Ser Gly Ser Ser Tyr Arg Asp Ala Leu Gln
CAT TCT GAA CAT CTA AGT GGA AGT TCT TAT AGA GAT GCA CTT CAG
Ser His Gly Ala Pro Pro Ala Arg Gly Pro Arg Met Ser Tyr Gly
TCT CAT GGT GCA CCA CCT GCA AGA GGG CCT CGG ATG TCT TAT GGT
His Ala Tyr Ser Asn Thr Arg Asp Arg Tyr Gly Arg Ser Trp Glu
CAC GCA TAT AGT AAT ACA CGA GAT AGA TAT GGC AGA AGT TGG GAG
Cys Gly Asp Phe His Tyr Cys Asp Arg Glu His Val Cys Arg Lys
TGT GGT GAT TTT CAT TAT TGT GAT CGT GAG CAT GTT TGC AGA AAA
Pro Pro Ser Leu Gly Arg Val Leu Pro Asp Pro Arg Glu Ala Cys
CCG CCT TCT CTG GGT AGG GTG CTC CCT GAT CCT CGT GAA GCA TGT
Tyr Val Ala Ser Ile Val Asp Gly Gly Glu Ser Arg Ser Glu Lys
TAT GTG GCA TCT ATA GTA GAT GGT GGG GAG AGT CGA TCT GAA AAA
Arg Tyr Stop

Leu Asp Asp Gly
CTG GAT GAT GGT
Pro Val Lys Arg
CCA GTT AAA AGA
Pro Ser Ala val
CCT TCT GCT GTG
Arg Arg Glu Asn
AGA AGA GAG AAT
Asp Arg Met Ser
GAT CGC ATG TCA
Cys Gln Glu Thr
TGC CAA GAA ACG
Gly His Ser Asn
GGT CAT TCT AAT
Arg Glu Thr Arg
CGA GAA ACT AGG
His Ser Arg Arg
CAT TCT CGT CGG
Glu Thr Arg Glu
GAA ACT AGG GAG
Ser Arg Arg His
TCT CGT CGA CAT
Thr Arg Asp Tyr
ACC AGG GAT TAT
Ser Trp Asp Glu
AGT TGG GAT GAA
Leu Gly Arg Asp
CTT GGT AGA GAT
Arg Tyr Gly Thr
AGA TAC GGG ACC
Gly Ser Thr Cys
GGA AGC ACC TGC
Ser Tyr Ser Ser
AGT TAC TCG AGC
Asp Gln Arg Asn
GAC CAA AGG AAT
Gly Ser Ser Ser
GGT AGC TCA AGT
Gly Asp Ser Ser
GGA GAC TCG AGC

AGA TAT TAA AGCAAGCATTGAAAATAATAGTTATTGCATACCAATCCTTGTTTGCAAATCAAAAATTGAAAT
1672 GTTATTTCTGCATTGTTACCTGCATATTACTGAAAGAAACATGTTGGTTTTGTGGAGAGAGGTAGATACTAACTT
1747 CCTCCATGAATTTTTTGAGGTATTCAAAGGAAAAGGAATTGTTTTCAAAGTAATTTCATACTTGTTGATGCTATT

TGAAAAGTGTTTAGATGTAATATCTACCTTAAAATTTTCACAATAAAATTTGACAT

114
133
152
171
190
209
228
247
266
285
304
323
342
361
380
399
418
437
456
475
494
496
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1.20 RBM

Autosomal hnRNP G proteins (Delbridge et al., 1998) and Y-linked homologues like human RBM
but with only 1 internal repeat (Delbridge et al., 1997) are found in multiple copies in all other
mammals including marsupials. The fact that there are 30-50 copies of RBM on the Y chromosome
makes it difficult to study e.g. by knockout mouse technology. However it is known that mouse
(Elliott et al., 1996) and human RBM mRNAs (Chandley and Cooke, 1994) are both expressed up
to and including meiosis, and the protein is nuclear (Elliott et al., 1997). In humans antibodies
against RBM but not hnRNP G recognise sub-nuclear speckles containing splicing factors for a
period during meiosis but staining becomes diffuse after meiosis while the splicing factors stay

punctate (Elliott et al., 1998).

Very few, if any, tissue-specific regulators of RNA splicing are known in mammals so attention was
turned to RBM because of its nuclear tissue-specific and stage-specific distribution and also its
modular splicing factor-like structure. RBM has an N-terminal RRM domain and an auxiliary
region (the SRGY repeats) rich in SR dipeptides (fig 2), and is thus superficially similar to the SR
group of splicing factors/ enhancers, interactions between which are sufficient for enhancement of

alternative splicing (Graveley and Maniatis, 1998).

If it were an alternative splicing factor that regulates spermatogenesis, RBM would be likely to act
in concert with other splicing components to recognise specific splicing substrates. As such the two
fundamental questions are: which proteins and which RNAs does RBM interact with? My project
was to identify the proteins that interact with RBM, and thus find out which biochemical pathways

it is involved in.



Chapter 2. Methods

2.1.Cloning

2.1.1 PCR

2.1.2 DNA purification >50 base pairs
2.1.3 Restriction Digests

2.1.4 Quantification of DNA

2.1.5 Ligation

2.1.6 Preparation of electro-competent cells
2.1.7 Screening clones

2.1.8 Probe radiolabelling

2.1.9 Colony Hybridisation

2.1.10 Minipreps

2.1.11 Maxipreps

2.1.12 Sequencing

2.1.13 Electrophoresis

2.1.14 Single track sequencing

2.2. cDNA library synthesis

2.2.1 HeLa Cell Culture

2.2.2 mRNA purification

2.2.3 First Strand Synthesis

2.2.4 Oligodt/Xhol dynabeads mRNA
purification and first strand synthesis
2.2.5 Second Strand Synthesis

2.2.6 Ligating PCR tags

2.3. Yeast two hybrid

2.3.1 Culturing Yeast

2.3.2 Transformation

2.3.3 Filter Lift Assay

2.3.4 Quantitative Liquid Assay
2.3.5 Yeast Plasmid prep

36

2.4. Other techniques

2.4.1 SDS PAGE

2.4.2 Bradford Assay
2.4.3 Western Blotting
2.4.4 Northern blotting
2.4.5 PAC Screen
2.4.6 Southern Blotting

2.5. Recombinant Protein

2.5.1 RNA transcription

2.5.2 In vitro translation

2.5.3 Immunoprecipitation

2.5.4 Bacterial Protein

2.5.6 Phosphorylation of GST fusions
2.5.7 In vitro pulldowns

2.5.8 Antibody production

2.6. Computing
2.6.1 Blast Searching

2.6.2 Alignments
2.6.3 Submission to Genbank

2.7 Materials



37
2.1.Cloning

2.1.1 PCR

A ‘Trio Thermoblock’ (Biometra) PCR machine was used for 20 cycles of 94°C -30s, variable
annealing temperature 50-66°C- 30s, 72°C 1.5 mins. PCRs contained 0.5ul Taq or more /100 pl
which was premixed 1:20 with Pfu to increase fidelity. 10ng or less template was used with 1uM
primers. 5X Taq buffer was added to reaction volumes of 20-50l.

5 X Tagq buffer:

500ul React 4 (Applied Biosystems)
400ul 25mM MgCl,

50ul  25mM dNtds

50ul  water

2.1.2 DNA purification >50 base pairs

PCR reactions were then ‘cleaned up’ to remove oligos and free nucleotides:

10ul of ‘BioMag’ carboxyl terminated beads (PerSeptive Diagnostics) were washed three times in
0.5M EDTA then mixed with the PCR reaction (DeAngelis et al., 1995). An equal volume of 2.5M
NaCl/20% PEG 8000 was added and left for 10 mins. Beads were then washed twice in 70%
ethanol and allowed to air dry for 2 mins. The DNA was then eluted in 10mM Tris pH 7.8 for 5

mins.
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2.1.3 Restriction Digests

To prepare vector, 5ug of the plasmid to be cloned into was cut with two enzymes in the NEB
double digest-compatible buffer for 1 hr at the correct temperature for those enzymes. This was then
bound to BioMag beads (2.1.2) to purify it away from the multiple cloning site fragment. This
whole process was then repeated to ensure a high percentage of vector was double cut and to reduce

background ligation.

2.1.4 Quantification of DNA

PCR products and vector were run on a 0.8% agarose gel containing 1XTAE and 1l of 10mg/ml
ethidium bromide (per 20ml gel equivalent) in 1XT.A.E.

6X loading dyes contain 0.25% bromophenol blue and 30% glycerol

50X TAE (llitre) is made from

242¢ Tris base,
57.1 ml acetic acid and
100ml 0.5M EDTA pHS.

Quantification was by comparing with bands of a lambda phage Bst enzyme digest.

2.1.5 Ligation
Ligation reactions containing 10 femptomoles of vector (usually 25-50ng) and 50 femptomoles of
insert (also usually 25-50ng) were incubated for lhr at room temperature in 1X ligase buffer with

0.2ul of T4 DNA ligase.

10X ligase buffer

0.5M Tris pH 7.5
100mM MgCl,

100 mM DTT

10 mM ATP
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1 pl of 10ug/ul tRNA was added and the reactions were ethanol precipitated by mixing well with
one tenth volume of 3M NaAc pHS5.2 and 2.5 volumes of ethanol. This was pelletted by
microcentrifugation for 5 mins and washed in 70% ethanol, dried and resuspended in 10ul water.

1ul of the ligation reaction was added to electrocompetent E. coli strain DH5o (thawed on ice) and
transferred to 1lmm cuvettes in an Invitrogen electroporator and pulsed at 150Q2 and 150uF.
Transformed cells were resuspended in 1ml of autoclaved 2YT culture media (16g tryptone, 10g
yeast extract and 5g NaCl per litre) and 100ul was plated on selective LB media (10g tryptone, 5g

yeast extract, 10g NaCl, 15g agar per litre).

2.1.6 Preparation of electro-competent cells

E. coli strain DHSo. were grown overnight and diluted to an OD,, of 0.125 in cold 2YT. This was
then grown on for approximately 8 hours at 18°C until the optical density reached 0.5 (Chuang et
al., 1995). Cells were centrifuged at S000rpm in a desktop centrifuge (20-30cm diameter) for 5
mins. Cells were resuspended in half the culture volume of ice cold sterile water and pelletted once
more, then resuspended in 50mls of ice cold sterile 10% glycerol. The competent cells were again
centrifuged and resuspended in 40ul of 10% glycerol aliquots/10 ml culture and snap frozen on dry

ice in ductile microtitre plates and stored at -80°C, ready to be cut out and transformed (2.1.5).

2.1.7 Screening clones

Colonies were then screened by PCR if possible; colonies were picked into 10yl water by spinning
a toothpick between fingers. 1l was then used for a PCR with a 10 min denaturation step at the
beginning to lyse the bacteria followed by 30 cycles (2.1.1). One vector-specific and one clone-
specific primer were used. These were then run on agarose gels (a 2% gel if products were 400

nucleotides or less) to screen for positives. A negative control was always included.
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2.1.8 Probe radiolabelling

If PCR was not available colonies were hybridised with labelled insert to find clones.
30ng of insert DNA in 8l was labelled according to the following protocol;

DNA was boiled for 3 mins and cooled on ice and the following solutions were added;
3wl OLB

Iul  10mg/ml BSA

2.5u1 *PdCTP

0.5u1 Klenow fragment of DNA polymerase (purified by Dr. L. Eperon)

OLB is 2 parts Solution A to 5 parts solution B to 3 parts solution C.

Solution A is

625ul Tris pH8

250u1 H,0

125u1 1M MgCl,

18ul  B-mercaptoethanol

S5ul  100mM dATP

S5ul  100mM dGTP

S5ul  100mM dTTP

Solution B is 2M Hepes pH 6.6

Solution C is 2.5mg/ml random DNA hexamers

The reaction was left at 37°C for 1 hour and the products were ethanol precipitated (2.1.5) with

10pg tRNA for use in the following protocol (2.1.9).
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2.1.9 Colony Hybridisation

Circular Hybond N nylon filters were numbered and placed number side down on agar plates with
colonies for >30s.

The filter and agar were stabbed through with a needle in 3 asymmetric places and the positions
were marked on the outside of the petri dish.

The filters were removed with forceps

(and plates were replaced in incubator for 4 hours to regenerate then put in refrigerator)

0.75ml drops of solution 1 were placed 10cm apart on a clean benchtop

The filters were placed colony side upward on the drops so the solution soaked into it without
spilling over the top, and left for 3 mins.

Filters were then transferred to 2 paper towels to dry for 1 min each

The process was repeated with drops of solution 2, this time for 5 mins, with solution 3 for 5 mins

and with solution 4 for 10min.

Solutioni. 10% SDS

Solution 2.  (Denaturant) 0.5M NaOH, 1.5M NaCl
Solution3.  (Neutraliser) 0.5M Tris pH8, 1.5M NaCl
Solution4.  2XS.S.C.

20XSSC 1s 3M NaCl, 0.3M NaCitrate

The filters were dried for 10 mins on two different paper towel and then microwaved on full power

for 30s to fix the DNA.

The filters were prehybridised in prehybridisation solution by gently shaking filters in hybridisation

oven for 2-3 hours at 65°C
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Prehybridisation solution is

30mls 20XSSC,

40mls 25XDenhardt’s,

2mls 10%SDS,

100ul 10mg/ml freshly boiled sonicated salmon sperm DNA
and water to 100ml

25XDenhardt's Solution is

10g/1 each of BSA, Ficoll and PolyVinyl Pyrollidine all filtered

Filters were then rinsed in 100mls 5XSSC.

The radiolabelled probe was boiled with 1mg salmon sperm DNA in 1ml hybridisation solution
which was added to 19 ml hybridisation solution and layered on the filters in a sealed container and

shaken gently overnight at 42°C

Hybridisation solution:

5mls 20X SSC,
8mls 25X Denhardt's,
7mls formamide

The next day the filters were rinsed in 5X SSC at RT then washed for 1hr in lunch boxes

in 5X SSC at 50°C, in 2X SSC at 55°C, in 1X SSC at 60°C and then in 0.5X SSC at 65°C, or until
counts on filter were just slightly above background.

The filters were allowed to dry and stuck to 3MM sheet and a 0.2l of dilute radioactive material
was spotted onto the sheet so that after the filters had been exposed to film overnight the radiograph

could be aligned with the colonies.
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2.1.10 Minipreps

The plasmid was prepped from 3ml overnights from screened colonies.

1.5ml of cells were pellétted twice for 30s in the same Eppendorf tube. This was then resuspended
in 100ul solution 1 (50mM glucose, 25mM Tris-HCl, pH8, 10mM EDTA). This was then mixed
with 200pl of solution 2 (0.2M NaOH, 1%SDS). 150ul of solution 3 (29.4g potassium acetate, plus
11.5ml glacial acetic acid in 100ml final volume) was added to precipitate chromosomal DNA. This
was then centrifuged for 5 minutes and the supernatant was vortexed with phenol/chloroform/IAA
(25:25:1) to precipitate protein. This was centrifuged for 3 mins and the aqueous (top) phase
removed to fresh tubes, avoiding the protein at the interface. The nucleic acids were ethanol
precipitated (2.1.5) and resuspended in 100pl and 1pl of 10mg/ml RNAse A was added at 37°C for
30mins. This was then phenol extracted as before and ethanol precipitated again and resuspended at

100ng/pul (in 20-100ul). ‘Wizard’ preps (Promega) were used for some later minipreps.

2.1.11 Maxipreps

For larger scale plasmid preps the miniprep procedure was scaled up to 100ml cultures with some
differences. Cells were pelletted and treated as before but with 4ml solution 1, 8ml solution 2 and
6ml solution 3, but allowing 5 minutes on ice after the addition of each solution. The precipitated
chromosomal DNA was pelletted for 10 minutes at 6000rpm in a desktop centrifuge and the
supernatant was carefully removed and extracted with 7mls of phenol/chloroform/IAA. Ethanol was
added to 45mls and the nucleic acids precipitated and resuspended in 2ml of TE (10mM Tris pH
7.5, 0.1mM EDTA). 2ml of 5M LiCl was added and the long RNAs were allowed to precipitate on
ice for 30mins-1 hour. These were centrifuged and the supernatants were removed and ethanol
precipitated. This was resuspended in 400ul TE and S0pg of RNAse A was added for 30mins at
37°C. The plasmid was then phenol chloroform extracted and ethanol precipitated and resuspended

at lug/pl (in 40-100ul).



2.1.12 Sequencing

To prepare annealed sequencing templates 0.5ug plasmids to be sequenced in 9ul were added to
microtitre wells containing 1ul 2M NaOH at 37°C forl5 mins.

1ul Of 3uM sequencing primer was added to the denatured RNA-free template followed by 3ul of
plasmid prep solution 3 (2.1.10) . 40ul ethanol was added and the precipitate was centrifuged,
washed in 70% ethanol and centrifuged again. The dried pellets were resuspended in 10ul 1X
sequenase reaction buffer for 15 mins at 37°C. This annealed template was then placed on ice and a
10pl of first reaction mix was added

first reaction mix

10ul  “S dATP
10ul  100mM DTT
10ul  1Xsequenase labelling mix

(2.5ul of each A,G,C,T sequenase termination mix was pippetted into a fresh microtitre plate and
placed at 37°C).

2ul of sequenase (diluted 8:1 with sequenase dilution buffer) was added to each reaction and left for
4 mins at RT.

3.5ul of each reaction was removed into each of 4 termination mix wells at 37°C and left a further 4
mins

4ul F-dyes (0.25% bromophenol blue and xylene cyanol in formamide) was added to stop the
reaction and the products were denatured at 70°C for 2 mins before running samples on a gel

(2.1.13).
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2.1.13 Electrophoresis

2ul from each well was loaded on a 40cm 6% acrylamide, 20% formamide, 7M urea, 1X TBE
denaturing polyacrylamide gel (which was cast by the addition of 500ul of 10% Ammonium
persulfate and 100pl temed to a 80ml mix) at 30V/cm, checking the gel did not overheat.

10X TBE is 108g Tris base, 55g boric acid and 40ml of 0.5M EDTA per liter

2.1.14 Single track sequencing

Single track sequencing with ddA was essentially a quarter of four track sequencing (2.1.12).

100ng plasmid in 1pl was placed in microtitre well and 1.5pl of 333mM NaOH was added for 15
mins at 37°C. Plasmid prep solution 3 and 20uM primer were mixed 3:1 and 1pl of this mixture was
added to wells followed by 20yl ethanol. The DNA was centrifuged and washed in 70% ethanol and
resuspended in 2.5ul sequenase 1X buffer for 15 mins at 37°C. The 1:2:4 mix was prepared as
above and diluted sequenase was added to it to make a 1:2:4:2 mix and 1.375pl of this was added to
each well for 4 mins at room temperature. Then 2.5ul ddA termination mix was added at 37°C for 4
mins and 4 pl F-Dyes was added and the products denatured at 70°C for 2 mins before running on

gel as above (2.1.13).
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2.2. ¢cDNA library synthesis
2.2.1 HeLa Cell Culture
Frozen HeLa cell Aliquots were thawed at 37°C and added to 10ml low glucose DMEM and placed
in a petri dish at 37°C. When confluent after about 7 days cells were washed in PBS and then
trypsinised for 1min by the addition of 1ml 0.25% trypsin in 10ml PBS.

PBS (1 litre) contains

8g NaCl

0.2g Kl

1.44g NaHPO,

0.24g KH,PO,

The resuspended cells were removed by pipetting and were centrifuged at 600rpm in a desktop
centrifuge and divided into 12 plates. When the plates were confluent the cells were washed in ice
cold PBS and scraped off in PBS and centrifuged. The cells were then lysed in 375pl lysis buffer
(80mM Tris, 100mM NaCl, 5mM MgCl, and 0.5% nonidet P40) and left on ice for 5 mins. This
was then microfuged and the supernatant was added to 5ul of 10mg/ml proteinase K and 8pl 10%

SDS and left at 37°C for 15-30 mins. The RNA was twice phenol chloroform extracted and once

extracted with chloroform only and then ethanol precipitated and stored at -80°C.

2.2.2 mRNA purification

Poly(A)+ mRNA was purified from the total HeLa RNA with magnetic oligo dT beads (Scigen):
200u1 beads (per 40-300ug RNA) were washed twice in 2X binding buffer (1M LiCl, 0.2M Tris pH
7.5 and 2mM EDTA). RNA was heated to 65°C for 2 mins and added to 1 vol beads (in 2X binding
buffer) and flicked and mixed for 10 mins at RT. The particles were washed in >5X their volume
twice in 1X binding buffer and once in 1/10X binding buffer. The mRNA was then eluted at 65°C

for 5 mins. Poly(A)" RNA was quantified by absorbance at 260nm (10D=33pg/ml).
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2.2.3 First Strand Synthesis

1-2ug mRNA (+ or -) 0.7pg oligo dT adaptor were heated to 70°C for 5 mins and cooled on ice and
added to the following reaction mixture for 2 hrs at 37°C

2.4ul 0.IMDTT

1.2ul  10mM dNtds with methyl-C

lpl  *PdCTP

4.8ul 5X Superscript 1st strand buffer

0.8ul  Superscript Reverse Transcriptase
water to 24ul

2.2.4 OligodT/Xhol dynabeads mRNA purification and first strand synthesis

A solid phase synthesis approach was taken (Raineri et al., 1991).

50ul (500ug ) of Dynabeads-280 (streptavidin) were washed 3X in Binding and Washing (B+W)
buffer (2M NaCl, 10mM Tris, ImM EDTA) and resuspended in 100ul B+W buffer. This was added
to 100ul (1 nmole) of Biotin-CAT GTA CTC GAG T20 and mixed for 10 mins. The annealed oligo
was washed 3X in B+W buffer and resuspended in 50ul 2X binding buffer (1M LiCl, 20mM Tris, 2
mM EDTA).

37.5ug RNA (in 50ul) was heated to 65°C for 2 mins and mixed with the beads for 5 mins. The
beads were then washed twice in wash buffer (150mM LiCl, 10mM Tris, ImM EDTA) and once in

1X first strand buffer. 50ug of beads were resuspended in RT reaction mixture for 2hrs at 37°C.

RT reaction mixture

2yl 100mM DTT

4ul 5X first strand buffer

12ul  water

1ul 10mM dNtds with methyl-C

1yl ¥PdCTP

0.2ul RNAsin

0.8ul  Superscript reverse transcriptase
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2.2.5 Second Strand Synthesis
Second strand synthesis was carried out at 15°C for 2 hours using one tenth (2ul) 1st strand reaction

2nd strand reaction

2ul first strand reacton

2.5ul 10X Second Strand Buffer
1pl 10mM dNtds

0.5ul DNA Polymerase3.5U/ul
0.25ul RNAseH 0.87U/ul

1l “PACTP

17.75ul water

10X Second Strand Buffer

0.5M Tris base

0.9M KCl

30mM MgCl,

30mM DTT

0.5mg/ml  BSA

This was then blunt ended by heating to 70°C for 10mins, placing on ice and adding 2 units of T4

DNApolymerase at 37°C for 10 mins.

2.2.6 Ligating PCR tags
The beads were then washed and ligated in 100pl to 1 nmole of annealed adapter

AGCTCCGGATCCGTTGACTT H2
CTCGAGGCCTAGGCAACTGAA-p H1

which had been gel purified from a 15% gel
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The first strand was thus added onto and the second strand was removed by incubating the beads in

50ul 0.1M NaOH at 37°C for 10mins. The beads were then washed in 1X sequenase buffer and the

tagged first strand was then copied at 37°C for 15 mins in a 20pl sequenase reaction with

1ul 100mM DTT

1ul 10mM dNtds

15 pmoles  H2 primer

4ul sequenase 5X buffer and
2ul diluted sequenase.

This copied strand was then boiled off the beads at 95°C for 2 mins, ethanol precipitated and used
as a template for PCR with 22 cycles at an annealing temp of 66°C with H2 and the Xho/oligodT

oligo.

0.6ug PCR product was digested, bead purified and ligated into 2ug pACT vector which was then
bead purified and resuspended in 40ul. The resulting cDNA library was transformed 2yl at a time
into 20 electrocompetent DH5a aliquots and spread on 40 large petri dishes. Colonies were scraped

up and plasmid from them was maxiprepped (2.1.11).

2.3 Yeast two hybrid

2.3.1 Culturing

The Y190 yeast strain provided (Clontech Matchmaker) was plated on YP agar at 30°C. After 3
days a colony was picked and grown on in YP broth at 30°C overnight.

YP media

10g  yeast extract,
20g peptone,
15g  agar (for plates)
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2%  glucose

A 40% glucose stock was autoclaved at 10lb/sq in for 30 mins and added separately to avoid

caramelisation.

2.3.2 Transformation

Overnight cultures were diluted to OD,,, 0.2 and grown at 30°C for 3-4 hours until OD,,, reached
0.8 (2X10°/ml). Exponentially growing yeast were then at 25°C for 5 mins and resuspended in half a
volume of room température sterile water. The yeast was resedimented and suspended in 50ml
100mM sterile Lithium Acetate in TE (TELiAc), then centrifuged again and resuspended in 100ul
TELiAc per transformation (equivalent to 10mls exponential culture). This was then mixed with
600ul TELiAc containing 40% PEG 3450 and 700pl; of this mixture was mixed with 100ng of each
plasmid pool (or 10 ng for a single transformation) and placed at 30°C for 30 mins.

The cells were then heat shocked at 42°C for 15 mins, sedimented and resuspended in 100ul TE for

spreading on minimal media plates.
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Minimal media (one litre) contains

6.7 g Difco yeast nitrogen base without amino acids

10ml 2mg/ml Adenine hemisulfate

2%  Glucose

10ml 10mg/ml leucine (if required)

2.5ml 8mg/ml tryptophan (if required)

25ml 1M 3-AT (if required)

2.3.3 Filter Lift Assay

6 colonies from transfection plates (3-4 days after transformation) were patched onto plates and
replica plated onto 8.5cm filter paper circles lying on minimal agar plates and grown for 1 day.
Filters were lifted with forceps into liquid nitrogen for 15 seconds, removed and left to thaw on
bench to lyse the cells.

4.5 ml of Z buffer containing 0.27% B-mercapto ethanol and a 1/60 dilution of X-Gal stock
(20mg/ml in Dimetyl formamide kept in dark at -20°C) was placed in a petri dish lid and a clean

filter paper placed on top.

Z buffer (one litre)

16.1g Na,HPO,.7H,O
5.5g NaH,PO,.H,0
0.75g KCl

246mg MgSO,.7H,0

The thawed filter lifts were then placed on top of the clean wet filters avoiding air bubbles and left

for 4 hours. Strong positive colonies began to turn blue in 30 mins.
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2.3.4 Quantitative Liquid Assay

Doubly transformed colonies on -leu -trp minimal media plates were grown up in liquid minimal
media from OD,, 0.2-0.8 and exact ODs noted. 1ml was sedimented and resuspended in 100ul Z
buffer. Cells were lysed by freezing in liquid nitrogen for 1 min followed by 1 min in a 37°C water
bath, then 700ul Z buffer/BME was added.

200ul of 4mg/ml ONPG (in Z buffer) was added and a stop clock started. As the solution began to
turn visibly yellow 400ul of 1M Na,CO, was added and the stop clock stopped and time noted. The
absorbance at 420nm was noted versus a blank reaction.

The activity was calculated as Abs,,/Abs,, per min.

2.3.5 Yeast Plasmid prep
Co-transformed yeast colonies were picked into 200ul lysis solution

lysis solution

2%(v/v) Triton X-100

1%(W/v) SDS

100mM NaCl

10mM Tris pH8

ImM EDTA

Then 200ul of phenol/chloroform was added and 0.3g of acid washed glass beads.

The mixture was vortexed for 2 mins and centrifuged and the DNA in the aqueous phase was
ethanol precipitated.

This crude ‘yeast DNA’ was used to electoporate E. coli HB101 and plated on bacterial minimal

media.
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Bacterial minimal media

ImM Thiamine
0.1mM CaCl,

2mM MgSO,
12.8g/1Na,HPO,.7H,0
3g/1 KH,PO,
0.5g/1 NaCl

lg/1 NH/CI

4g/l1  Glucose

Colonies took 2 days to grow unless grown first on LB plates and then streaked onto bacterial
minimal media for 12 hours. DNA was then prepped from standard overnights by standard

miniprep.
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2.4. Other techniques

2.4.1 SDS PAGE

Exponentilly growing yeast cultures, bacterial lysates or pure protein were boiled in SDS dyes (to
avoid clotting, reticulocyte lysates were mixed with dyes without boiling) and run on 10%,12% or
16% SDS gels for resolution in the 60kDa, 30kDa and 15kDa regions respectively.

Resolving gels were poured up to 1cm below the desired height of the comb

resolving gel Sml

1.3ml 1.5M tris pH8.8
50pl SDS

50ul AMPS

10ul TEMED

protogel 30% acrylamid to desired percentage

water to Sml

These were allowed to set for 20 mins with a layer of water (0.5ml) on top. The water was then

poured off and a stacking gel was poured on top and the comb inserted into this.

stacking gel 2ml

1.4ml water

330ul protogel 30% acrylamide

250pl 1M Tris pH 6.8

20ul  10% SDS

20pl  AMPS

5ul  TEMED

Samples were boiled in loading dyes (50mM Tris pH6.8, 0.1M DTT, 2% SDS, 10% glycerol, 0.1%

bromophenol blue) and electrophoresis was performed in a ‘Biorad miniprotean’ gel apparatus at
150V in 1X running buffer (15.1g Tris, 94g glycine in 1 litre + 0.1% SDS)
Gels were shaken in Coomassie blue stain for an hour and washed in ‘Destain’ solution (10% acetic

acid and 20% IMS) overnight.
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Coomassie Blue Stain is

2.5g Coomassie Brilliant blue R250 dissolved in
900ml 50% methanol
100ml acetic acid (all filtered).

2.4.2 Bradford Assay

Proteins were quantified by comparing their Abs,,, with a standard range of BSA concentrations
which was linear for 0-7pug/ml (OD 0-0.35). The protein is mixed with 1X Bradford reagent and left
for 2 mins before spectrophotometry.

5X Bradford reagent is a filtered mixture of

100mg Coomassie brilliant blue G250 dissolved in

50ml 95% ethanol with

100ml of concentrated phosphoric acid added and

water to 200ml.

2.4.3 Western Blotting

SDS gels were ‘blotted’ onto 6.5cmX8.5¢cm ‘hybond C super’ rectangles between 9 rectangles of
3MM paper of 7cmX 9cm in a ‘fastblot’ (Biometra) apparatus. The filter paper was immersed in
1Xblot buffer +10% methanol and a positive charge limited by power to 10W was applied from the
hybond C to the gel for 40mins.

10X blot buffer (1 litre)

58g  Tris base
29g  glycine
3.7g¢ SDS

Filters were then blocked in 50mls D-Glu full with 4% Marvel on shaker for 1.5 hours.

Al
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D-Glu full buffer

80mM K Glutamate

5% Glycerol

0.2 mM EDTA

0.1% Tween

20mM Triethanolamine pH7.9
0.5mM DTT

Filters were then washed in Western buffer (WB) which is D-Glu full with 1% Marvel and shaken
vigorously, immersed in Sul antibody in Smls of WB, for 40mins. They were rinsed 3 times for 5
mins in WB and then vigorously shaken, immersed in 1.5ul of 0.5mg/ml proteinA-HRP in 5ml WB.
The filters were then washed three times for 5 mins in WB and exposed to a mixture of 2.5ml
luminol and 2.5ml enhancer (ECL Amersham) for 1 min, covered in plastic and immediately

exposed to X ray film for 40mins.

2.4.4 Northern blotting
The commercial blot (Origene) was rehydrated by placing in 4XSSC then placed in a sealed plastic
bag. A comer of the bag was cut off and 10ml of filter sterilised hybridisation buffer at 42°C was

introduced and the bag was resealed and shaken at 42°C for 2-4 hrs.

Hybridisation buffer (100mls)

0.2% SDS

25ml S5X SSPE

20ml 5X Denhardt’s (see X)
50 ml formamide

10g  Dextran sulfate

Img single stranded DNA

20XSSPE (one litre)

175.3g NaCl
27.6g NaH,PO,H,O
40ml 0.5SM EDTA pH 7.4
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Radioactive probe (2.1.8) was then boiled in 1ml fresh hybridisation buffer and added to 9ml which

was used to replace the solution surrounding the blot for an overnight hybridisation at 42°C.

In the morning the blot was washed 3X in 2XSSC then twice for 15 mins at 42°C in 0.25X SSC,
then for 30mins each at 50°C, 55°C and 60°C. All wash solutions contained 0.1% SDS. The blot
was sealed wet in a bag and exposed to film.

To strip the blot it was soaked in 250ml of TE, 1% SDS for 2 mins then boiled for 5 mins in the
same solution. This was allowed to cool on the bench for 5 mins and the radioactive liquid was
drained off and the blot was rinsed for 1 min at room temp before sealing wet into a plastic bag and

kept at 4°C.

2.4.5 PAC Screen

PAC filters (HGMP)with DNA samples fixed in place, were hybridised essentially as for colony
hybridisation (2.1.9). The hybridisation volume was still 20mls despite the large size of the filters
which were rolled between nylon gauze in hybridisation tubes and revolved in the oven in the

direction such that the outer not the inner lip was catching liquid.

2.4.6 Southern Blotting
The positive PAC clones were maxiprepped and 10ug plasmid was digested in 50ul with 5pl total
restriction enzyme for 4 hours. The digests were extracted with phenol/chloroform and ethanol

precipitated and run on an 20cm square 0.8% agarose gel, without ethidium, overnight at 2V/cm.

The gel was stained in 0.5ug/ml ethidium bromide for 30mins and then run for 15 mins more and

photographed next to a ruler.

The gel was then washed for 7 mins in 250ml 0.25M HCI to partially shear the DNA and rinsed in



58
H,O0. The gel was then shaken in 0.5M NaOH, 1.5M NaCl to denature the DNA and then neutralised

for 30 mins in 3M NaCl, 0.5M Tris pH 7.4.

The gel was then blotted by capillary action onto hybond N; the gel was placed above the
membrane on top of filter paper immersed in a bath of 20XSSC into which its ends fell. The gel was
covered in a filter paper soaked in 3X SSC and these were covered in paper towels weighted with a
250g weight. The wet towels were replaced every 10 mins for 2 hours then the membrane was

allowed to dry and the DNA fixed to it by microwaving on top power for 30s.

As the probe was very GC rich ‘Church buffer’ was used rather than a buffer containing Denhardt’s
reagent, which could have given high background. The blot was prehybridised for 1.5 hrs at 65°C in
Church buffer.

Church buffer

7%  SDS

ImM EDTA
1X  phosphate buffer

2X phosphate buffer (one litre)

7ml  88% phosphoric acid
134g  Na,HPO,

Boiled probe was then added directly to the prehybridising blot and shaken overnight at 65°C. In the
morning the probe was washed at 65°C in 0.1XSSC,0.01% SDS until the background had gone and

it was then allowed to dry and autoradiographed.
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2.5. Recombinant Protein

2.5.1 RNA transcription
RNA was transcribed in vitro in Promega transcription buffer. 100ul reactions took 1.5 hrs at 37°C

and contained

20yl 5X buffer

10ul  100mM DTT

10ul  10mM rNtds

2ul  RNAsin

10ul  10mMGpppG cap (if needed)
Iyl  T7 polymerase (if needed)
2ul T3 polymerase (if needed)
3ul  SP6 polymerase (if needed)

Labelled RNA was made by substituting 1mM for 10mM rGTP and adding in (o-"P) rGTP.
Biotinylated RNA was made by substituting 2mM for 10mM rUTP and adding in 0.4ul 10mM
biotin-11-UTP (Boehringer).

10ug RNA produced was phenol/chloroformed and precipitated with 2.5 volumes of ethanol and
resuspended in 10ul water with 0.5ul RNAsin. In some cases, 1 vol SM LiCl was added and left on

ice for 1 hour. The long RNA was then collected by centrifugation and washed in 70% ethanol,

dried and resuspended.

2.5.2 In vitro translation
The typical 20pl translation incubated the following at 30°C for 2 hrs:

14ul  Rabbit reticulocyte lysate (Promega)
lpl  *S methionine

0.4pl 1mM amino acids - methionine
0.6ul RNAsin

0.5ul  lug/ul RNA

3.5ul  water
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Labelled proteins were phosphatased by mixing with 1 unit protein phoshatase 1 (NEB) in 100l
(supplied buffer with MnCl) for 30mins at 30°C.

RBM was translated using Promega’s TNT lysate (that couples transcription and translation) with
plasmid pOM6 (RBM cloned into EcoRV, Kpnl sites of pcDNA3 by O. Makarova) by the
following typical 20ul reaction at 30°C for 2 hrs.

10ul  TNT Rabbit reticulocyte lysate (Promega)

1.6ul S methionine

0.4ul 1mM amino acids - methionine

0.4ul RNAsin

0.8ul TNT buffer (provided)

0.4ul  3ug/ul pPOM6

6ul  water
0.4ul T7 polymerase (provided)

2.5.3 Immunoprecipitation from reticulocyte lysates

5ul Scigen, 10ul Pharmacia and 30pul Quantum magnetite proteinA beads were washed at RT by
rolling for 30 mins in 100ul D-Glu full buffer (2.4.3) 4% milk, then mixed with 10ul hnRNP Al,
RBM or tra2f antiserum for 30 mins followed by 2 more washes. The beads were then blocked for
a further hour and then bound to reticulocyte translation reactions for lhr. The beads were then

washed four times in D-Glu full and boiled in SDS dyes.
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2.5.3.1 Immunoprecipitation from HeLa nuclear extracts

100ul of affinity purified antibodies (2.5.8)were bound to 50ul goat anti-rabbit agarose beads
(Sigma) which had béen blocked for 1.5 hrs in D-Glu full, 4% milk (as 2.4.3) and used to
immobilise 100ul anti hnRNP G antibodies (see 2.5.8) in 400pl D-Glu full + 0.1mg/ml BSA, for 1
hour at 4°C. Beads were washed and incubated with 400ul 40% pre incubated Nuclear Extract for 2
hours at 4°C. Nuclear extract was pre-incubated by mixing with 70% D-Glu full with a final
concentration of 2mM ATP, 20mM CrPi, 1.5mM MgCl, and 1 ul RNAse (10mg/ml) for 30 mins at
30°C. Beads were washed 4 times in Dglu full at 4°C and bound components were eluted twice for
30 seconds at room temperature in 50ul 1% SDS, 0.5M NaCl 50mM Tris pH 6.8. One quarter of
pooled eluate was mixed with loading dyes for 12% SDS PAGE and Western blotting with hnRNP

G, tra2f3 or U1A antibodies.

2.5.4 Bacterial Protein production

Recombinant GST and his-tagged proteins were produced in E. coli BL21-DE3 from pGex2T
(Smith and Johnson, 1988) and pET15b (Novagen) respectively. Overnight cultures were grown
diluted to 1 litre OD,, 0.1 and grown at 37°C until reaching OD,, 0.5. Protein was induced with
0.2mM IPTG for 2 hrs. The bacteria were recovered by centrifugation, resuspended in 12ml PBS +
2mM DTT containing a proteinase inhibitor cocktail (2pg/ml each of leupeptin, aprotinin,
benzamidine and trypsin inhibitor + 0.1mM PMSF), and sonicated twice for 20secs each time. The
lysates were centrifuged at 20,000rpm for 15 mins at 4°C and the supernatants mixed for 2 hours
with 1ml glutathione agarose (pre-swollen in PBS). Beads were then washed 3 times in PBS
containing 0.1% SDS and twice in PBS without SDS. The beads were then eluted in 10mM

glutathione in PBS (final pH 7) for 10 minutes at room temperature and quantified by Bradford
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assay.

For in vitro experiments 400yl of pure or diluted lysate was bound to 20ul GST agarose for 1 hour
and one quarter of this was used for each experiment. Beads were washed in D-Glu full +1mM DTT
(non stringent conditions) or with the second and third washes containing an extra 0.5M KCl

(stringent conditions).

2.5.6 Phosphorylation of GST fusions

Fusion proteins were phosphorylated by incubation for 30 mins at 30°C in a volume of 100ul
containing either (1) 14l CCCC nuclear extract +2mM MgCl, + 25mM CrPi and 2mM ATP, or (2)
SRP kinase buffer (50mM Tris pH 7.4, 10mM MgCl,, ImM DTT and ImM ATP) + 0.15 units

SRPK1 or 0.02units clk/sty.

For Labelling reactions containing (y-°P) ATP the unlabelled ATP concentration was reduced to

10pM.

2.5.7 In vitro pulldowns

*S-labelled proteins or *P-labelled RNA were added to washed GST fusion protein (bound to
beads) overnight at 4°C or for 30mins at 30°C. The beads were washed four times. Proteins were
quantified by boiling in SDS dyes and SDS page autoradiography. RNA was quantified by adding

the beads to scintillant overnight and counting for 10 mins.
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2.5.8 Raising Antibodies

GST fusions of the first 50 amino acids of tra2} and amino acids 179 to the end of T-Star were
produced and purified from E. coli. ). Smg were injected in four subcutaneous sites into NZ white
rabbits, several times over 9 months, firstly with complete and thereafter with incomplete adjuvant.

Total serum was harvested and the coagulant was removed by centrifugation after a night at 4°C.

2.5.8 Antibody purification

20 ml of crude sera was purified using caprylic acid (McKinney and Parkinson, 1987).

Serum was diluted with 4 volumes of 60mM Na-acetate pH4 (0.34ml acetic acid /100ml adjusted
with NaOH). 25 pl caprylic acid was then added dropwise per ml of diluted serum and stirred at
room temperature for 30 mins. This was centrifuged at 10,000rpm for 30 mins and the supernatant
was neutralised with one tenth volume 10X PBS. The mixture was cooled to 4°C and 0.277g per ml
of ammonium sulphate was sprinkled in while stirring and left stirring for 30 mins. The antibodies
were collected by centrifugation at 10,000g for 15 mins and resuspended in D-Glu full and then

desalted in a PD 10 column (Pharmacia) against D-Glu full.

His tagged fusions (made from pET15b) of the first 50 amino acids of tra2} and amino acids 179-
247 of T-Star were purified from E. coli by J. Greenwood who went on to affinity purify the
antigens on a mono-S negatively charged column. 5-10mg of these were run on four 16% SDS gels
and blotted onto hybond C. The relevant bands were stained with Ponceau S and cut from the blot
and these were then blocked as in Western blotting. After washing in D-Glu full the strips were
incubated with purified IgG from the relevant sera for 40 mins. The strips were washed four times
in D-Glu full then the antibodies were eluted in 0.5 ml of 0.1M glycine, 0.15 M NaCl pH 2.5 for 30

seconds and the eluate was immediately neutralised with 35ul 2M Tris.
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2.6 Computing

2.6.1 Blast Searching

2.6.2 Alignments .

2.6.3 Submission to Genbank

2.6.1 Blast Searching

Sequences obtained from the clones retrieved in the two hybrid screen were typed into ‘Gene

Jockey’. From here they were pasted into the ‘blast’ search window at the NCBI web site.

Sequences that did not score a hit were again entered, but to search the ‘EST’ database.

2.6.2 Alignments

Overlapping sequences were combined by simple alignment in gene jockey, and then combined by
pasting together non overlapping sections. Sequences were then aligned using the ‘Clustal W’
program. Alignments were then exported into the ‘Gene Doc’ program, where they were boxed and
shaded. Gene Jockey II now performs this entire process in Windows based ‘follow your nose’

form.

2.6.3 Submission of sequences

Submission of sequences to Genbank involved following simple instructions within the NCBI home

page.
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2.7 Materials

‘Matchmaker’ Yeast two-hybrid system and cDNA library (Clontech)

Mini Northern Tissue blot (Origene)

PAC filters (HGMP)

Nuclease treated Reticulocyte Lysates (Promega)

HeLa nuclear extract (CCCC, Mons Belgium), batch tested for splicing competence by Dr. L.

O’Mullane.
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Chapter 3.The Screen

3.1 Genetic Screens

3.2  Preparing Constructs

3.3 Yeast Two Hybrid Screen
3.4  Grouping the Prey

3.5  Tissue Distribution

3.1 Genetic Screens

To investigate the function of RBM genetic techniques were used because of previous difficulties
obtaining soluble native and recombinant RBM. Difficulties in extracting soluble protein from
human testis were further compounded by scarcity of fresh material. Genetic techniques for
discovering protein interacting partners involve translation of cDNA libraries in vivo and selection
for the interaction leading to sequencing of the genes responsible (Allen et al., 1995). Techniques
include the now well known Yeast Two-Hybrid system (Chien et al., 1991) and various phage

display techniques (O'Neil and Hoess, 1995)

One seemingly promising technique was the pOK phage display system (Gramatikoff et al., 1994)
which seemed to offer the advantage over yeast techniques of being able to screen far larger
libraries of cDNA clones and also of selecting only strong interactions as the yeast two hybrid
system was thought to pick up weak interactions resulting in many false positives. Unfortunately for
this system the plasmids provided failed to confer dual antibiotic resistance when co-transfected,
despite the fact that they both worked alone; this problem was also subsequently noticed by the
system’s originator. Another potential disadvantage with phage display is that it involves secretion
out of E. coli and this may be disadvantageous with long polypeptides, or with highly charged

proteins such as RBM.
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The yeast two hybrid system had been in existence for 3 years, but had already produced a long list
of successful publications; in its many forms it now figures in over 50 papers a month (Vidal and
Legrain, 1999), so this was the next method of choice. The yeast two hybrid system from Clontech
works by transfecting 2 fusion proteins into yeast which are fused to either half of the Gal4
transcription factor. If the two fusions proteins interact, functional Gal4 is formed and this drives
expression of (1) a gene allowing Histidine synthesis and (2) a gene that metabolises XGal into a
blue product, so that functional partners can be screened for growth on media lacking histidine and
for blue colour by eye (Fig 3). A single bait protein can thus be used to screen a million or more

yeast colonies each containing independent cDNA products.

3.2 Preparing Constructs

3.2.1 Cloning the bait

Firstly RBM was cloned downstream of the Gal4 DNA binding .domain, so that it would be
expressed as a fusion protein. The RBM clone pMKS5 was provided by Prof. H. Cooke and this was
amplified by PCR with linker primers. The PCR product was cut with EcoR1 and BamH]1 as was
the recipient vector pAS. Several specific parts of RBM (fig 4a) were also cloned into pAS. These
were the protein lacking its N-terminal RRM (BD), and the three regions of this, B, C (the SRGY
boxes shown in fig 4b) and D. Expression of AD, BD and C in yeast was confirmed by Western
blotting using the RBM antibody and the full length RBM fusion (AD) was set aside for use as bait

(fig 44).



Fig 3. The Yeast Two Hybrid System selects for
protein protein interactions, (a) The bait is cloned in a
plasmid B in frame with the DNA binding domain of
Gal4 and cDNA library is cloned downstream ofthe
activating domain in plasmid A and cotransformed into
yeast,' Whlch gives blue co.lomes if(b) a p051tlve.prf)tem— 7 Plasmid A
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SRGY Boxes

*Boxl GNHPSCQETRDYAPPSRGYAYRDNGHSNRDEHSSRGY
Box2 RNHRSSRETRDYAPPSRGHAYRDYGHSRRDESYSRGY
Box3 RNRRSSRETREYAPPSRGHGYRDYGH SRRHE SYSRGY
Box4 RNHPSSRETRDYAPPHRDYAYRDYGHSSWDEHSSRGY

Fig 4. (a) the structure of RBM, containing 4 regions: A (an N-terminal RNA Recognition
Motif), B, C (the SRGY boxes) and D. (b) Alignment ofthe SRGY boxes, (c) sspl

digest of pAS showing insert size of four constructs and empty vector pAS. In pAS digest
the MCS containing band comigrates with the second band (d) Western blot of yeast lysates
from constructs AD and BD with RBM antibody.
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3.2.2 ¢cDNA library

To make the cDNA library in the ‘activation domain’ plasmid, HeLa Cells were grown up and RNA
was extracted first by LiCl extraction which gave contaminating DNA and then by Nonidet
extraction (fig 5a). Poly(A)'RNA was purified on magnetic oligo (dT) beads for use as template in
RT-PCR. First strand synthesis was primed by oligo (dT) adaptors. Unfortunately the products of
this reaction (labelled and run on gel) appeared identical whether or not the oligo (dT) adaptors
were present (fig 5b). These products were presumably predominantly the result of mRNA priming

on mRNA and did not contain the adaptor restriction sites for cloning.

To circumvent this problem biotinylated oligo (dT) bound to streptavidin beads was used to purify
the mRNA and prime the first strand in one step (fig 5c). The beads also have the advantage that the
mRNA primed products can be removed by washing. Random priming for the second strand
synthesis did not work on the beads although it was successful at copying M13 single stranded
DNA into double stranded product (fig 5d). Perhaps the local concentration of negative charge on

the beads was too high to allow access to the random primers.

Instead RNAse H second strand priming was used. Linkers were ligated onto the products of this
reaction and they were PCR amplified. It was found to be necessary to have an annealing
temperature no lower than 66°C to avoid non-specific priming in the PCR (fig5e) and the number of
cycles was optimised at 22 to minimise unfinished strand synthesis (fig 5f). PCR products were
restriction cleaved at both ends and fragments greater than 400 base pairs in length were gel purified
(fig 5g) and ligated downstream of the Gal4 activating domain in the multiple cloning site of pACT.
The library was transformed into DH5a. E. coli and spread on 100 plates to maxiprep plasmid from
1.5 million independent colonies, as liquid cultures favour the shorter inserts. Analysis of the cDNA

library showed an even spread of insert sizes between 1.4 and 0.4kb (fig Sh). Instead of purifying



Fig 5. Optimisation of cDNA Synthesis, (a) RNA extraction from HeLa cells by LiCl and Nonidet methods
was run on an agarose gel and visualised by ethidium staining.(b) First strand synthesis with and without
oligo d(T) primer.(c) Immobilised first strand synthesis with and without immobilised oligo d(T) primer and
mRNA template, (d) Random hexamer priming on M13 single stranded DNA. Products are visible as low
mobility duplexes on this agarose gel. As random hexamer primers were titrated in, M1 3 became a template
for sequenase and Taq (left and right halves respectively), (e) Optimisation of PCR annealing temperature.
cDNA that had or had not been ligated to linkers (+/-) was amplified for 22 cycles at increasing annealing
temperature (TD = touchdown) (f) Optimisation of number of cycles of PCR required to amplify cDNA.
(g)Amplified cDNA after gel purification to remove fragments >400bp. (h) Analysis by restriction digestion
(using Hindlll) of insert sizes in clones picked at random from cDNA library. Insert sizes can be calculated
by subtracting 750bps (the wild type cloning site fragment shown with an arrow) from the apparent size.
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the fragments from the ethidium stained portion of a gel it would have been better to create a cut-off

by gel filtration and cloned fractions containing the longest cDNA fragments in order to increase the

average insert size.

3.3 Yeast Two Hybrid Screen

Yeast was transformed with the full length RBM/DNA binding domain construct onto media
lacking tryptophan, and a one litre exponential culture of this was transformed with 40ug of the
HeLa cDNA library and plated at a rate of 10mls of culture per plate on a hundred 14cm plates
lacking tryptophan, leucine and histidine and containing 3-AT to suppress leaky histidine synthesis.
A control plate with no 3-AT was used to estimate the overall number of transformed cells at

approximately 800,000 colonies.

In addition, a testes ‘Matchmaker’ (Clontech) cDNA library with an average insert size of 1400bps
was purchased at this time in the hope of revealing testes-specific partners for RBM. The library
was transformed into E. coli and prepped as before and the first screen with it used 30ug cDNA
library on 75 large plates and yielded 200,000 transformants and the second screen used 100ug
testes cDNA library and 100 plates and yielded 600,000. In all therefore 800,000 transformants
were screened from the home-made HeLa library and 800,000 were screened from the commercial

testes library.

As the plates contained 3 amino triazole (3AT) to select for high level histidine synthesis only a
small proportion of the colonies were large (1mm across). The 200 largest were spotted in grids of

25 to duplicate plates and assayed for blue colour in the filter lift assay by the supplied protocol.
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117 colonies turned blue, all but 2 of which were from the testes cDNA library (probably because

the home made library’s inserts were too short to contain much coding region). These putative
positive colonies that had survived the double selection were picked and suspended in buffer and
sonicated with glass beads in a crude plasmid extraction. These yeast lysates were then used to
electroporate E. Coli HB101 plated on leu- media to prepare pure plasmid (as HB101 cannot
synthesis their own leucine and the LEU2 gene functions in prokaryotes as well as yeast). These
117 plasmids were then retransformed into yeast containing the RBM construct and re-assayed and

76 were still blue. Of these, only one was from the HeLa library.

Losses could have been incurred at the various stages for several reasons. The 83 colonies that grew
but were not blue may have mutated to allow histidine synthesis. The 31 blue colonies that failed to
remain blue on retransformation could also have resulted from yeast mutations. Alternatively the
original blue colonies may have contained two or more plasmids, just one of which was positive, so
that when the DNA was transformed into E. coli, it is possible that only a proportion of the resulting
colonies contained positives, the remainder may have contained ‘stow-aways’, in which case these

negative lysates may be worth re-screening for the true positives within.

The pAS plasmid has a cycloheximide resistance gene that can be taken advantage of to reduce the
work done in yeast two hybrid screens. Putative positive yeast colonies are grown overnight
selecting against the bait plasmid and then plated with cycloheximide which only allows growth in
the absence of the bait plasmid. Colonies that grow are then back-crossed (mated) by simply mixing
with ‘minus’ strain yeast containing the bait plasmid and assayed for a continuing blue. This shows

that the plasmid within is a true positive without prior purification and retransfection of the plasmid.
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3.4 Grouping the Prey

The 76 positive plasmids were first grouped into genes by single-track sequencing from the 3’ end
of the inserts (which had been cloned with an oligo (dT) primer), and this identified common 3’
ends (fig 6). 36 of the clones fell into 16 groups, so that 20 clones did not need to be fully
sequenced. This approach was backed up by restriction analysis (Fig 7) and 4-track sequencing then
further grouped all the prey into just 19 gene groups and allowed identification of nine of these by

analysis with the Blast program.

The two most abundant known genes were Sam68 (Wong et al., 1992) with 8 clones, and tra23 with
5, which included the single positive from the HeLa library. Samé68 is thought to be a cell signalling
molecule because it is ‘Src Associated in Mitosis’. Tra2f} is also a homologue of Drosophila tra2
(see introduction 1.7 and 1.8) which is the splicing factor in flies responsible for male sexual
behaviour and testicular development (Heinrichs et al., 1998; McGuffin et al., 1998) as well as
female sexual identity (Belote and Baker, 1982), and tra2f is an SR protein that has been shown to

be an alternative splicing factor in vitro (Tacke et al., 1998)

However, the two most abundant genes of all were novel. These were a relative of Sam68 with 24
clones and a close homologue of hnRNP G (Soulard et al., 1993), and thus a relative of RBM itself,

with 10 clones.



Fig 6. Single track sequncing of 74 positive clones. Arrows show instantly groupable clones but careful scrutiny revealed many more.
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Fig 7. Hindlll digests of partially grouped prey shows insert size + 750bp. Several ofthe
unknown groups here turned out to be alternative 3’ ends of the same gene and the 31
groups shown here were later reduced to just 19.
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3.5 Tissue Distribution

The tissue distribution of the novel genes was studied by Northern blotting to see if they were
testes-specific variants of their ubiquitous homologues, Sam68 and hnRNP G (fig 8). An ‘Origene’
filter with 10 pg poly(A) RNA from six tissues (Brain, heart, kidney, stomach, testes and placenta)
was probed first for the ‘hnRNP G homologue’ and then with the ‘Sam68 homologue’, then with

tra23, B—Actin and finally with hnRNP G itself.

The first Northern showed that the hnRNP G-like gene was a testes-specific homologue and this
gene was named hnRNP G-T (Testes). This testes specificity was confirmed by Dr S.L.Chew in six
other tissues. HnRNP G itself had a widespread distribution as expected but it is possible that the
signal from testes is due to cell types other than the germ cells and that hnRNP G-T replaces it
there. The recent report of hnRNP G expression in germ cells (Elliott et al., 1998) may have been

due to probable cross reactivity of hnRNP G antibody with hnRNP G-T.

The hnRNP G-T probe was a PCR of 3’ coding region and 3’ UTR. The hnRNP G probe was a
restriction fragment of the corresponding region. In all the Northern blots control spots of the cDNA
to be hybridised and its close relatives were compared to ensure that the hybridisation was specific

for the desired homologue.

The probe for the Sam68 homologue was a 260bp Apal fragment from the novel gene containing
most of its GC-rich (83%) S’UTR. The distribution of this homologue was also largely testes
specific, with negligible expression outside of testes and brain where weak expression seemed to be

of a marginally longer isoform (fig 8). The SAM68 homologue was named 7-STAR; T, because it is
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Fig 8. Northern blots of 1Glgpoly(A) RNA from 6 different human tissues

to which T-Star and hnRNP G-T owe their names. hnRNPG-T is apparently testes-specific
and RT-PCR with 6 different tissues by Shem Chew (not shown) confirmed this.

T-Star is predominantly testicular with some expression in brain. The existence

ofthe slightly longer mRNA isoform in brain was not observed by another group that
independently cloned the mouse T-STAR gene (Di Fruscio et al 1999).

Tra2p is strongly expressed in testes but hnRNP G is not.
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predominantly expressed in testes, and STAR because its homologue Sam68 is a member of a

family of proteins that have been termed the ‘STAR’ proteins for ‘Signal Transduction and RNA
Processing’ (Ebersole-et al., 1996; Vernet and Artzt, 1997). T-Star and hnRNP G-T were deposited
in Genbank with accession numbers AF069681 and AF069682 respectively. Tra23 was probed with
its first 150 nucleotides of coding region and it too was strongly expressed in testes. The B-Actin

control showed that all mRNAs were of approximately equal abundance on the blot apart from

placental RNA.
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Chapter 4. Sequence Analysis

4.1 RBM’s potential interacting partners
4.2 T-Star’s Initiation Codon

4.3 The Sam 68 family

4.4 The hnRNP G family

4.5 The Tra2 family

4.6 A novel Zinc Finger Protein

4.7 Other unidentified prey

4.1 RBM’s potential interacting partners

The 19 gene groups retrieved are shown in table 3.

No. Name No. Name No. Name No. Name
24 T-star 5 B 1 9G8 1 Q

10 hnRNP G-T 3 E 1 Sox4 1 S

8 Sam68 2 SRp30c 1 ERF2 1 U

6 Zinc3X Finger 2 hnRNP K 1 RiboL28 1 w

5 tra2f3 2 Platelet PFK 1 Z

Table 3. Genes retrieved in the two-hybrid screen showing number of independent isolates. Partially

sequenced genes are denoted by single letters.

Seven of these sequences, comprising 52 of the 76 clones (over two thirds), encode RNA-binding

proteins. T-Star, Sam68 and hnRNP K all have RNA-binding domains of the KH type so called
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because it was first identified in hnRNP K (Siomi et al., 1993); hnRNP G-T, tra2, SRp30c

(Screaton et al., 1995) and 9G8 (Popielarz et al., 1995) all have RRM-type RNA-binding domains

(Siomi and Dreyfuss, 1997).

4.2 T-STAR’s Initiation Codon

It was not possible at first to ascertain whether the clones retrieved contained the full coding region
of the most abundant protein 7-STAR. The 300 nucleotides of cDNA upstream of the first AUG in
T-Star mRNA are very GC rich (81%) unlike the downstream region which is <50% GC. This GC-
rich region corresponds to a coding region of Samé68, so it was necessary to disprove it had a coding
function (the extreme GC richness may have been the reason for not detecting possible longer
clones). To check for upstream stop or start codons which would settle this question, longer clones
were sought with the help of project student S. Wright. Over 12 extra clones were retrieved from the
testes cDNA library by colony hybridisation but none of them extended the reading frame, so a
PAC library filter was hybridised with a PCR fragment of the 5’ coding region and 5 genomic
clones were retrieved (fig 9). The filter contained a gridded array of pairs of spots that could be

identified according to the square they were in (fig 9a) and their relative positions (fig 9b)

PCR of the clones with a further upstream coding fragment identified one clone as containing the
upstream region and this was digested with BamHI and EcoRI (fig 10a) for Southern Blotting (fig
10b). The 5° UTR of T-STAR was used as probe and a genomic fragment was identified that
contained it. This was a 5kb BamHI fragment, so the BamHI digest was shotgun cloned into
pcDNA3, screened by colony hybridisation, isolated and sequenced once with an antisense primer

near the 5’ end of the cDNA which added an extra 258 to the putative UTR including a putative 3’



Fig 9. PAC filter screen with
T-Star. (a) one of seven
filters screened, showing 2
positive signals, (b) a positive
signal in close up; it consists
oftwo dots, in this case at

a slanting angle within a grid
of 16. Non hybridising 4X4
grids are visible here too.
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Fig 10. Southern
blotting of digests of
a PAC clone retrieved
using the 5° UTR

of T-STAR as probe,
(a) Ethidium

stained gel with
ruler, (b) auto
radiograph of same
gel after blotting

and hybridisation
with T-Star. Control
digests of 100ng
T-Star in pACT are
in the 3 right hand
lanes.

Alignment of 5a
and 5b led to the
assignment of a 5kb
BamHI fragment
contained within a
longer EcoRI fragment
(shown with arrows).
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splice site with an upstream tract of 9 pyrimidines 14 nucleotides away (figl1).

None of the first 616nts contain any stop or start codons. A 60 nucleotide tract which is 98% GC
rich is underlined with péntameric repeats in bold . Neither of these is an expected feature of coding
region. The two unique Apal sites used to make probe for Southern and Northern blotting are also

shown.

Confidence that the assignment of the start codon was correct was increased by Western analysis

showing that T-Star was considerably smaller than Sam68 (Venables et al., 1999).

The mouse homologue of T-Star called étoile was isolated and is 96% identical (Di Fruscio et al.,
1999; Venables et al., 1999). The 20 nucleotides upstream of the putative start site are identical but
upstream of this the sequences diverge. Of the first 10 ATGs only the first one is flanked by a
Kozak consensus sequence (Kozak, 1996). Taking the various lines of evidence together this ATG
was tentatively assigned as the start site. Interestingly the corresponding ATG in Sam 68 is also the
only one adjacent to a Kozak consensus in the first 10; the three ATG sequences upstream of this do
not conform, even though one of these ATGs at the equivalent to position -291 of T-STAR is

believed to be the initiation codon.

Restriction mapping of the Skb insert was achieved with Hpal and HindIII and the enzymes BamHI
and EcoRI at either side of the multiple cloning site. Hpal alone gives a band at 2150 base pairs (fig
12a first lane). In the HindIII/Hpal double digest two bands of 950bp make a stronger band than the
one at 1200bp, accompanied by another at 2100bp. Hpal and EcoRI gave an extra band at 2400bp
and Hpal and BamHI gave an extra band at 950bps. HindIII digests in the last 3 lanes were not
visibly affected by the presence of BamHI or EcoRI and all the data necessitated the assignment in

the map shown (fig 12b).



Fig 11. 5° flanking sequences of the T-Star gene. The first block is from a genomic clone and runs into the cDNA sequnece in the second block.
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Possible 3°
splice

/site
AGGGCCCTTG ACGCACCCCC TCTCGCAAAC GCCCGGTTAG TCCCGGCGGA
CTCGCAGTGG AGAGCGGCCC CAGGAGGCGG CGAGCGGCGG GGCGGTGGCG

CCAGTCGCAG GCGCGGCAGG GCGGGGCGGC GGGCGCGGGG CGGGGCGGGG _ Pentameric
CGGAGCCGGG CGGGGCGGGGE CCGGCGGCAG GCGCTGGCGC TCGGCGCGGT repeats/pureGC
GGCTCAGAGT GCGCGGGGCG GCGCGCGGCG TGCAGGTCGC AGCTGTGGCT region
CGGGTGCT

GG CAGGTCCTGG CGGGACTGGC GGGGATCGCC GTGGACTGCC
TCAGGGGCGC CGCAGCCCGC TCGGCCCGAG GGCCCGCCTA ACCGCGCCGC\\\
CCGCGCCCGC TCCTCCTCGG CCCGCGCCCG GAGCGCGGGG GCCGCCGGCG Apal sites
CTGGGTACTC GGCGGCCACC GGGGATCGGG GCTGAGCGGT CGGTTCCCGC used for
CCCCGTGCCG CCGCCGCCGC CTTCCGGCCG ACCGCCCGGC TTGGCCGCTG probe
CTGCCGCGTC TGGCCCCCGG GTCCCCGCCG CTGGGGGCGC GGGCGGGGTC
GGGGGTTGCC GGGCGCCGCC CCCCGTGCGC CTGGAGTCCA CATCCCGGGC
CCGGCGGCCG GCGAGCATG

Probable start codon



Fig 12. Mapping ofthe 5kb genomic BamHI fragment of T-Star containing the 5° UTR.
(a) Various combinations ofrestriction enzyme digests of the fragment in pcDNA3.

(b) Assignment of'the Hpal and Hindlll sites within the fragment that could be used to
further subclone it.

a. + + BamHI
+ + EcoRI
+ + + + Hindlll

+ + + + Hp al
ta *
iMihyMI
b.
950 1200 950 2100 300
< X X X X >
Hpal Hindlll  Hpal Hindlll
Hind,B|am Bam,Eco
5.5kb
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4.3 The Sam68 family

The sequences of T-Star is shown in fig 13. The protein sequence of T-Star is shown aligned with
Sam 68 (fig 14). T-Star appears to be an N-terminally truncated relative of Sam68. The proteins are
68% identical in the N-terminal region to the KH domains which are 73% identical and the C-
terminus is only 54% identical. The outermost box shows the so called ‘Qua’ region, identified as
being common to the Sam68, Gld1 and Quaking proteins (Musco et al., 1996) The next innermost
box shows the full (maxi) KH domain (Ebersole et al., 1996) and within this two extra loops
conserved in STAR proteins but absent in other KH proteins. Of the two types of natural SH3
binding sites Class1, RZKXXPXXP and class2, PXXPXR (Feng et al., 1994) there are 3 in Sam68
and 1 in T-Star, shown boxed with asterisks. 19 conserved tyrosines in the C terminus are shown
with thin arrows and 9 conserved RG dipeptides are shown in the proceeding region with thick

arrows.

4.4 The hnRNP G family

The sequence of hnRNP G-T is shown (fig 15). HnRNP G-T is shown aligned with hnRNP G and
with RBM (fig 16). The RRM region is boxed and the 4 SRGY boxes are delineated. Apart from the
184 residues identical in all 3 proteins, hnRNP G and hnRNP G-T share 96 identical residues,
hnRNP G and RBM share 50 residues and hnRNP G-T and RBM only share 10, implying that
hnRNP G-T and RBM are both descended from hnRNP G. The RRM domain is 76% identical in all

3 proteins; the level of identity of hnRNP G with RBM is 82% and of hnRNP G and hnRNP G-T is



Fig 13. Primary sequence of T-Star (deposited in Genbank AF069681). Untranslated
sequences are in continuous block. Coding sequences are shown numbered on left.
Amino acid sequence is numbered on right.

1 CTGGCGGGACTGGCG
16 GGGATCGCCGTGGACTGCCTCAGGGGCGCCGCAGCCCGCTCGGCCCGAGGGCCCGCCTAACCGCGCC
83 GCCCGCGCCCGCTCCTCCTCGGCCCGCGCCCGGAGCGCGGGGGCCGCCGGCGCTGGGTACTCGGCGG
150 CCACCGGGGATCGGGGCTGAGCGGTCGGTTCCCGCCCCCGTGCCGCCGCCGCCGCCTTCCGGCCGAC
217 CGCCCGGCTTGGCCGCTGCTGCCGCGTCTGGCCCCCGGGTCCCCGCCGCTGGGGGCGCGGGCGGGRT
284 CGGGGGTTGCCGGGCGCCGCCCCCCGTGCGCCTGGAGTCCACATCCCGGGCCCGGCGGCCGGCGAGC

Met Glu Glu Lys Tyr Leu Pro Glu Leu Met Ala Glu Lys Asp Ser Leu Asp 17
351 ATG GAG GAG AAG TAC CTG CCC GAG CTG ATG GCG GAG AAG GAC TCC CTG GAC

Pro Ser Phe Thr His Ala Leu Arg Leu Val Asn Gln Glu Ile Glu Lys Phe 34
402 CCC TCC TTC ACG CAC GCC CTG CGC CTG GTG AAC CAA GAA ATA GAA AAG TTT

Gln Lys Gly Glu Gly Lys Asp Glu Glu Lys Tyr Ile Asp Val Val Ile Asn 51
453 CAA AAA GGA GAA GGC AAG GAT GAA GAA AAG TAC ATC GAT GTG GTG ATT AAT

Lys Asn Met Lys Leu Gly Gln Lys Val Leu Ile Pro Val Lys Gln Phe Pro 68
504 AAG AAC ATG AAG CTG GGA CAG AAA GTG TTA ATT CCC GTA AAA CAG TTC CCT

Lys Phe Asn Phe Val Gly Lys Leu Leu Gly Pro Arg Gly Asn Ser Leu Lys 85
555 AAG TTC AAC TTT GTG GGG AAA CTT TTG GGT CCA CGT GGC AAT TCT CTG AAG

Arg Leu Gln Glu Glu Thr Leu Thr Lys Met Ser Ile Leu Gly Lys Gly Ser 102
606 CGT TTA CAA GAA GAA ACC TTG ACA AAA ATG TCC ATC CTT GGG AAA GGT TCC

Met Arg Asp Lys Ala Lys Glu Glu Glu Leu Arg Lys Ser Gly Glu Ala Lys 119
657 ATG AGA GAC AAG GCC AAG GAA GAA GAG TTG AGG AAA AGT GGA GAA GCG AAG

Tyr Phe His Leu Asn Asp Asp Leu His Val Leu Ile Glu Val Phe Ala Pro 136
708 TAC TTC CAT CTC AAT GAT GAT CTC CAT GTT CTC ATT GAA GTG TTT GCC CCA

Pro Ala Glu Ala Tyr Ala Arg Met Gly His Ala Leu Glu Glu Ile Lys Lys 153

759 CCT GCA GAA GCT TAT GCC AGG ATG GGA CAT GCT TTG GAA GAA ATC AAA AAG
Phe Leu Ile Pro Asp Tyr Asn Asp Glu Ile Arg Gln Ala Gln Leu Gln Glu 170
810 TTC CTC ATC CCT GAT TAT AAT GAT GAG ATC AGG CAA GCA CAG CTC CAG GAG

Leu Thr Tyr Leu Asn Gly Gly Ser Glu Asn Ala Asp Val Pro Val val Arg 187
861 TTA ACA TAT TTG AAT GGT GGT TCA GAA AAT GCA GAT GTT CCA GTG GTT CGA
Gly Lys Pro Thr Leu Arg Thr Arg Gly Val Pro Ala Pro Ala Ile Thr Arg 204

912 GGG AAA CCC ACC TTG CGT ACA AGA GGT GTA CCA GCC CCA GCA ATA ACC AGG

Gly Arg Gly Gly Val Thr Ala Arg Pro Val Gly Vval val Val Pro Arg Gly 221
963 GGA AGG GGA GGA GTT ACA GCC CGG CCA GTT GGA GTT GTA GTA CCA CGA GGG

Thr Pro Thr Pro Arg Gly Val Leu Ser Thr Arg Gly Pro Val Ser Arg Gly 238
1014 ACG CCA ACT CCC AGA GGA GTC CTG TCC ACC CGA GGG CCA GTG AGT CGG GGA

Arg Gly Leu Leu Thr Pro Arg Ala Arg Gly Val Pro Pro Thr Gly Tyr Arg 255
1065 AGA GGA CTT CTC ACT CCC AGA GCA AGA GGA GTC CCC CCA ACT GGG TAC AGA

Pro Pro Pro Pro Pro Pro Thr Gln Glu Thr Tyr Gly Glu Tyr Asp Tyr Asp 272
1116 CCT CCA CCG CCA CCC CCG ACA CAA GAG ACT TAT GGA GAA TAT GAC TAT GAT

Asp Gly Tyr Gly Thr Ala Tyr Asp Glu Gln Ser Tyr Asp Ser Tyr Asp Asn 289
1167 GAT GGA TAT GGC ACT GCT TAT GAT GAA CAG AGT TAT GAT TCC TAT GAT AAC

Ser Tyr Ser Thr Pro Ala Gln Ser Gly Ala Asp Tyr Tyr Asp Tyr Gly His 306
1218 AGC TAT AGC ACC CCA GCC CAA AGT GGT GCT GAT TAC TAT GAT TAC GGA CAT

Gly Leu Ser Glu Glu Thr Tyr Asp Ser Tyr Gly Gln Glu Glu Trp Thr Asn 323
1269 GGA CTC AGT GAG GAG ACT TAT GAT TCC TAC GGG CAA GAA GAG TGG ACT AAC

Ser Arg His Lys Ala Pro Ser Ala Arg Thr Ala Lys Gly Val Tyr Arg Asp 340
1320 TCA AGA CAC AAG GCA CCT TCA GCG AGG ACA GCA AAG GGC GTC TAC AGA GAC

Gln Pro Tyr Gly Arg Tyr Stop 346
1371 CAG CCA TAT GGC AGA TAC TGA TTGTACTGTCTGATGTTGTGAAATAGCCAATCTCCACCA
1431 GTCCTGTATACTGTTCAAAGTAATTTTTTTCTATGAACAATCCCTTTTTAAATAAATCAAAATGCTT
1498 AAAATCTGAATGGATGGAACTTAAAACTACTTTGTTGAAACATCAACCTGGGCAGAAAAAAAAAAAA
1565 AAAAAGACATGTAAAATTTTGTTATTTCCAGTCTGTATATGAAAAAATAGGTCATCAAAAGGAAAAA
1632 AAATAACTTTGATTAACTAGTGTTAAACAAAAAATAGGTTTACTAAATATGTTAATCTATTCTTTTA
1699 ACATAAGCCTCACCTTTCATTTTAAAGGTTTCCATAGAATTTAGTTATTTTATCTTTCAGCCATATG
1766 CTAGTTTTTTTTTCTCTTGCCAACATGCGTAAAAAGGGAAGCCAATTACAAGTGCAAATAATGTGGT
1833 ATTCTTTGTAACTCAAGTCTTGAAATGTTCTGTAGTGTTAAGCAAAGTCTCCTCTTGCTTGATACTA
1900 AATAAACTTTTGAAAGAA



Fig 14. Alignment of T-Star (top line) and Sam68 (bottom line). SH3 binding sites are boxed with
asterisks showing regularly spaced R and P residues. The largest box contains the Qua region (as
defined by Musco et al 1996; the RNA binding site they described is underlined). The next innermost
box contains the maxi-KH region (as defined by Ebersole et al 1996). The two boxes within that

are the conserved unique extra loops of the STAR family. Conserved ‘RG’ and Y residues in the C-
termini are marked with arrows. Two vertical lines delineate the region used for affinity purification
of a specific T-Star antibody.

T-Star : -—-------- - - - - e m e —m—m—mmm— - -
Samé68 MQRRDDPAARMSRSSGRSGSMDPSGAHPSVRQTPSRRGGGGG 50
T-Star : ——————-— = s m e e e e - - - - 3
Sam68 : SRGGARASPATQPPPLLPPSATGPDATVGGPAPTPLLPPSATASVK PE :1100
T-Star EGE- - BIpvvI 50
Samé68 D SI@K D NLBLFS :[|150
T-Star 100
Sam68 200
T-Star 150
Samé68 250
T-Star| : Q 197
Samé68 : M 295
T-Star IT VTAR T P 246
Samb68 : PPV P --VGP 339
T-Star : 5 S} T Q YGTA 289
Samé68 : ; Fil- : E -—---T 385
T-Star 337
Samé68 434
T-Star

Samé68



Fig 15. Primary sequence of hnRNP G-T (deposited in Genbank AF069682).
Untranslated sequences are in continuous block. Coding sequences are shown numbered

on left. Amino acid sequence is numbered on right.

70
121
172
223
274
325
376
427
478
529
580
631
682
733
784
835
886
937
988

1039
1090
1141
1192
1243
1308
1375
1442

1509
1576

cT

CGAAGGCTGCGACTGGCGCCGCCTCACCGCCTCCCACCGCCACTGACCGACCGTTCGACCGGCAAAC

Met
ATG
Glu
GAA
Val
GTC
Ala
GCG
Met
ATG
Lys
AAA
Gly
GGT
Arg
CGT
Phe
TTC
Pro
CCG
Arg
CGC
Asp
GAC
Pro
CccC
Ser
AGC
Thr
ACC
Gly
GGC
His
CAT
Arg
CGC
Arg
CGC
Asp
GAC
His
CAC
Cys
TGC
Gly
GGC
Tyxr
TAC

val
GTT
Thr
ACC
Glu
GAG
Phe
TTC
Asn
AAC
Pro
cCcG
Arg
CGC
Ser
TCC
Asp
GAC
Arg
CGC
Ser
AGC
Gly
GGC
TYyTr
TAC
Arg
CGA
His
CAC
Tyr
TAC
Leu
CTG
Gly
GGC
Tyr
TAC
Ser
AGT
Arg
CGG
Pro
ccT
Gly
GGA

Glu
GAA
Asp
GAC
val
GTG
val
GTC
Gly
GGC
Ala
GCG
Pro
ccG
Pro
CCA
Leu
CTG
Arg
AGG
Ser
AGC
Tyr
TAC
Leu
CTG
Asp
GAC
Arg
CGC
Ser
AGC
Ser
AGC
Ala
GCC
Glu
GAG
Tyr
TAC
val
GTG
Pro
ccc
Gly
GGC

Stop
TAA GCAGGAACAGACTTGGGACCAAAAATCCCTTTTTCAACGAAACTAACAAAAAGAAGAAC
CTGTTGTATGGTAACTACCCAAGGACTAGTACAAGGAAGAGTTGTTTTTACCTTTTAAGAATTTCCT
GTTAAGATCGTCTCCATTTTTATGCTTTTGGGAGAAAAAACTTAAAATTCGTTTAGTTTAGTTTTGG
AATTGTTAACGTTTCTTTCAACAAGCTCCTGTTAAAAGTATATGAACCTGAGTACTAGTCTTCTTAC
ATTTACAAGTAGAAATTCGATTAATGGCTTCTTCCCTTGTAAATTTTCTTGATAAATGAGGCAAACA
GTTCTAAGATCTTTGATAAACATCTGCTCACCTAAAAAAAARA

Ala
GCG
Glu
GAG
Leu
cTC
Thr
ACC
Lys
AAG
Phe
TTC
Arg
AGG
Ser
TCC

Arg
AGA
Ala
GCC
Glu
GAG
Ser
AGC
Gly
GGC
Gln
CAG
Arg
CGT

Asp
GAT
Lys
AAA
Leu
CTG
Phe
TTT
Ser
TCC
Glu
GAG
Phe
TTC
Arg
CGG
Pro
ccc
Gly
GGC
Gly
GGT
Gly
GGC
Pro
CcCG
Arg
CGC
TYyr
TAC
Arg
CGA
Gly
GGC
Pro
CCA
Tyr
TAC
Ser
AGC
Arg
AGA
Arg
CGT
Leu
CTA

Arg
CGC
Ala
GCC
Met
ATG
Glu
GAA
Leu
CTG
Ser
AGC
Leu
CTG
Gly
GGC
Ser
TCC
Pro

Ser
TCC
Gly
GGA
Arg
CGG
Ser
AGT
Pro
ccA
Asp
GAT
Gly
GGA

Pro
CCG
Leu
CTC
Lys
AAA
Ser
AGC
Asp
GAT
Ser
AGC
Arg
CGC
Gly
GGG
Arg
AGG
Pro
cce
Met
ATG
Pro
CCG
Asp
GAT
Pro
cccC
His
CAC
Gly
GGC
His
CAT
Arg
CGG
Gly
GGC
Tyr
TAT
Asp
GAT
Ser
TCT
Gly
GGC

Gly
GGG
Glu
GAA
Asp
GAC
Pro
ccc
Gly
GGT
Arg
CcGG
Gly
GGA
Pro
ccc
Ala
GCC
Pro
ccec
Arg
CGC
Arg
CGC
Glu
GAG
Arg
CGG
Ser
TCC
Tyr
TAC
Arg
CGA
Gly
GGG
Tyr
TAC

Lys
AAG
Ala
GCC
Arg
CGA
Ala
GCA
Lys
AAG
Arg
CGG
Thr
ACC
Asp
GAT
Pro
CccG
Lys
AAG

GAG
Thr
ACA
Ser
TCA
Arg
CGG
Gly
GGG
Ser
AGC
Leu
TTG

Leu
CTG
Glu
GAG
Glu
GAA
Asp
GAC
Ala
GCC
Gly
GGC
Arg
CGC
Asp
GAT
Met
ATG
Arg
AGG
Arg
AGG
Glu
GAG
Tyr
TAC
Phe
TTT
Val
GTC
Gly
GGT
Pro
Cccc
Pro
CCG
Pro
cce
Ser
AGC
Leu
CTC
Arg
CGG
Glu
GAG

Phe
TTC
Phe
TTT
Thr
ACC
Ala
GCC
Ile
ATC
Pro
CCG
Gly
GGG
Asp
GAC
Pro
ccc
Ala
GCC
Ala
GCC
Pro
CCG
Ser
TCG
Ala
GCC
Arg
CGG
Arg
CGC
Phe
TTT
Pro
cca
Asp
GAT
Asp
GAC
Ser
TCT
Ser
TCA
Arg
AGA

Ile
ATT
Gly
GGC
Asn
AAC
Lys
AAG
Lys
AAG
Pro
CCG
Gly
GGT
Gly
GGC
Met
ATG
Ala
GCG
Leu
CTG
Leu
CTG
Ser
TCC
Pro
ccc
Asp
GAC
Asp
GAC
Glu
GAG
Ser
TCcT
Ala
GCC
Arg
CGC
Leu
CTG
Gly
GGC
Gly
GGA

Gly
GGG
Lys
AAG
Lys
AAG
Ala
GCC
Val
GTG
Pro
CCT
Gly
GGC
Gly
GGC
Lys
AAG
Pro
CCG
Ala
GCC
Pro
ccc
Arg
AGA
Ser
TCG
Asp
GAC
Arg
CGT
Ser
AGC
Tyr
TAC
Tyr
TAC
Tyr
TAC
Ser
TCC
Cys
TGC
Gly
GGA

Gly
GGC
Tyr
TAT
Ser
TCG
Asp
GAC
Ala
GCC
Ser
TCC
Gly
GGC
Tyr
TAC
Arg
CGT
Ser
TCG
val
GTG
Pro
CCG
Asp
GAC
Pro
ccc
Cys
TGT
Asp
GAC
Tyr
TAC
Gly
GGA
Ser
AGC
Ser
TCG
Met
ATG
Arg
AGG
Gly
GGC

Leu
CTC
Gly
GGC
Arg
AGG
Ala
GCC
Gln
CAG
Arg
CGC
Gly
GGC
Ala
GCG
Gly
GGG
Gly
GGC
Arg
CGG
Arg
CGC
Gly
GGC
Gly
GGA
Pro
CCC
Tyr
TAC
Gly
GGA
Gly
GGA

Arg
CGG

Asn
AAC
Arg
CGC
Gly
GGC
Arg
AGA
Ala
GCC
Ser
AGC
Pro
CCG
Ala
GCG
Pro
cCcG
Pro
CCG
Gly

AGG
Pro
CCccC
Ser
AGC

Leu
CTC
Ile
ATC
Phe
TTC
Asp
GAC
Thr
ACC
Arg
CGC
Arg
CGG
Asp
GAT
Pro
CCG
Ala
GCT
Arg
CGA
Asp
GAC
Ser

GGC
Arg
AGG
Arg
AGA

17

34

51

68

85
102
119
136
153
170
187
204
221
238
255
272
289
306
323
340
357
374
391
392



Fig 16. Alignment of'the human hnRNP G family: hnRNP G-T, hnRNP G and RBM.
The RRM is boxed, and the ‘exonic’ boundaries ofthe SRGY boxes are
delineated with vertical lines.

hnRNPG-T LI Di33 %1 %E 50
hnRNPG ALk 50
RBM ﬁ Ifipi 49
hnRNPG-T agpinaa is - 1 PI : 99
hnRNPG H lp 99
RBM 32 p.-a R Al§ : 99
hnRNPG-T "§9PC DDGGY 147
hnRNPG DDGGY 148
RBM GWL DDGGY 149
hnRNPG-T KRGP G GBR LAV?, 197
hnRNPG KRGP . . 197
REM KRGP ip-HsQGySB psvi 198
hnRNPG-T k1 217
hnRNPG h?K 217
RBM TIS DRMSTRHDGYATNDGNtHPSCQETRDWIfp JSRGYAY Bl 248
hnRNPG-T 225
hnRNPG 226
RBM NHRSSRETRDYAPPSRGHAYRDYGHSRRDES YSRG'i RNRRS 298
hnRNPG-T ISgGE 237
hnRNPG 240
RBM SRETREYAPPSRGHGYRDYGHSRRHESYSRG* RNHPB r’Hiae 348
hnRNPG-T DGYG [HOEPFp 286
hnRNPG DGYG ISY| 288
RBM -WEE1EHS DGYGEALG H E SB (3 aiqrs 397

hnRNPG-T smGim 336
hnRNPG (K EK}B) 335

RBM S§TCHAYSN--TS§ ce 1FH 442
hnRNPG-T 386
hnRNPG 385
RBM 491
hnRNPG-T JaEimH Q

hnRNPG

RBM DS -]
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88%. HnRNP G-T and RBM share no identical residues in this domain that are not also shared with

hnRNP G. The initiation codon of hnRNP G-T corresponds to that of hnRNP G. The full-length
c¢DNAs of hnRNP G-T contained stop codons just upstream of this point. Yeast is able to shift
frame and thereby read through such stop codons (Fromont-Racine et al., 1997) and this may
actually increase the detection of harmful proteins by limiting the amount synthesised. The
Matchmaker library came in pACT which has a high level of expression and hnRNP Al cloned in
this vector gives retarded colonies (in other experiments) whereas a gift of hnRNP Al in low
expression vector pGAD (gift of S.Riva) gave healthy cells. Low and high expression vectors can

be used together to avoid problems of toxicity (Legrain et al., 1994).

The previously published sequence of hnRNP G differed from RBM 35 amino acids upstream of the
3’ end and was 50 amino acids longer. The similarity between the 3’ ends of hnRNP G-T and RBM
made hnRNP G appear to have been wrongly sequenced so it was resequenced and a frameshift
error was located whereby a C triplet had been assigned as a duplet and this brought the hnRNP G
and G-T sequences into near identity (fig 17a) and this error was agreed with the original
publishers of the hnRNP G sequence and changed (accession number Z23064). This error had also
been independently noticed several months before but was not submitted to Genbank pending a

publication about it (Delbridge et al., 1998).

The 24 T-Star clones fell into four groups in the original single track 3’ sequence screen so their
different lengths were investigated by PCR using a flanking primer oligo and a common
downstream primer (fig 17b). The groups were subsequently investigated by sequencing and there
were 2 different 3° ends probably caused by alternative splicing into which the clones fell equally
and one of these ends was terminated in one of three different polyadenylation sites (fig 17c). The

10 hnRNP G-T clones had 5 different 3° ends between them (fig 17d).



y Fig 17. 3” end characterisation
(a) Sequencing gel ofthe 3° end of'the
first published hnRNP G clone V5
(from Prof Larsen)showing an

-740 extra nucleotide compared with

1234567289 10

-392 the published sequence that
m -444 ,
causes a frame shift.
-296

(b) Agarose gel of PCR using a downstream
sense primer in T-Star and a vector antisense
primer reveals 3’ ends of 23 T-Star clones
are oftwo or more lengths

(c) Cartoon of'the 3’ ends of T Star clones. Sequencing revealed 4 distinct
poly A sites in T-Star in alternative exons downstream of Ntd 1450.

(d) HnRNP G-T 3’ end heterogeneity. Agarose gels of PCR using a downstream
sense primer in hnRNP G-T and a vector-specific antrisense primer.

The first agaro gel (centre) shows 3 different sizes. hnRNP G-T 2 and 7

were repeated in the second gel (split into outer parts) that shows

the existence of longer and shorter forms, making a total of 5 detected.
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4.5 The Tra2 family

Tra2f3 was aligned with Drosophila tra2 and human tra2o showing the RRM domain and the two
RS domains (fig 18). The RRMs of tra2o and tra2} are 82% identical. RRM identity of tra2 with
tra2f} is 57% and only 50% with tra2o,; however, the main difference between the a and 3 proteins

is the position of the glycine hinge (a feature which is absent in Drosophila).

Of the 5 tra2f clones all but one used the upstream poly(A) site, whereas one (that only stained
weakly in Y2H assay) used the downstream most poly(A) site according to identification of poly(A)

sites in the mouse gene whose protein sequence is identical (Segade et al., 1996).

4.6 A novel Zinc Finger Protein

A novel zinc finger protein occurred 6 times in the screen and has 3 C2H2 zinc fingers, shown in

bold, terminating at the last histidine residue in the protein.

RSPGEARGRP GPRPVPPDPR GRRTGCRSRC CCCRRGHPTLGPPLRRPWTH
RPPRLPLSPR RKAPPPLLPR RRGPDPRGWA APPHRRQWGPLHIHGAAGGG
APGPAQREAP PGEPGPXKGY SCPECARVFA XPLXLQSHRVSHSDLKPFTC

GACGKAFKRSSHLSRHRATHRARAGPPHTCPLCPRRFQDAAELAQHVRLH®

A longer clone of this gene has since been deposited in the database by others and described as

‘LDL induced epithelial cell protein’ accession number AF184939.



Fig 18. Alignment oftra20 tra2 aand Drosophila tm2 showing central RRM
and N terminal and C terminal RS domains.

humantra2b
humantra2a
Drosophila

humantra2b
humantra2 a
Drosophila

humantra2b
humantra2a
Drosophila

humantra2b
humantra2 a
Drosophila

humantra2b
humantra2a
Drosophila

humantra2b
humantra2a
Drosophila

humantra2b
humantra2a
Drosophila

SSGMEBYE |GS-Aj|GSG"PgHTP/
jQ KgfPTGTPARVIIWESRSGS “VSKHSE
PLOSGig Lg-C--g3tfYKH?
SIRISH
HaH HSH
HKDjg— PYDYCGSOI|HQ
DBS
LSG
HHQASF TNMSOHKVi B MERIQ

RSRGF
RSRGF
RSRGF

MIHS GGGgGGGGGGGGGgGG
IIBH Q PR 1 KAPRSFS PR

toRSMYSRSreGGGGGGGGWRAAODRDOI

HYiHRNDRBDR NL

I m jwj 288
282

111
PQI# 264

RVHH SASP

RNRHTia- - N

49

34

98

80

148
149
127

198
199
177

230
246
220

279

251



80
4.7 Other unidentified prey

The following incomplete hypothetical ORF was deduced from sequencing group (E) which was

represented 3 times.

PLAWVVIWPWRPRGSEFAAASTIYSVGAFEN FRHQLED

LRQLDN FKHPQRD FRQPD RHPPED FRHSSED

FRFPPED FRHSPED FRRPREED FRRPSEED FRRPWEED
FRRPPEDD FRHPREED WRRPLEED WRRPLEED FRRSPTED
XROXPEED FRQPPEED LRWLPEED FRRPPEED WRRPPEED
FRRPLQGE WRRPPEDD FRRPPEED FRHSPEED FRQSPQEH
FRRPPXEH FRRPPPEH FRRPPSEH FRRPSPEH FRRPP

E has 30 or more repeats of an 8 amino acid motif containing an aromatic residue (F or sometimes
W), followed by one or two arginines then one or two prolines then two or three acidic residues.
This suggest a string of structural units connected by prolines, where acidic and basic residues
coalesce to procure an intervening aromatic residue for intercalation into nucleic acids i.e. A

possible RNA binding motif. The following was its DNA sequence

AATATACTCA GTTGGTGCTT TTGAAAACTT TAGACATCAG CTAGAGGACT TGAGGCAACT GGATAACTTC AAGCATCCCC AGAGGGATTT CCGGCAGCCT
GACAGGCACC CTCCAGAAGA CTTCCGACAC TCCTCAGAGG ACTTTAGGTT CCCCCCGGAG GACTTCAGGC ACTCCCCAGA GGACTTCAGG CGACCTAGGG
AGGAAGACTT CAGGCGGCCT TCTGAGGAGG ACTTCAGGCG CCCTTGGGAG GAAGATTTCA GGCGCCCTCC GGAGGATGAC TTCAGGCACC CTAGGGAGGA
GGACTGGAGG AGGCCCCTTG AGGAGGACTG GAGGCGGCCA CTGGAGGAGG ATTTCAGGCG GTCTCCCACG GAGGACTTNA GGCAGCTNCC AGAGGAGGAC
TTTAGGCAAC CCCCTGAGGA GGACTTAAGG TGGCTCCCAG AGGAAGATTT CAGGCGGCCA CCTGAGGAGG ACTGGAGACG GCCCCCAGAG GAGGACTTTA
GGCGGCCTCT TCAGGGAGAA TGGAGGCGAC CACCCGAGGA TGACTTCAGG CGGCCCCCAG AGGAGGATTT CAGGCATTCC CCTGAGGAGG ACTTCAGGCA
GTCACCCCAG GAGCATTTCC GGAGGCCACC TNAGGAGCAT TTCCGTCGGC CACCCCCAGA GCATTTCCGG AGACCACCTT CAGAGCATTT TAGGCGGCCT
TCCCCAGAGC ACTTCCGGCG GCCACCCCCA GAGCACTTCA GGCGGCACCC CCAGAGCATT TCAGGCGCCC GCCCOGGAGC ACTTNCGGAG ACCGCCCAGG
AGCATTTTNA GGCGGCCGCC TNAGGAGCAT TTCAGGCGCT CNCGAGAGGA AGATTTCAGG CACCCACCAG ATGAAGACTT CAGGGGCCCT TCTGATGAAG
ACTTTAGGCA CCCTTCTGAT GAGGACTTCA

Partial sequences of the remaining 6 unknown groups are shown as they should be translated with

their frequency of occurrence.
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Name

Freq. [Protein sequence

5 VDAAALAGAGLGLAERAVGADDGAQQGQAAEARVGAEAG
PGEALEEEQRHGGSGDLWPPGFPALRPGLCGGLANGAHGL
WRRCRCRCRRRRRAGPGRAAPGCWRRSAPXA
PAAAPAGAEE P

1 RVWAAR

\ |10

1 GRPPPCPAALPARWSRPRXGGCTRAWRWPRAPARPPTPTRA
PSCTLRAPALRCLCRRRASPRCCPTCPGVSRARSPPSSLRAPA
GR

1 SSSPRRTSGPRRATARRPXAPARPASRRPCPRRRGSSAAP
PCRPSRSPSALSPRPRGAPPRRRPRPRHPRSSAPRLPSRC
PTCSHCRAPP RSRARDRRSTARRLHPLRPR PDAR

1 RKSSSYPIPQ RGIHTPSCNC SLPQRKSSSY PTPe

N=

1 GDRHDRGLRALRDPREPDRRAAQDPRERPAGGQQQRGRGG
LRPGPPAGRQAGPSHRLFLRGREHPVREPVPGRRAGAGAH
APGHPGRAH

All these sequences are >10% arginine, and B, S and U contain RS dipeptides, so may they may

warrant further investigation although they have received none to date.

Name

DNA sequence

B*

GTCGACGCGG CCGCGCTCGC CGGGGCCGGC CTCGGGCTGG CTGAGCGCGC GGTAGGCGCT GATGATGGTG CCCAGCAGGG CCAGGCCGCT GAGGCCCGTG
TAGGTGCGGA GGCTGGGCCA GGGGAAGCGC TCGAGGAAGA GCAGCGGCAT GGCGGCAGCG GCGACCTCTG GCCCCCAGGC TTCCCTGCGC TGCGGCCGGG
CCTCTGCGGC GGCCTCGCGA ACGGCGCCCA CGGGCTCTGG CGTCGCTGCC GCTGCCGCTG CCGCCGCCGT CGCCGCGCCG GGCCGGGCCG GGCCGCTCCT
GGCTGCTGGC GCCGCTCCGC CCCG

CGCGTGTGGG CGGCCCGGGC NGCGTCTGGC CCTCTCCCCA TCCTCGCGCG CCGNGCCCCA NCCCCGGGAT GCTGCTCAGG CCCCGCANGC CGNCCCCGNT
CGCGCCCCCC GCGCCGCCTC

GGTCGGCCAC CGCCGTGCCC TGCCGCCCTC CCTGCCCGCT GGTCAAGACC ACGCCNGGGA GGATGTACCA GAGCCTGGCG CTGGCCGCGA GCCCCCGCCA
GGCCGCCTAC GCCGACTCGG GCTCCTTCCT GCACGCTCCG GGCGCCGGCT CTCCGATGTT TGTGCCGCCG GCGCGCGTCC CCTCGATGCT GTCCTACCTG
TCCGGGTGTG AGCCGAGCCC GCAGCCCCCC GAGCTCGCTG CGCGCCCCGG CTGGGCGCA

AGTTCATCGC CGCGCAGAAC CTCGGGCCCG CGTCGGGCCA CGGCACGCCG GCCTNCAGCC CCAGCTCGTC CAGCCTCCCG TCGCCCATGT CCCCGACGCC
GAGGCAGTTC GGCCGCGCCC CCGTGCCGCC CTTCGCGCAG CCCTTCGGCG CTGAGCCCGA GGCCCCGTGG GGCTCCTCCT CGCCGTCGCC CCCGCCCCCG
CCACCCCCGG TCTTCAGCCC CACGGCTGCC TTCCCGGTGC CCGACGTGTT CCCACTGCCG CGCACCACCG CGCTCCCGAG CCCGGGACAG GCGTTCCACT

GCTCGTCGCC TGCACCCGCT TCGGCCACGG CCAGACGCCC GCGG

AGGAAGTCCA GCAGCTACCC CATTCCCCAA AGGGGCATCC ACACCCCCAG CTGCAACTGC TCCCTCCCCC AAAGGAAGTC CAGCAGCTAC CCCACTCCCT
AAAGGGGCCC CCACAACCC

N| <

GGCGACCGTC ATGATCGGGG GCTTCGGGCT CTGCGGGATC CCCGAGAACC TGATCGCCGC GCTGCTCAGG ACCCGCGTGA AAGACCTGCA GGTGGTCAGC
AGCAACGTGG GCGTGGAGGA CTTCGGCCTG GGCCTCCTGC TGGCCGCCAG GCAGGTCCGT CGCATCGTCT GTTCCTACGT GGGCGAGAAC ACCCTGTGCG
AGAGCCAGTA CCTGGCAGGA GAGCTGGAGC TGGAGCTCAC GCCCCAGGGC ACCCTGGCCG AGCGCATNCG CGCGGGGGGC GCCGGGGTGC CC

* clone B is in fact a cloning artifact and represents an antisense transcript of the autocrine motility

factor receptor (AMFR) Genbank AF124145. This may have come about as AMFR has EcoRI and

Xhol sites in its sequence in inverse order to the cloning site in pACT.
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Chapter 5. Two Hybrid Analysis

5.1 Confirmation of interaction

5.2 Non-SRGY interactions

5.3  Tra2f’s interacting region

5.4  Inter-prey interactions

5.5 Mouse RBM interactions.

5.6 Individual SRGY box interactions

5.1 Confirmation of interactions

Among the plasmids retrieved in the first round of a two-hybrid screen are many false positives.
These include plasmids encoding proteins that activate transcription of the reporter genes, either by
interacting directly with the Gal4 activating domain or by binding directly to the Gal4 promoter. To
control for false positives, plasmids are transfected into yeast without the bait plasmid, to ensure
that they do not go blue autonomously. 117 plasmids were isolated and 110 of these were
cotransfected with the negative control (pACT) which expresses the Gal4 activating domain alone.
Surprisingly perhaps, all these negative controls were indeed negative. The following table (table 4)
shows the strength of the interaction when these 110 plasmids were transfected into yeast carrying
the RBM bait plasmid. The 69 positive colonies are shown categorised by the names they are now
known by, showing their original clone numbers between 1-117 as they were known then. Seven
clones in the table have not been tested, but these are in gene groups for which multiple positive
interactions were observed. The intensities of the blue colours were scored by eye (1 for weak (w), 2
for medium (m) and 3 for strong (s)) and the total score was divided by the number of colonies
assayed. The average was calculated and assigned *** for >2,** for>1, * for>0 and - for 0. The

average intensities of blue colours (ignoring any white colonies tested) are shown as s, m or w.
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Starred results are in brackets where contaminating white colonies have given an artificially low

average score. The clones were also assayed with the SRGY region of RBM (RBM-C) and in nearly
every case this was positive too, including some positives within each gene category (table 4). In
this and all the following tables the activating domain constructs in pACT are in the first column
and the DNA binding domain constructs in pAS are in the first row.

All the constructs used in this thesis (including those at the end of table 4) are mapped in cartoon

form in figure 19.




Table 4. Yeast two hybrid assays.

Name and | Orig | RBM -AD RBM-C
number No.
T-Star 1]49 s 9/3 i s 12/6 (*%)
2 198 m | 8/5 ok
31101 |s 9/4 *okok w | 1/1 *
4 (116 0/1 -
5199 S 15/5 ke w |33 *
6 |97 m | 6/4 *ok - 0/2 -
71117 |s 12/5 *dkk
8 |90 S 12/4 *kok s 21/12 | (*%)
91109 |s 15/5 Rk
10 {112 |s 6/4 ¥k
11 | 56 w 1/15 *
12 | 87 m |8/5 *k S 3/1 * ook
13 |13 S 9/4 *okok m |6/4 **
14 | 15
15 |22
16 | 33
17 | 16 S 60/20 | **=* S 24/10 | **=*
18 | 30
19 | 23 S 9/4 ok S 9/3 ok
20 | 14
21 | 27
22 | 18 S 45/16 | *** s 63/23 | ***
23 | 32 S 9/4 *k S 9/5 (*%)
24 | 12 m |6/4 *ok m | 6/4 *k
hnRNPG-T | 1 |94 s 12/5 *kk w | 1/1 *
2 |26 S 9/3 *kk S 9/4 k¥
3 173 S 12/5 Fkk
4 |81 S 15/5 *kk w |12 *
5 129 s 9/5 ** |m [6/3 **
6 (17 S 9/5 (*%) S 36/17 | ***
7 |86 m | 6/5 *k
8 |79 S 15/5 *kk
9 |111 |s 15/5 dekek S 9/6 (*%)
10 {115 |s 15/5 Fdkk
Sam68 1 64 0/2
2 38 w | 5/11 w | 5/18 *
3 50 w | 1/5 - 0/7 -
4 68 m | 6/5 ¥
5 82 s 15/5 *k%
6 76 w | 2/4 *
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Name and | Orig | RBM -AD RBM-C
number No.
Sam68 7 84 m |6/5 *% - 0/3 -

8 106 |s 15/5 ek - 0/5 -
Tra2f3 1 H1 s 55/21 | *%* ) 37/20 | (*%)

2 54 [s 38 |® s 108 | (™

3 2 s 23/12 | (*%) s 55/26 | ***

4 57 m |6/5 ek

5 |s m [611 [ [- los |-
Zinc3X 1 114 |s 6/2 *kok s 34/12 | ***
Finger

2 95 s 12/5 dekk

3 34 s 9/4 *okok w | 3/4 *

4 71 s 8/5 **) |s 12/4 | ***

5 52 m |8/5 ok s 15/6 | ***

6 96 m | 10/5 % S 9/6 (**)
B 1 100 |s 9/3 il

2 102 |w |4/5 * w |57 *

3 62

4 66 w | 1/1 * w |2/8 *

5 53 m |6/4 *k m |4/7 (@)
E 1 19 S 9/5 (*%*) S 9/4 bk

2 108 |w 3/5 *

3 3 S 6/2 *kk m | 6/4 *x
SRp30c 1 103 |s 26/10 | *** S 33/14 | *%*

2 10 - 0/5 - - 0/5 -
hnRNP K 1 69 m 6/5 *%

2 88 m 26/13 | ** - 6/11 *
Platelet 1 89 w |23 *
PFK

2 107 |m |8/5 *k s 25/5 deddk
9G8 4 w | 3/11 * w | 5/8 *
Sox4 78 S 12/5 Fedkk s 6/2 *okk
ERF2 43 m |32 *x m |32 *k
Ribosomal L28 58 s 15/7 | *¥** S 4/2 (**)
Q 39 w |3/3 * s 6/2 ok
S 51 m |6/3 ok ) 9/3 *okk
U 67 w |2/5 * w | 3/6 *
W 93 s 12/5 *okok w | 1/1 *
Z 105 |s 15/5 *okok ] 15/5 *kk
tra23 all S 6/5 **) |[w j3/5 *

N 0/13 - 0/13 -

C w |1/13 * m |26/13 | **

hinge+ 0/13 - 0/13 -

oA 0/8 - 0/8 -

RS2 0/8 - 0/8 -
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Fig 19. Constructs used in these studies. A) RBM based constructs. B) tra2§ based constructs
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5.2 Non-SRGY interactions

Despite the fact that the RBM-C (SRGY region) interacts with all the prey it is possible that this is
not the only interacting region e.g. Samé68 interacts with two regions of Src, namely its SH2 and

SH3 domains (Taylor and Shalloway, 1994).

The interaction between hnRNP K and Sam68 with the SRGY boxes was weaker than that with the
other genes (which all interact strongly with the exception of 9G8) and was not detected at first so
hnRNP K and Sam68 were assayed against the whole of RBM minus its RRM (RBM-BD) and also

against parts B and D (table 5).

Name and No. | RBM-BD |RBM-B |RBM-D
T-Star 6 |12/6 |** |0/12 [- [0/6 |-
Sam68 3 |9/6 **

5 0/12 |-

7 |15/6 |*** 0/6 |-

8 |18/6 |[*** 0/6 |-
hnRNP K |2 4/12 |* 10/6 |-

Table 5. Yeast two hybrid assays for interactions outside the SRGY (RBM-C) region.

In all cases the RRM region was shown to be unnecessary for the interaction and the D region did
not interact. In the case of hnRNP K there was an interaction with region B, so it remains to be
determined whether or not several of the clones that all interact with SRGY can also interact with

the upstream region B. In the case of hnRNP K at least there is an interaction with both regions.
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5.3 Tra2[3’s interacting region

Various regions of tra23 were investigated for their ability to bind to the SRGY boxes and to RBM
as a whole (table 4-bottom). Tra2[3 has a central RRM region and the regions either side contain RS
domains (fig 19). The first 3 constructs tested were the whole of tra2 (because all the clones

retrieved contained 5° UTR which could have been responsible for the interaction), the N terminus

excluding the RRM (traN) and the C terminus excluding the RRM (traC).

The full-length tra23 was positive with both RBM and SRGY, as was the tra2§ C-terminus, but not
the N-terminus (fig 20, plates E and F). The interaction between the C-terminus and the SRGY
boxes was much stronger than with the whole of RBM; small regions may be better expressed than

large proteins.

To try to narrow down the region of the C-terminus responsible several constructs were made;
hinge+ is C terminal to the hinge, RS2 is just the last 28 amino acids, and A is across the glycine
hinge but shorter at both ends than traC. None of these worked so the region has not yet been

narrowed within the tra23 C terminus.

5.4 Inter-prey interactions

As seven RNA-binding proteins bind to the same (SRGY boxes) region of RBM they presumably
cannot bind together at the same time (although there are four SRGY repeats). The yeast two hybrid
was used to test the theoretical possibility that these proteins could form a large complex by binding

amongst themselves as well as to RBM molecules (table 6).
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RBM was cloned into the activating domain plasmid and T-Star, Samé68 and tra23 were crossed
over into the DNA binding domain plasmid so that interactions between the preys could be studied.
hnRNP G was also cloned into a yeast two hybrid vector to test if there were any differences in
binding specificity and hence any potential differences in function between hnRNP G, hnRNP G-T

and RBM .

Table 6. Interactions amongst the prey

T-Star A Sam68 tra2 hnRNPG |RBM  |SRGY
RBM 1712 [* [512 [(®s [11/12 [(®s |48 [* [11/6 [** [10/6 [**
T-Star 22]18/6 [***[15/6 [*** o6 |- [1/6 |*
hnRNP G-T |4 [36/12 ] *** [33/12 [*** [34/12 [*** | 18/10[(**
S
Samé68 2 [2s/12[**=* 3312 [*=* o |- J12/6 [**
Tra2B 1 2/8 | *
2 Jon2 |- Jonz2 |- 16/12 |** |0/8 |-
SRp30c |1 |o/12 |- [on2 |- 19/12 [ (**)]18/6 |***
S
mRNPK |2 [0/12 [- (912 [(®m Jose |- [15/10]**
9GS o12 |- o2 |- 11712 [ [oe |-
m

It was often found that a proportion of the yeast colonies gave no blue signal, for instance Sam68
with hnRNP G-T gave 11 bright blue colonies and one white and so scored 33/12. These white
colonies are fast growing recombinant colonies (Legrain et al., 1994). As it was often the case that
colonies that were blue were all M blue it may be better when scoring yeast two-hybrid
interactions to ignore negative colonies in a positive background. However, sometimes the blues
were of varying intensity so an overall score has been included in the data. A high number of white
colonies was associated with low apparent transformation efficiency. Three plasmids in particular,

hnRNP A1 (in other experiments), hnRNP G and tra2[3, gave very few, often small, colonies after 3



89

days, possibly because these proteins interfere with essential RNA processing pathways in yeast.
Yeast transformed with the combination of tra23 and hnRNP G grew very slowly. Such slow
growth means that rare mutant yeast colonies that lose their plasmids, but retain auxotrophy, are
relatively abundant after 4 day’s growth, when colonies are picked to be assayed (Legrain et al.,
1994). This probably led to an artificially low reading for the intensity in the table as there was only
one blue colony out of 12 assayed but this was bright blue. Obviously, this limitation could lead to
positive interactions being missed completely, and it would be desirable to assay at least 20 colonies
per transformation; however, when a large number of clones are being cross-referenced the numbers
would be unmanageable. When filter-lifting transformed colonies without growing on,

nitrocellulose filters should be used as they pick up the colonies much more reproducibly.

The striking result from these tests is not the strength of any interactions but the lack of interaction
between either member of the STAR family and any of the SR proteins. All of these proteins
interacted with their common ‘intermediaries’, the G family proteins. HnRNP G, hnRNP G-T and
RBM all share the same binding pattern, the only exception being a lack of intéraction between
hnRNP G and 9G8, but the interaction between RBM and 9G8 is so weak that it was also negative

in some previous assays.

The filter lift assays corresponding to all the results in table 4 were photographed (fig 20, plates A-
D, and fig21). As well as the interactions between groups there were interactions within groups, i.e.
all proteins interacted with themselves and other members of their group, e.g. RBM, hnRNP G and
hnRNP G-T interacted with each other, and Sam68 and T-Star interacted with themselves and with

each other, as also noted independently elsewhere (Di Fruscio et al., 1999).



Fig 20. Yeast two hybrid interactions between selected pairs of proteins. Plasmids
containing proteins to be assayed against each other were cotransfected into yeast
Y190 and 6-8 colonies were patched onto fresh plates and assayed the next day by
filter-lift assay. Positive interactions cause a blue colour of the colonies photographed
here.

Constructs in pAS (i.e. Fusions with the DNA-binding domain of Gal4) are first of
each labelled pair e.g on plate A are six blue colonies in a quarter of a plate labelled
RBM/ so these have RBM in pAS. The construct against which they have been
assayed is labelled adjacent to that quarter, so the top left hand quarter also contains
hnRNP K in pACT (i.e. fused to the activating domain of Gal4).

The upper right hand corner of plate A shows a positive interaction between RBM
and tra2f} (clone number 1).

Plates E and F contain parts of tra2f3 in pACT assayed against RBM (plate E) and
the SRGY boxes of RBM (plate F). The region of tra2f} that interacts with SRGY is
the C-terminus traC (all constructs used are mapped in fig 19).

Plates G and H show positive interactions between T-Star, hnRNP G-T and tra2f} in
pAs against various subsections of the SRGY box region in pACT (also described in
fig 19).
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Fig 21. Yeast two hybrid assays between various prey. Sections are labelled with both

partners tested: the first protein is the DNA binding domain fusion (in large letters or first of'a pair followed
by/. The activating domain fusion is labelled on each individual segment ofthe filters - for worked
explanationsoflabelling system see fig 20). ASam is Sam68 in pAS, starting from the region

homologous to T-Star I.e. excluding the N-terminus.
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5.5 Mouse RBM interactions.

In parallel with the work on human RBM, Dr. David Elliott in Prof. Howard Cooke’s lab in
Edinburgh was investigating the interactions of mouse RBM with candidate proteins by yeast two-

hybrid methods and had found it to interact with SRp20.

Mouse RBM is encoded by the Y chromosome but, like the hnRNP G proteins, has only 1.5 SRGY
boxes. The question, therefore, was whether these were sufficient to enable mouse RBM to bind to
the preys of human RBM? Mouse RBM and several deletions were tested and the whole protein

interacted with everything from the screen (table 7).
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Table 7. Interactions of Dr. D. Elliott’s constructs of mouse RBM and SRp20.

RBM Mouse RBM | MouseA3 | T-Star | A Sam68
Mouse RBM | Full 172 |* |18/6 |***
Al 06 [- |0/6 |-
A7 3/4 |*
SRp20 9/11 | * |8/11 |(*)m
T-Star 17 33/11 [ *** [0/5 |-
hnRNP G-T |1 18/6 | ***
6 33/11 | *** [ 0/5 |-
9 15/6 | ***
Sam68 5 12/6 | (**)s
8 15/5 |*** |0/5 |-
ZnF 2 15/6 | ***
6 12/6 | (**)s
Tra2p 1 12/5 [*** [o/5 |-
3 9/6 | (**)s
B 5 12/6 | **
E 1 18/6 | ***
3 6/6 |(*)m
SRp30c 1 15/6 | ***
hnRNP K 2 8/6 **
Platelet PFK |2 15/6 | ***
ERF2 6/6 |(*)m
Sox4 15/6 | ***
Ribosomal L28 15/6 | ***
Q 3/6 *
S 4/6 *
U 12/6 | **
w 12/6 | **
Z 12/6 | (**)s

A7 contains the minimal unit of mouse RBM. Al and A3 do not, although A7 corresponds to a large
region from the center of the protein equivalent to the B and C regions of human RBM, so the

interacting region has not been fully narrowed down yet.
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5.6 Individual SRGY box interactions

Yeast two hybrid analysis was used to study the strength of interaction between individual SRGY

boxes and tra2f}, T-Star and hnRNP G-T in order to help define the minimal unit of interaction.
Nine constructs were made in the DNA binding domain plasmid containing either 1, 2 or 3 exons of
the SRGY boxes. These were each crossed with the 3 genes above and all, with more than one box

were strongly positive (fig 20 plates G and H, and table 8).

Table 8. Yeast two hybrid interactions of contiguous units of the SRGY box region.

TRIPLETS PAIRS SINGLES
13 24 12 23 34 1 2 3 4
T-Star 8 [18/6 2/6 6/6
ek ok * *
17 2/6 3/6 1/6 0/6
* * * -
22 |21/12 |26/12 |32/12 [33/12 |14/12 [0/6 [0/6 | 0/6 |0/6
%k skkk %k k% skkk k¥ - - - -
hnRNP G-T |5 |15/6 0/6 0/6
%k %k %k - -
6 |[14/12 ]29/12 |31/12 [12/12 |[8/12 0/6 [0/6 |0/6 [0/6
*% sk K *ekk * * - - - -
9 |18/6 1/6
Hkok *
Tra2 3 |21/12 [27/12 |[33/12 |22/12 |21/12 |0/6 [0/6 [0/6 [0/6
%% H %k * 3%k *% ok - - - -
Zinc(three) |1 |6/2 0/6
Finger
*%k% -
5 |18/6 0/6
*kk -
B 5 |8/6 0/6 2/6
A%k - *
E 1 |18/6 0/6
ok %k k -
SRp30c 1 |18/6 2/6

%k ok ok sk
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The results are consistent with the mouse results that suggested that 1.5 SRGY boxes are sufficient,

as there is a sharp cut off between 2 SRGY boxes which is strongly positive and 1 box where the

interaction is weak or non existent (not shown).

The strengths of the interactions were quantified by liquid assay (fig 22). There was a wide spread
of values within clones and the only consistent difference was the weaker interaction of 3/4 than the
other dimers. More reproducible results may be achievable by using a different strain of yeast
(Y187) that has a higher level of endogenous B-galactosidase. It would be better to culture yeast
strains over two nights, in order to study (and note if necessary) their individual growth rates and to
ensure that all cultures are growing exponentially at the start of the assay. Liquid quantitative assays
were more frequently employed at the onset of two-hybrid technology than they are currently. The
reason for this is probably that the length of preparation and the number of duplicates required are
not justified by the validity of the results. It is notable that if there were an absolute scale on which
yeast two hybrid interactions could be measured, then it should not matter in which orientation the
two interacting molecules were, but in practice enzymatic activities are rarely similar when the bait

and prey are swapped into the opposite vectors (Amrein et al., 1994).
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Fig 22. Two independent quantitative yeast two hybrid assays (using ONPG as substrate) between
contiguous trimers and dimers ofthe SRGY boxes (numbered 1-4) and T-Star, hnRNP G-T and tra2p
(see fig 19 for map of constructs)

Units ofrelative beta galactosidase activity are expressed as Abs@YAbsd0 per min.
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Chapter 6. Recombinant protein

6.1 In vitro translation

6.2  Immunoprecipitaton of in vitro labelled proteins

6.3  Antibody production

6.4  Immunoprecipitation from HeLa nuclear extract

6.5  Pulldowns with immobilised RNA

6.6  GST fusions

6.7  GST pulldowns

6.8  Effect of phosphorylation on the RBM:tra2f} interaction
6.9  RNA binding by the auxiliary domains

6.10 Dephosphorylation

6.1 In vitro translation

It was decided to verify and characterise RBM’s interactions biochemically by making recombinant
and in vitro labelled proteins to study their interactions in vitro. In vitro translation was attempted
using Promega reticulocyte lysates with RNA transcribed in vitro from PCR products incorporating
a T7 promoter. A single band was made for RBM but there were multiple bands for all other genes
tried (fig 23a). Subsequently, standard cloning into either Bluescript or (later after difficulties in
working with this plasmid) into pCDNA3 was used to generate the transcription templates instead
(fig 23b). These were optimised according to whether capping and or LiCl precipitation improved
the quality of the final translation products. As a result of these tests (not shown) capping was
universally applied as it improved subsequent translation, up to several fold in some cases, but LiCl
precipitation removed only half of the plasmid DNA contamination from the transcripts and made
little difference to translation efficiency. RBM RNA gave poor results in translation reactions (a
‘smear’ rather than a band - not shown), and the best RBM protein was obtained from simultaneous
transcription of plasmid pOM6 (which has RBM reading frame between the Kpnl and EcoRYV sites
of Bluescript and was constructed by O. Makarova) and translation with Promega ‘TNT’ lysates.

Throughout these studies a large amount (Sul) of reticulocyte lysate was mixed with loading dyes
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Fig 23. Production of RNA for in vitre translation.

(a) Agarose gel of PCRs of various protein reading frames incorporating an upstream T7 promoter
from one primer and a vector-specific sequence at the 3° end. Except for RBM all PCRs had a
spurious high-moblity band. As the hnRNP Al template was in a different vector from the yeast two-
hybrid prey (and there were no common primers) these bands cannot simply be explained as the result
of a single vector-specific priming event, (b) RNA transcribed in vitro from conventionally cloned
templates gave single bands when run on a 4% acrylamide, 30% formamide gel and ethidium stained.
The four right hand lanes were treated with LiCl which removed probable DNA degradation products

from T-Star RNA.
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without boiling (to avoid coagulation) and electrophoresed. Avoidance of smears can sometimes be

achieved by running a much smaller amount (e.g. 1l of lysate) boiled in 10ul of dyes.

6.2 Immunoprecipitaton of in vitro 1abelled proteins

To attempt to show that an interaction between tra23 and RBM can occur in vitro, RBM, tra2f8 and
a negative control, hnRNP Al were translated in vitro and immunoprecipitated with ‘protein A’
coupled beads which were coupled to RBM antisera and tested for their ability to precipitate in vitro
translated RBM (not shown). There was some specificity for RBM (using anti-hnRNP Al and
hnRNP Al translated in vitro as negative control) on Quantum Magnetite’ beads. However the
attempt to co-immunoprecipitate tra2 translated in vitro (with RBM bound to immobilised RBM
antisera) was unsuccessful (not shown). This could be either because the RBM antibody blocks the
binding site for tra2[3, or because the concentrati:)ns of in vitro labelled protein are too low to drive

the interaction.

6.3 Antibody production

Antisera were raised against recombinant tra23 and T-Star. Epitopes to tra2} and T-Star were
designed against the regions most differing from their homologues. These are the N-terminus (first

50 amino acids) of tra2 and the C terminus (downstream of the Qua region) of T-STAR.

The chosen regions were cloned into pGex2T (Smith and Johnson, 1988) and expressed as GST
fusions (fig 24a) and inoculated into rabbits. Tra23 antibodies were present after 6 weeks but did

not increase thereafter (fig 24b). No specific response to recombinant T-Star was found with T-Star
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Fig 24. Raising Antibodies (a) Purified GST fusions of

tra2p and T-Star epitopes, as injected, run on a 12% SDS gel.

(b) Western blot using antisera against tra2p harvested at the times
shown in weeks with constant amounts of tra2p on gel.

(c) Western blots ofin vitro translation products (retie) and GST
fusions (E.Coli). Recognition of in vitre translated proteins by
whole serum (below stars) was strong for the positive control
RBM, very weak for tra2p and undetectable for T-Star at this stage.
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sera at this stage. There was also some detection of in vitro translated (eukaryotic) tra2 but it was

very weak (fig 24c).

In order to increase the; titre of the antibodies his-tagged versions of the epitopes were expressed and
purified by mono-S chromatography by J. Greenwood (fig 25a). There was some cross-
contamination between the samples as a salt gradient up to 2M was used for elution and some of the
highly charged peptides may have remained bound between runs. There was a strong specific
response for both the antisera to their epitopes (fig 25b) so these were run on a gel and blotted onto

nitrocellulose and used for affinity purification.

The purified tra2f3 antibody recognised a single major band in nuclear extract of the correct size
plus a weaker band of around 100kDa (fig 25c). Using untreated serum (gift of S. Stamm), the same
major band was detected, plus a slightly higher mobility form. The T-Star antibody was tested by
David Elliot (Venables et al., 1999) and detected a single testes-specific band that ran faster than
Samé68, confirming that it is shorter. Antibodies were also affinity purified (using GST-RRM) that
only recognised the N-terminal RRM region. As expected, this antibody failed to recognise GST-
SRGY but did recognise a single band in nuclear extract corresponding to hnRNP G (fig 25d) which

is 82% identical to RBM in its RNA recognition motif.
6.4 Immunoprecipitation from HeLa nuclear extract
The anti-hnRNP G (RRM) antibody was used to immunoprecipitate proteins from HeLa nuclear

extract as it only binds the RRM region which is not implicated in protein-protein interactions.

Tra2f3 was specifically immunoprecipitated from nuclear extract by this antibody, confirming that
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Fig25. Characterisation of antisera

(a) His-tagged epitopes run on a 16% SDS gel and
Coomassie stained.

(b) Western blots of'the samples shown in a.

(the correct bands were later

excised for affinity purification).

(c) Western blot comparing affinity purified tra2p
antibody and tra2p antisera supplied by S. Stamm.
IV=in vitro translated tra2p. N= nuclear extract.

(d) Western blot comparing anti-RBM

(raised by Dr. E Makarov) and antibodies affinity
purified from that serum with the RRM region

of RBM (a-RRM, also later called a-hnRNP G(RRM)
because it recognised hnRNP G).
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tra2f3 and hnRNP G are associated in non-testes tissue (fig 26 a,b). This assay (fig 26c) uses anti-

rabbit beads (Sigma); these were loaded with anti hnRNP G antibodies and incubated in nuclear
extract so that hnRNP‘ G could bind. The idea is to precipitate any partners of hnRNP G that are
bound to it bound to its antibody bound to the beads. Elution from the beads is then done in 1%
SDS half molar salt which is strong enough to disrupt ‘normal’ protein protein interactions but
should not dislodge the hnRNP G antibodies from the anti rabbit beads. Fig 26 shows two
immunoprecipitations probed in the Western with a-tra23. Both times tra2} came down on beads
coated with a-hnRNP G (RRM) but not on control beads. In the first immunoprecipitaton some
antibody unfortunately eluted from the beads so that heavy chain showed up in the Western at
50kDa which is just distinguishable from hnRNP G at around 54kDa in the positive control Western
blot using anti hnRNP G (RRM). The lower band in the right hand lane corresponds to some
contaminating 35kDa GST-RRM used to affinity purify this antibody. In the repeat experiment,
negative control UlA failed to precipitate on beads whether or not they were coated with anti
hnRNP G (fig 26b). This time, the signal from immunoprecipitated protein was far weaker, however
no electophoresed antibodies were detected, possibly due to the accidental use of hot (c50°C)
elution buffer instead of room temperature buffer, which may have caused adhesion of selectively

denatured proteins to the beads.

6.5 Pulldowns with immobilised RNA

The effects on the interactions of RBM and tra2f on their RNA-binding properties were
investigated by a pull-down assay with immobilised RNA. For this the dsx repeat element was
chosen as the only known target (then) for tra2-like proteins. A 20mer containing this sequence was

transcribed incorporating biotinylated uridine and bound to streptavidin beads. Dsx did precipitate
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Fig 26. Two immunoprecipitation experiments from HeLa nuclear extracts using
a-hnRNP G (a-RRM) immobilised on anti-rabbit beads (a. and b.).

Antibodies indicated in the figures are those used for detection by Western blotting.
Therefore in the right hand gel in part a., a-hnRNP G is used both for the
immunoprecipitation and for the subsequent detection.

Lanes labelled N just contain nuclear extract.

(c) Principle ofthis immunoprecipitation. Anti RRM is immobilised on beads and
hnRNP G family proteins bind along with their interacting partners (so long as

they are not bound to the RRM). Only the latter components are eluted from the beads.
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tra2f specifically (compared to random RNA), although very weakly (not shown). As this

experiment was being performed, tra2f3’s SELEX target was reported to be (GAA), (Tacke et al.,
1998) so the experirhent with dsx was then redesigned to incorporate GAA repeats, using longer
RNA (50bps) to facilitate gel purification and transcription. RBM and tra2f§ were added sepa.ratély
or together to beads coated with GAA, dsx or random RNA. RBM bound to all RNAs and tra2f3
only bound well to GAA (fig 27a). RBM seemed to replace tra28 on GAA when both were present
(fig 22a. right-hand lane), however repeat experiments did not confirm the interaction between the 2
proteins, possibly because more RNA was bound to the beads in later experiments so there was no
longer any competition for binding sites (fig 27b). The original observation that RBM bound more
strongly and tra23 bound less strongly when together, although not repeated in the limited time
available, could not have been due to pippetting errors as the tra2 and RBM were premixed before

aliquotting into each reaction.

6.6 GST fusions

Soluble GST fusions of full length RBM and tra23 were expressed in E. coli (fig 28a). Nevertheless
it was not possible to purify these using glutathione» agarose (c.f. T-Star epi and GST in fig 28b
right-hand lanes), despite trying various tricks e.g. using higher pH buffers (fig 28b) to reduce any
repulsion between RBM molecules which could stop them forming the dimers needed to bind GST,
or mixing with GST at high concentration to allow re-equilibration of GST-RBM as heterodimers,
inciuding a denaturation/ renaturation from 6M urea (not shown). Recombinant GST-tra23 has
since been purified, although it is not clear what the difference in technique was (Tacke et al.,

1998).
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Fig 27. Pulldowns of in vitro labelled proteins using immobilised RNA.

(a) RBM and tra2(3 were translated in vitro and bound to RNA incorporating
biotinylated uridine. RNA used contained either a random core, a doublesex repeat
element or GAA repeats. RBM and tra2p were either added singly in lanes
labelled R or T, or together in lanes labelled RT.

(b) RBM, tra2p and hnRNP G-T (G) were added singly or in the combinations
labelled to immobilised GAA repeat RNA. Proteins bound were subjected to

SDS PAGE and phosphorimaging.
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Fig 28. (a) Expression of GST fusions of RBM and tra2(3 in soluble fractions of E. coli lysates
which were electrophoresed on 12% SDS gels and stained with Coomassie blue.

- and + denotes the absence or presence of IPTG to induce the recombinant protein.

(b) GST-RBM was not enriched by binding and elution to glutathione agarose at any of 3 pHs
lanes marked 8, 8.5 and 9), for unknown reasons; the same was true for tra2(3. By contrast the

right hand two lanes of each gel shows the relative enrichment of GST (G) and T-Star epitope (T").
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The SRGY boxes of RBM and other short regions including the tra2 C terminus (traC) and the

first two SRGY boxes (half SRGY) were cloned (fig 29a) and expressed as GST fusions and
purified on Glutathiope agarose (fig 29b). The SRGY box construct came as a series of bands which

was confirmed by Western blotting (fig 29¢).

6.6 Testing for interactions by GST pulldown assay

GST-SRGY was successfully used to pull down *S labelled intact tra2f from solution using GST-
Rho-GDI (gift from Ramin Badi’i) as a negative control (fig 30a). The SRGY beads were again
used to pull down tra2f, this time in the presence of nuclear extract to increase the stringency of the
assay, and in the presence of ATP and creatine phosphate except where indicated (fig 30b) and
binding was strikingly stronger in the presence of ATP. Both SRGY and traC bound 3X less tra2f3
in the - compared to the + lanes (compare lanes 2 and 4, and 6 and 8 in fig 30b). At this time T-Star
was shown to bind to SRGY and to a GST fusion to the SH3 and SH2 domains of Src (SH2/3 a gift
of M. Frame) better than to GST alone (fig 30b lanes 3, 10 and 12). There was also some binding of

tra2f3 to SH2/3, and RBM was shown to bind to GST-traC, but this was not affected by ATP.

The ATP effect on tra28’s binding to GST-SRGY was repeated 10 times and was shown to be
dependent on the presence together of ATP-depleted nuclear extract and tra2f. In fig31 Various
parameters were varied to test their effect on the GST-SRGY/tra2f interaction: lane 1 is the input
tra2P, lane 2 is the amount that bound under normal washing conditions as in all previous
experiments as in fig31 a. and b. Lane 8 shows the effect of RNAse. In lanes 3-7 a more stringent

washing regime was used including a 20 minute incubation in high salt buffer at 30°C. This wash
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Fig 29. Characterisation of GST-fusion constructs.
(a) Analytical PCR across inserts in pGex-2T
ofvarious cloned GST fusions run on a 0.8% agarose
gel.

(b) Coomassie stained 12% SDS gel of proteins
expressed from plasmids in (a) and purified on
glutathione agarose.

(c) Western blots of SRGY boxes fused to GST
(either all four boxes (SRGY) or boxes 1 and 2
(half SRGY))from (b) using a-SRGY and

a-RBM for detection.
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Fig 30. First GST pull-downs of'the in vitro translated proteins (shown below gels)
by the GST fusions ( shown above gels) showing

(a) the interaction oftra2(3 with the SRGY boxes in nuclear extract,

and (b) the enhancement of'that interaction by ATP (compare lanes 4 and 2).

In vitro translation products were incubated with GST fusions bound to
glutathione agarose in cold room overnight and washed extensively.

Beads were boiled in loading dyes and subjected to SDS PAGE.



Fig 31. Test of the effects of various parameters on the GST-SRGY/ tra2p interaction

In vitro translated tra2p was bound to GST-SRGY bound to gluathione agarose after various

washing steps/ incubations.

Lane 1- input in vitro translated tra2p

Lane 2- GST-SRGY was bound to glutathione agarose and washed quickly at 4°C before addition of tra2p
Lane 3- As lane 2 but beads were washed at 30°C for 20 mins instead ofat 4°C .

Lane 4- As in lane 3 beads were washed for 20 mins but in dilute nuclear extract (14%), not buffer.
Extract was still present when tra2p was added.

Lane 5- As lane 4 but nuclear extract contained added ATP.

Lane 6- As lane 4 but nuclear extract was washed away prior to adding tra2p.
Lane 7- As lane 5 but nuclear extract was washed away prior to adding tra2p.
Lane 8- As lane2 but binding was performed in the presence of RNAse.



100
caused a substantial increase in binding as shown in lane 3. In lanes 4-7 the 30°C incubation was

performed in the presence of 14% nuclear extract. When the subsequent binding was performed in
the presence of nuclear extract (lanes 4 and 5) binding was reduced again if ATP was absent, but not
if the nuclear extract was washed off before adding the tra2p (lanes 6 and 7). A possible explanation
is that mock incubation removes E. coli RNA from GST-SRGY and increases its ability to bind

tra2f. If the beads and in vitro labelled protein are incubated together with nuclear extract but

without ATP, dephosphorylation of tra2f increases its affinity for the competing RNA.

The specificity of the SRGY/tra2f} interaction and the enhancement by RNAse was confirmed using
GST alone and labelled luciferase as controls (fig 32a). The activity of the RNAse was confirmed
by adding labelled RNA to a binding experiment (fig 32b) and finally the putative inhibition of the

RBM/tra2} interaction by RNA was confirmed in both orientations (fig 32c).

In vitro labelled luciferase, hnRNP A1, hnRNP G, hnRNP G-T, RBM and tra23 were added to pull
down assays with each of GST, GST-RRM, GST-SRGY and GST-traC (fig 33). Luciferase was
negative for all GST fusions and GST (G) was negative for all labelled proteins. GST-RRM (R) was
weakly bound by the hnRNP G family (hnRNP G, hnRNP G-T and RBM) but not after washing in
high salt. Strong interactions that were stable in high salt were seen between the SRGY boxes and
the hnRNP G family and tra2f. TraC also pulled down with the hnRNP G family and tra2f. The
homodimeric interactions (SRGY/RBM and traC/tra28) were expected from the yeast two hybrid
data (table 4), but it was clear from this experiment that the heterodimeric interaction in either

orientation was stronger.

T-Star interactions were tested separately after cloning the gene with artificial and natural 5> UTRs
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Fig 32. Effect of RNAse on the interaction oftra2p and the SRGY boxes .

(a) tra2p was bound to GST fusions bound to glutathione agarose beads. Beads were boiled in dyes
and subjected to SDS PAGE At the very top is indicated the in vitro labelled protein added,

either tra2p or luciferase. Below are indicated the GST fusion used, either GST fused to the SRGY
boxes or GST alone. Presence or absence of RNAse is indicated by + and

(b) Efficacy of RNAse. In vitro labelled transcripts were bound to GST-SRGY

in the absence or presence of RNAse, indicated by + and -.

(f) Effect of RNA on RBM/ tra2p interaction in both orientations. The proteins indicated

were bound by the assay described above, electrophoresed and subjected to phosphorimaging.

In vitro transcribed RNA (pCDNA3) was included in the quantities shown.
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Fig 33. GST Pulldowns in the presence of RNase. (a) Various in vitro labelled proteins (shown by arrows)
were precipitated by various GSTfusions: GST alone (G), RBM’s RRM (R), the SRGY boxes (S), and the
tra2p C terminus (T). Wash buffers include 0.5M KC1 in bottom panel.
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both gave the same 3 bands when translated in vitro. Treatment with protein phosphatase 1 failed to

alter the mobilities of these 3 bands (not shown) indicating translational infidelity was the probable
cause of the multiple products. In two separate trials T-Star bound better to GST-SRGY and GST
fused to the SH2 and SH3 domains of Src (2/3 a gift from M. Frame) than to negative controls. One
time T-Star bound best to SH2/3 (especially the full-length band fig 34a) and another time T-Star

appeared to bind most strongly to the SRGY boxes (fig 34b).

6.8 Effect of phosphorylation on the RBM:tra2f3

interaction

The ATP dependence of the RBM:tra23 interaction was further investigated by incubating GST-
SRGY with radioactive ATP in the presence of nuclear extract (fig 35a). Bands of phosphoprotein
of 51, 40 and 24 kDa were resistant to high salt washing of the SRGY beads however it was not
clear if these corresponded to phosphorylated GST-SRGY or phosphoproteins from the nuclear
extract that bound GST-SRGY (the 40kDa protein especially could possibly have been tra2f).
However the same three bands were phosphorylated by SR specific kinases clk/sty and SRPK1
(gifts of Dr. J. Yeakely) in the absence of nuclear extract (fig 35b), demonstrating that SRGY boxes
are phosphorylatable by splicing kinases. Commercial casein kinase also hyper-phosphorylated

GST-SRGY such that the only band visible was a smear of >51kDa.

6.9 RNA binding by the auxiliary domains

As RNA inhibited the RBM:tra2f} interaction a possible model is that RNA inhibits it by binding
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Fg34. (a) T-Star pulldown by GST fusions: GST alone (G), RBM’s RRM (R), the SRGY boxes (S), and the
SH2/SH3 domains of Src (2/3).

(b) repeat ofa. showing GST fusion loadings used. Note the repeated bands of SRGY degradation products
which appear to correspond to protease sensitive sites in the middle and at the end of each repeat.
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Fig 35. (a) Phosphorylation ofthe SRGY boxes. GST-SRGY box fusions were incubated in nuclear
extract with y- 32P ATP and washed in high salt and run on a 12% SDS gel and subjected to
phosphorimaging

(b) Phosphorylation ofthe SRGY boxes and the tra2 p C terminus (traC).

GST-SRGY and GST-traC were incubated with y-ATP and purified kinases clk/sty and

SRPK1, casein kinase or nuclear extract (apparently low levels of SRGY phosphorylation

by sty and nuclear extract are due to low enzyme concentration and high unlabelled ATP
concentrations respectively).



102
directly to the interacting regions. The ability of GST-SRGY and GST-traC to bind RNA was tested

along with that of negative (GST) and positive (GST-RRM of RBM) controls. In preliminary trials

GST-SRGY bound up to half as much yeast RNA as the RRM region (fig 36a).

The effect of phosphorylation on the RNA binding of SRGY and traC was then investigated by
incubating them with nuclear extract plus or minus ATP, or kinases before washing and then adding
in vitro labelled transcripts (the RNA was washed off and the beads were placed in a scintillation
counter). GST-SRGY repeatably showed reduced binding of RNA after phosphorylation (fig 36b)
by nuclear extract or kinases (especially clk/sty). In a single trial, GST-traC showed reduced
binding of RNA when treated with SRPK1 (fig 36b bottom row) which was very active at
phosphorylating it (fig 35b). Nuclear extract reduced the RNA binding by traC with or without
ATP, probably because traC binds (and is covered by) many nuclear proteins (in nuclear extracts)

e.g. splicing components.
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Fig 36. RNA binding to GST fusions. In vitro labelled RNA (pCDNA3) was bound to

GST fusions bound to glutathione agarose, (a) Triplicate binding assay shows GST-SRGY binds a
significant amount of RNA compared to GST alone and GST-RRM. (b) After introducing
stringent washing steps, again GST-SRGY bound a significant amount of RNA compared to
negative and positive controls. The top line is to scale. The effect on RNA binding of
phosphorylation by pre-incubation in nuclear extract + ATP or with purified kinases and ATP

is a reduction in RNA binding. Bound RNA was quantified

by scintillation counting. Error bars here span the upper value and the mean oftwo trials.
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6.10 Dephosphorylation

Results so far have indicated

1) that the RBM:tra2f interaction is inhibited by RNA,

2) that it is enhanced by conditions that favour phosphorylation

and

3) that the interacting regions bind less competing RNA when phosphorylated.

To demonstrate the effect of phosphorylation without the extra factors present in nuclear extract
incubation with protein phosphatase 1 (PP1) was used to dephosphorylate in vitro labelled proteins
and disrupt the interaction (fig 37). Consistent with the 3 points above the presence of RNA
exacerbated the effect and essentially abrogated the interaction of GST-SRGY to dephosphorylated
tra2B (lane 4). In preliminary trials, dephosphorylation of tra2p led to aggregation and/or
degradation of the protein in the overnight binding reactions previously used at 4°C so these
binding experiments were performed at 30°C for 30mins which allowed 50% of the
dephosphorylated tra2p to stay in solution. Tra2p was significantly dephosphorylated by PP1. By
contrast the mobility of in vitro labelled RBM was only slightly increased by PP1 treatment which

may explain the lack of an effect on its binding to GST-traC (not shown).



RNAse +RNA
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Fig 37. Phosphoproteins interact better.
In vitro labelled Tra2(3 was incubated for 30 mins at room temperature with GST-SRGY

bound to glutathione agarose in the presence of protein phosphatase 1 (lanes marked PPI),

with low amounts of RNA (+RNA) or with no RNA (RNAse).
Gel marked ‘unbound supernatant’ contains TCA precipitate of the unbound proteins.
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Chapter 7. Discussion

7.1 Evidence for RBM’s interactions

7.2 Evidence for interactions occurring in vivo

7.3  Invitro evidence

7.4  The effect of phosphorylation on RBM’s interactions
7.5  Models for RBM function

7.1 Evidence for RBM’s interactions

In this study the germ cell-specific protein RBM was used as bait in a two hybrid screen and the
putative interactions uncovered were further investigated in an attempt to corroborate this evidence

that they occur in nature and that they are functionally important.

The fact that the prey proteins retrieved in the screen fell into a small number of categories is strong
evidence for the specificity of the interactions; over two thirds of the proteins were RNA binding
proteins, and two of the three largest groups, Samé68 and T-STAR, were homologues of each other.
The fact that the second largest group, hnRNP G-T is a homologue of RBM itself is also far from
coincidental. It is unlikely that RNA-bridged interactions will be picked up in a yeast two hybrid
screen as this must result from non-specific or specific RNA binding to endogenous yeast RNA.
Specifically bound transcripts would not be expected to be present in high enough concentrations to
cause an interaction, and if the proteins bound non-specifically they would not bind to the same

transcripts and a whole plethora of RNA-binding proteins would be retrieved. There is also the
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formal possibility that both of the proteins binds one of their messages expressed from a yeast two

hybrid vector.

While RBM retrieved some very interesting and likely candidates for RBM’s functional partners it
also retrieved relatively few unlikely proteins (4.1), such as platelet phosphopfructokinase (PFK),
that presumably only interacts with RBM by coincidence (and may actually have been in the cDNA
library only because of the presence of blood cells (in testes) in which RBM is not expressed).
Nevertheless PFK interacted strongly with RBM, so although a yeast two hybrid screen can show

specificity of binding it cannot demonstrate with any certainty that the interactions occur in vivo.

7.2 Evidence for interactions occurring in vivo

Coimmunoprecipitation with RBM from testes was hampered by the fact that RBM has not been
repeatably extractable from testes extract supernatants, but its close relative hnRNP G is soluble in
HeLa nuclear extracts. The successful immunoprecipitation of 7ra23 by hnRNP G from HeLa
nuclear extract suggests that these classes of proteins could be associated in all cells. Both
antibodies used recognised predominant single bands in nuclear extract. After the
immunoprecipitation an apparently similar signal was obtained for nRNP G as for tra2p} implying
that a large proportion of hnRNP G is bound by tra2f in vivo. Sam68 was not co-precipitated from a
nuclear extract (not shown), but, the possibility of an interaction cannot be discounted because
technical explanations can be offered; for example, a specific phosphorylation state may be required
which may have been abrogated in the nuclear extract by preincubation with ATP. Another
possibility is that the STAR proteins are only transiently associated with RBM/hnRNP G and hence

the majority of molecules are free.
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Further evidence for in vivo interactions between tra2f3 and RBM has been obtained by Dr. D. Elliot
in Professor H. Cooke’s lab in Edinburgh. TRA2P was found to colocalise with SR proteins in two
large clumps in the nuclei of pachytene spermatocytes, i.e. it was in the same sub-nuclear location
as RBM (Venables et al. 2000. Appendix 3). It would be interesting to find out whether the two
spots that these proteins locate to are also the sites of transcription, as these concentrated foci could
be a space saving mechanism of germ cells to accommodate the constant rearrangements they
endure.

The two spot localisation of SR proteins in germ cells is not observed in HeLa cells (Neugebauer et
al, 1995) but is seen in Drosophila spermatocytes for TRA2 (Du et al, 1998).
Immunocytochemical analyses by Dr. Elliot of sections of rat testes in situ with anti T-STAR and
anti SAM68 antibodies showed temporal regulation of both proteins in germ cells and expression
was confined from early pachytene to the round spermatid stage (Venables et al., 1999). T-STAR

and TRA2P are therefore expressed in the nuclei of the same cells as RBM.

7.3 In vitro Evidence

anﬁnnation that the interactions were not RNA-bridged came from the in vitro pull down
experiments using GST fusions to pull down in vitro translated proteins in the presence of RNAse
(figs 25 and 26). The specificity of the interactions of tra2f3, and hnRNP G-T with the SRGY boxes
was confirmed using this system. The interactions of tra2f3 and RBM were confirmed in both
orientations and were stronger than either homodimeric interaction, strongly suggesting that

tra2p/RBM heterodimers will be found in testes. The interactions of T-Star with the SRGY boxes
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and the SH2/SH3 regions of Src were also demonstrated, although multiple bands translated in vitro

made these less easy to interpret.

7.4 The effect of phosphorylation on RBM’s interactions

If RBM controls alternative processing in conjunction with tra2B, at a specific stage in
spermatogenesis, the germ cell will need a mechanism for switching their interaction on and off,
and the most common method of controlling protein-protein interactions is reversible
phosphorylation. In the case of RBM the response to phosphorylation in the cell may be sharpened
by the reduced affinity of phosphorylated protein for RNA which inhibits its interaction with tra2f.
The experiments with dephosphorylation of 7ra2B show this decreases protein-protein interactions,
although attempts to enhance the interaction by phosphorylating recombinant TRAC or SRGY were
not repeatable (data not shown). The main reason for this may have been that the importance of
regulating the amount of RNA present was not realised before the gift of kinases ran out. By
washing away all RNA in high salt and high temperature and then adding back measured amounts
of RNA, or alternatively by adding RNAse this could be controlled. In the presence of RNAse,
however, the binding was already too great to allow an enhancement by phosphorylation. To get

around this it would have been necessary to reduce the amount of GST fusions bound to the beads.

Another caveat is that, as there are more kinases than phosphatases to choose from, it is less likely
that a candidate kinase will be the relevant physiological one, so that a negative result would not
have been decisive. Similarly, although PP1 reduced binding by TRA2f there may be other

phosphatases of TRA2f active in HeLa cells as 2 UM microcystin (a PP1 inhibitor) did not stop
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nuclear extract minus ATP from reducing the interaction (data not shown, although the activity of

the microcystin was not verified).

In the cases of RBM and 7ra2p it would be expected that the RRM regions, and not the SR rich
auxiliary regions, would be of paramount importance in any specific sequence recognition, so the
relevance of the interference by RNA with protein-protein interactions is not clear. Despite
fluctuations in transcription it is unlikely that steady state levels of RNA vary much in the cell
cycle. However in contrast, the phosphorylation state of 7ra2p could be switched from on to off, to
reduce competing RNA binding, and this could be an indirect mechanism by which phosphorylation
activates protein-protein interactions. The phosphorylation of traC and SRGY reduces their binding
to random sequences of RNA and thus reduces non specific binding that may simply reflect their

high positive charges, as both regions are rich in arginine.
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7.5 Models for RBM function

The proteins retrieved in the yeast two hybrid screen with the testes-specific RNA-binding protein

RBM as bait, can be categorised according to what is known or supposed about their function.

Signal transducing and RNA processing - STAR proteins (1.4)

Sam68 and T-Star

Heterogeneous nuclear ribonucleoproteins. Functionally inert or otherwise? (1.5)

hnRNP G, hnRNP G-T and hnRNP K

SR Protein Splicing Factors (1.6-1.8)

Tra2PB, SRp30c and 9G8

The functions of RBM’s two-hybrid prey suggest a cause and an effect for RBM’s action, namely

that RBM may be involved in relaying cell signals by affecting alternative splicing in germ cells.

This is supported by the fact that the cell signalling and RNA splicing molecules do not interact

with each other directly in the yeast two-hybrid system.

The testes-specific members of this cascade, T-Star, hnRNP G-T and RBM, may be expressed at
specific stages in spermatogenesis, either to replace normal homologues that are turned off in
development or to divert Tra2B to alternative targets. The timing of these interactions may be

sequential or simultaneous resulting in a large alternative splicing complex (fig 38). The results



Fig 38. Two possible modes of RNA action. (a). Sequential action: RBM is activated by T-Star
and subsequently binds tra2f3 and affects alternative splicing. (b). Macromolecular complex:
multiple molecules of RBM, TStar and tra23 form a large alternative splicing complex.
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shown in this thesis, and in the appendices implicate two new processes in mammalian

spermatogenesis. The first is the putative cell signalling function of T-Star. Although much is
known about the hormonal regulation of spermatogenesis (deKretser et al., 1998), little is known
about intra-cellular signalling there. The second process implicated in the control of
spermatogenesis by these results is alternative splicing. 7ra2f’s homologue, Tra2, is known to
control spermatogenesis in flies (Belote and Baker, 1982). Analysis of the expression patterns and
RNA-binding specificities of these genes may lead to interesting insights into human fertility.

As mentioned in the introduction RBM is superficially structurally analogous to an SR protein.
Isolation of three SR proteins in the screen suggests that RBM is also involved in splicing. SR
proteins have Abeen characterised in terms of their functions in constitutive and alternative splicing,
as well as in terms of subcellular localisation, specific protein and RNA binding, and the effect of
phosphorylation on all of the above. The work of Dr. Elliot has drawn a parallel between RBM
localisation and SR proteins, including TRA2P. Specific protein interactions have been
demonstrated for the proteins isolated, and the region of RBM responsible defined, and shown also
to bind to RNA. Finally an effect of phosphorylation on protein and RNA binding has been
demonstrated. Thus, there are enough parallels between RBM and SR proteins to give legs to the

theory that RBM is involved in testes-specific alternative splicing.

Proof of this hypothesis is not just around the corner, as it will probably require progress through
the following successive stages:

(1) Identification of RNA substrates

(2) Demonstration of alternative splicing in transfected cells, and

(3) Recombinant mice technology

Only then will an abstraction of this theory to human spermatogenesis be likely.
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RNA-binding proteins are essential for spermatogenesis: they
are required in the nucleus of germ cells, for the production of
specific mMRNA isoforms, and in the cytoplasm - where proteins
required for chromatin condensation and for changes in cell
morphology are translated long after transcription ceases. Some
of the RNA targets and the RNA-binding proteins themselves
have been identified recently. Both nuclear and cytoplasmic
proteins are affected in examples of azoospermia in men.
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Abbreviations
RRM RNA recognition motif
STAR signal transduction and activation of RNA

TB-RBP testis-brain-RNA-binding protein
UTR untranslated region
Introduction

The formation of sperm involves a series of dramatic mol-
ecular and morphological changes in male germ cells. The
process follows a similar route in all animals (Figure 1I;
reviewed by [1,2]). The germline cells is represented in
males by diploid stem cells, the spermatogonia, which are
maintained by mitosis in adults. In mammals, these are
lodged around the inside perimeter of the seminiferous
tubules in the testis. Some spermatogonia enter meiotic
prophase, at which stage they are called spermatocytes.

Figure 1

Most of the spermatocytes seen in sections ofseminiferous
tubules are in pachytene. The haploid, post-meiotic cells
are round spermatids, and these in turn become elongating
spermatids and then spermatozoa. The differentiation of
round spermatids is known as spermiogenesis and involves
nuclear condensation, formation of an acrosome, and
development of a flagellum. Nuclear condensation
involves the replacement of histones with, first, transition
proteins, and then protamines. From mitotic proliferation
to the last stages of spermiogenesis, germ cells are con-
nected to their neighbours by syncytial bridges which may
ensure an even distribution of gene products [3**].

These changes impose considerable demands on the regu-
lation of gene expression. A number of genes have been
shown to be expressed only or predominantly in the testis,
and in most cases further investigation has shown that they
are expressed in the germline cells [4]. In addition, many
genes expressed more widely produce testis-specific iso-
forms by alternative splicing or polyadenvlatiion (Table 1).
We review below some new insights into the: components
responsible for testis-specific processing. Transcription
peaks in pachytene, but in mammals it continues after
meiosis until the nucleosomes are replaced in mid-
spermiogenesis; in Drosophila, there 1is very little
post-meiotic transcription. The cessation of transcription
necessitates extensive regulation of translation because a
number of new proteins appear during the later stages of
spermiogenesis; these are translated from mRNA that was
transcribed earlier and sequestered in a stable form. Even
some proteins translated in mammalian rounid spermatids,
when transcription is active, are derived froriL mRNA tran-
scribed earlier (in spermatocytes). Strategies for regulating
translation might include direct repression of specific

The various stages of spermatogenesis,
(a) spermatagonium (b) zygotene
spermatocyte (c) pachytene spermatocyte
(d) secondary spermatocyte <«) round
spermatid (f,g) elongating specrmatid

(h) spermatozoon.
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Table 1

Examples of testis-specific splicing in mammails.

Product Alternative splicing Effect on protein product in testis Stage References

Transcription S2 Internal exon inclusion Extra central 46 amino acids Spermatocytes [55]

elongation factor incorporated

DNA methyl Alternative 5 exon Multiple AUG sequences repress Pachytene only [56]

transferase translation

Vav Alternative 5’ exon Novel 31 amino acids replace Pachytene-diplotene [57)
amino-terminal SH3/SH2 domain

Sox17 Internal exon skipped Amino-terminal truncation, Pachytene-round spermatids ~ [68]
lacks DNA binding domain

DNA ligase 3 Alternative 3’ exon Lacks carboxy-terminal XRCC1 Pachytene-round spermatid 591
binding domain

CREM Two separate internal Inclusion of two glutamine-rich Pachytene onwards [60]

exons incorporated sequences converts repressor

cAMP-induced transcription into an activator

CREB Internal exons included Incorporation of in-frame stop codons; Pachytene onwards (61]
enhanced downstream initiation produces
repressor of CAMP-regulated transcription

CFTR Internal exon included Introduced stop codon truncates Pachytene onwards [62]
nucleotide binding fold

Hexokinase Lacks mitochondrial porin binding domain - [63]

FSH receptor Alternative 3’ exon Protein with shorter carboxyl terminus has - (64]
dominant-negative function

Cux 1 - Protein lacks transcription activating domain - [65]

CD46 - Novel cytoplasmic tail and - [66]
transmembrane sections

Lim kinase 2 Internal exon included Encodes extra amino-terminal amino acids - [67]

mRNA sequences, storage in silent sites in the cytoplasm
and retention in the nucleus. Surprisingly little is known
about the use of these strategies and mechanisms in sper-
matogenesis but recent findings have revealed some of the
components that might be involved.

Nuclear RNA-binding proteins

The only nuclear RNA-binding protein whose specific
function in the testes can even be predicted is trans-
former-2 (TRA2), which regulates alternative splicing in
Drosophila (Table 2). This protein has an RNA-recogni-
tion motif (RRM) or RNP-motif-type RNA-binding
domain [5], flanked by two RS domains. The latter are
sequences rich in serine-arginine dipeptides that are
characteristic of SR proteins, splicing regulators with
RRM domains and a carboxy-terminal RS domain. In
females, TRA2 is essential for sexual differentiation
because, in somatic cells, it mediates the incorporation of
a female-specific exon in the doublesex gene. TRAZ recog-
nises specific sequences in this exon and, along with a
female-specific protein (TRA) and SR proteins, binds to
them and stimulates incorporation of the exon [6]. In
males, TRA2 is essential for gametogenesis. It is associat-
ed with condensing chromatin in spermatocytes, where it

is essential for alternative splicing of three genes, includ-
ing its own pre-mRNA [7,8,9°°]. TRAZ2 inhibits splicing
of #ra2 intron 3, resulting in a truncated protein lacking
the amino-terminal RS domain, and several lines of evi-
dence suggest that this is a negative feedback mechanism
required to limit the concentration of TRAZ in spermato-
genesis [9°*]. TRAZ2 is highly phosphorylated and it is
likely that the state of phosphorylation affects both its
activity and its location [10]. Spermatogenesis and female
differentiation were affected unequally by certain fusions
of TRA2 with protein tags [11°], suggesting that the
mechanisms of TRA2 action in the germline and somatic
cells differ in some respects. In humans, there are two
versions of #ra2 called TRA2o and TRAZ2B. TRAZo. could
substitute for the sex-determination function of #42 in
Drosphilia but could not rescue spermatogenesis in #ra2
mutants [12); TRAZB was not tested. In Hel.a nuclear
extracts, TRA2B was shown to have alternative splicing
activicy [13].

Perhaps the most important nuclear RNA-binding protein
in terms of human infertility is RBM. RBM is a multicopy
gene on the Y chromosome, and microdeletions of the
region encoding the active RBM genes correlate with
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Table 2

Nuclear RNA-binding proteins known to be essential for spermatogenesis or expressed specifically in male germ cells.

RNA-binding O* Tissue Pattem of expression Intracellular location Function Target RNA- Requirement References
protein in spermatogenesis in germ cells RNA  binding in spermato-
domains  genesis
TRA2 D Ubiquitous; Spermatocytes Nuclear and Splicing tra2, RRM Yes [7,8,9°,11°]
testis-specific co-localizes with exu, att
isoform pattern chromatin
TRA28 H Widespread; All stages Nuclear; partly Splicing GAA RRM - [13] (a)
M strongly expressed co-localizes with repeats
in germ cells SR proteins in
of testes two large foci in
spermatocytes
RBM H  Male germline Until round  Nuclear; partly colocalizes  Possibly - RRM Yes [14,16] (a)
spermatid with SR proteins in two splicing
large foci in spermatocytes,
diffuse in spermatids
HnRNPA1 M Ubiquitous Spermatogonia; Nuclear Binds nascent - 2 RRM - [17)
absent from pre-mRNA; domains
spermatocytes and transport, shuttles,
spermatids annealing; alternative
splicing
HnRNPG-T H Testis - Nuclear Very similar - RRM - (a)
to ubiquitous
hnRNP G
T-STAR/ H Predominantlyin  Pachytene to Nuclear Possibly signal- - KH - (b)
ETOILE M testis; also round spermatids regulated RNA
neural binding
RBD97D D Expressed weakly Protein in primary Nuclear; binds to Similar to - 2RRM  Essential [19,88]
in many tissues spermatocytes only fertility locus on spliceosome domains  only for
throughout Y chromosome -associated spermato-
development protein SAP49 genesis
TENR M Testis RNA: pachytene Nuclear lattice =~ HnRNA processing Found in Double - [22]
-round spermatids. distribution or export prm-1  -stranded
Protein: round-early 3’UTR  RNA-
elongating spermatids screen  binding
motif

*Organism in which identified: D, Drosophila; H, human; M, mouse; CE, Caenorhabditis elegans. (a,b) JP Venables et al., unpublished data.

spermatogenic arrest during meiosis [14,15]. It is expressed
only in germ cells during spermatogenesis. RBM has an
amino-terminal RRM domain and regions rich in SR
dipeptides, and it is very closely related to hnRNP G,
which binds nascent RNA. These features suggest that it
might be a germline-specific regulator of splicing.
Consistent with this is the fact that it co-localizes in sper-
matocytes with SR proteins [16]. Further support for this
proposal comes from observations suggesting that it inter-
acts with Tra2B: RBM retrieved TRA2B in a yeast
two-hybrid screen, the proteins co-localize in the same
subnuclear foci in spermatocytes, they interact in vifro, and
hnRNP G co-precipitates with TRA2p from HeLa nuclear
extracts (JP Venables ¢# 4/., unpublished data). However,
the presumptive pre-mRNA target of RBM is not known.

HnRNP proteins themselves are subject to negative regu-
lation in murine testicular germ cells: hnRNP Al is turned
off prior to meiosis and the other hnRNPs are turned off

subsequently [17]. It is possible that the decline correlates
with the increase in the proportions of mRNA associated
with or masked by Y-box proteins in spermatids (see
below). HnRNP G-T, which is very similar to hnRNP G
and RBM, is expressed solely in the testis, but it is not
known when its expression peaks and declines (JP
Venables, unpublished data).

Another gene expressed predominantly in testis is called
T-STAR (JP Venables e 4/., unpublished data). This
nuclear protein is a member of the STAR (signal transduc-
tion and activation of RNA [18]) family and, like the other
members, has a KH RNA-binding domain. T-STAR is
most closely related to SAM68 (the major partner of proto-
oncogene SRC during mitosis), and therefore may also
function principally when the nuclear membrane has bro-
ken down. It is consistent with this in that its expression in
spermatocytes peaks in late pachytene and peters out in
late-round spermatids.
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Cytoplasmic RNA-binding proteins known to be essential for spermatogenesis or expressed specifically in male germ cells.

RNA- O* Tissue Pattern of Intracellular Function Target RNA- Requirement References
binding expression in location in RNA binding in spermato-
protein spermatogenesis germ cells domains genesis
PRBP M mRNA Protein: late Cytoplasm Translation Found in Two double- - [20]
predominantly in meiosis to repression. prm-1 3’ UTR stranded
testes, protein round Inhibits translation  screen; may act RNA-binding
germ-cell-specific spermatids in vitro generally motifs
SPNR M  Testes, ovary and Spermatids Cytoplasm; Binds microtubules  Found in screen; Two double- - 21,237
brain. Germ- associated with in vitro prm-13’UTR stranded
cell-specific microtubules Activation of binding RNA-binding
in testes localized mRNA? non-specific motifs
48/ M - Round spermatid, Cytoplasm Candidate 5’ ends of - - [24,69]
50 kDa not elongating translational prm-1 and
repressor prm-2 3’ UTRs
Y box M MSY1in MSY2 peaks Cytoplasm May act as Y box Cold-shock - [26,22,70]
proteins X various tissues,  in round spermatids transcription factor, elements domain
enhanced in testis; in mice. MSY1 then sequester
MSY2 restricted turned on mRNA (MSY1
to germ cells in spermatocytes binds stored mRNA)
TBRBP M Mostly testis Pachytene Nucleus and Binds chromosomal 3’ UTRs of - - [3*,30,71]
(translin) and brain spermatocytes and cytoplasm in breakpoints; binds translationally
round spermatids pachytene; specific mRNA to regulated
cytoplasm in  microtubules; represses  testicular
spermatids translation in vitro. mRNA
Distribution of mMRNA
in syncytium?
SOD-RBP M Testis - - Inhibits translation 5’ UTR of - - [31]
in vitro of testis-specific
specific mMRNA isoform of
SOD-1 mRNA
Bruno D Nurse cells - Posterior cytoplasm Translational oskar + others  Three RRM  Essential for [34,35,
and oocytes; in oocyte; repressor domains  embyogenesis 72]
larger isoform unknown in males. and
in testis gametogenesis
PABP1 M Mostabundant  mRNA and protein - Ubiquitous roles Poly(A) Four RRM - (37
in testes peak in round in mRNA stability domains
spermatids; only and enhancement
protein remains in of translation
elongating spermatids
PABP2 M Testis Meiosis to peak - Expressed Poly(A) Four RRM - [38,73]
in round spermatids retroposon domains
DAZ H Testis Spermatogonia/earty Cytoplasm - - RRM  Severe impairment [39,74]
spermatocyte of spermatogenesis
if absent
DAZH M Mostly male mRNA pre-meiosis Cytoplasm - - RRM Essential [42,43,
X and also only; protein found 76-78]
female germ in late spermatids
cells and mature sperm tails
Boule D Male germ Spermatocytes Shifts from nucleus - - RRM Mutation [44,45¢)
cells and spermatids to cytoplasm at blocks
onset of meiosis meiosis
PL10 M Male germ mRNA from - RNA unwinding - DexD box [79]
cells pachytene to in translation? with RGG
spermatids repeats
30kDa M Testis; - - - 3’ UTR - - [48]
p68 BP brain slightly of p68
TSR D Germ-cell Spermatocytes and Cytoplasm Negative Several Two RRM  Dramatically [80]
specific spermatids, peaking regulation of proteins domains reduced
in earty round translation or affected fertility in
spermatids mRNA stability mutants

*See Table 2.
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Table 4

Some RNA-binding proteins involved in male germ cell development.

RNA- O* Tissue Intracellular Activity Target RNA Class of Role References
binding location in RNA-binding
protein germ cells domain
PGL1 CE Partitioned to  Perinuclear germ - - RGG repeats  Essential for gametogenesis  [50]
germ cells in granules
embryogenesis
GLD-1  CE Germline - Translational tra2 TGEs KH Essential for germ [62°,81)
repression shown cell differentiation
in vitro
FBF CE Germline Cytoplasmic Translational fem-3 3’ UTR Pumilio repeats Antagonizes spermatogenesis, [63,82]
repression permits cogenesis
TIAR M - - - U-rich  Three RRM domains Essential for primordial  [61,83]
sequences germ cell survival
at genital ridge
*See Table 2.

One Drosophila RRM-containing protein, RBD97D, is
essential for spermatogenesis and is found in the nucleus
associated with a specific fertility loop of the Y chromo-
some [19], which is also bound by Boule (see later).

Cytoplasmic RNA-binding proteins

The brief review of spermatogenesis at the beginning of this
review suggested that translational regulation or mRNA
sequestration is probably important. Protamine mRNA is
abundant in spermatocytes and translated several days or a
week after transcription (in mice); two regions of the 3’ UTR
of protamine-1 have been shown to control expression in
transgenic mice. Both biochemical purification of 3-UTR-
binding activities and screening of expression libraries with a
3-UTR probe have led to the discovery of several binding
proteins (Table 3). None of the proteins found by screening
of an expression library binds a specific RNA target (PRBP
[20], SPNR [21] and TENR [22]). Significantly, they all con-
tain a sequence shown to be involved in binding
double-stranded RNA. Only PRBP has been shown to
repress translation [20] but SPNR binds microtubules and
has been proposed to recruit mRNA to polysomes [23°]. A
more likely candidate for a specific repressor is the 48/50 kDa
protein(s), isolated by its specific binding activity, that recog-
nises the 5’-most of the two elements in the 3* UTR [24].
This is likely to be or to include a Y-box protein [25].

The Y-box proteins are widely expressed in vertebrates,
and fulfil multple functions. They were characterized
independently both as transcription factors, that act at spe-
cific sequences (Y boxes) in promoters, and as abundant
RNA-binding proteins in oocytes that were associated with
repressed cytoplasmic mRNP particles. The proteins con-
tain a cold-shock nucleic-acid binding domain, named
after bacterial transcription factors containing related
domains. Two Y-box proteins have been characterised in
mice. MSY1 is expressed in several somatic tissues but it is
much more abundant in testis, where it is associated with

non-translating mRNP; it binds RNA indiscriminately
[26]. MSY2 is expressed only in germ cells, predominantly
in the cytoplasm [27]. It is possible, but not yet known,
that these proteins act as specific transcription factors in
the nucleus and then migrate to the cytoplasm with the
mRNA to sequester it [28].

Another protein isolated first by assays of binding to the 3’
UTR of prm-1 mRNA does show a nuclear—cytoplasm shift:
this is testis-brain-RNA-binding protein (TB-RBP). It is
expressed ubiquitously but the binding activity is restricted
to these two tissues; the protein recognizes conserved
sequences in a number of 3 UTRs and mediates the attach-
ment of mRNA containing these sequences to microtubules
[29,30]. TB-RBP is also known as translin, a protein that
binds single-stranded DNA and is involved in chromosomal
translocations. In pachytene spermatocytes, the protein is
predominantly nuclear but in round spermatids it is largely
cytoplasmic. This shift is correlated with an apparent
change in binding preferences from DNA to RNA. In addi-
tion, the protein has been detected in syncyual bridges
between round spermatids. These features suggest a role in
both storage or repression of mRINA and transport of mRNA
between haploid cells [3°*]. Transport may be of particular
importance for mRNA encoded by the X or Y chromosomes.

Translational regulation via the 5 UTR is seen in Cu/Zn
superoxide dismutase. This is expressed ubiquitously but
use of an alternative promoter in post-meiotic spermatids
produces mRNA with a longer 5 UTR that is regulated at
the level of translation. An RNA-binding activity has been
purified, designated SOD-RBP, that specifically inhibits
translation iz vi#ro of the longer isoform [31]. This actvity
was detected in testis but otherwise only faintly in brain tis-
sue. The 5 UTR is the target also of translational repression
of mRNA encoding the family of MST(3)CGP proteins
in Drosophila, sperm-tail proteins rich in cysteine, glycine
and proline. Transcription is pre-meiotic and precedes
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translation in late spermatids by several days. A short ele-
ment of 12 nt appears to mediate repression and a
candidate binding activity was identified only in testis [32].

The difficulty of identifying RNA-binding proteins that
recognise repressor sequences in mRNA is highlighted by
comparison with the progress made in identifying such pro-
teins and their targets in Drosophila oocytes, where a
combination of genetics and a convenient size of cell has
been exploited very productively [33]. A clear example in
this success is Bruno, which has three RRM or RNP-motif
RNA-binding domains and which binds to discrete sites in
the 3" UTR of oséar mRNA and represses its translation
[34]. Bruno cDNA was isolated by screening pools of clones
from an expression library of Drosophila ovarian cDNA for
cross-linking to the target RNA [35]. A larger isoform of
Bruno is expressed specifically in Drosophkila testis and
some bruno (arrest) mutants affect spermatogenesis [35]. It
seems very likely that Bruno will act in spermatogenesis
much as it does in embryogenesis; it will be interesting to
see whether homologous proteins exist in mammals.

RRM domains are very common and often associated with
specific binding [5]. The poly(A)-binding protein contains
four RRM domains, the first two of which are required for
binding to poly(A), and it has been implicated in enhanc-
ing both mRNA stability and translation. In yeast, it has
been shown that binding of Pab1p is sufficient to stabilize
mRNA that is translated [36]. The ubiquitous mammalian
protein PABP1 is very abundant in round spermatids,
where it is bound to both stored and polysomal mRNA
[37). A testis-specific relative, PABP2, appears to be an
expressed retroposon [38] and it is unknown whether it has
any discrete function.

A major class of protein containing RRM domains is repre-
sented by the DAZ/DAZH/Boule proteins. There is clear
evidence suggesting that they play a major role in sper-
matogenesis but their targets and mechanisms are
unknown still. As with RBM, DAZ was identified as a
Y-chromosome-encoded human gene family absent in
some azoospermic men [39]. Deletions cause varied and
severe but incomplete impairment of spermatogenesis
[40,41]. The role of DAZ was not clarified by the discovery
that triploblastic animals, including humans, have an auto-
somal homologue (DAZH), and that DAZ itself is found
only in primates. DAZH is expressed in oocytes and in
testes, and it is essential in mice for germ-cell survival and
development [42]; this is consistent with the finding that
Xenopus DAZH mRNA is located in the germ plasm of early
embryos [43). The Drosophila homologue of DAZH is
Boule. Defects in Boule can be rescued by Xenopus DAZH,
even though Boule is expressed only during spermatogen-
esis, where it is essential for meiotic entry [44]. Boule
protein is perinucleolar in spermatocytes, where it is close
to a Y chromosome loop fertility locus, and cytoplasmic in
spermatids. It appears that its nuclear function is not criti-
cal because deletion of the fertility locus caused loss of

nuclear location with no impairment of spermatid differen-
tiation [45°]. Further progress in unravelling the functions
of this gene family will depend on identification of the
RNA targets. The presence of the RRM domain and the
example of Bruno suggest that there might be such targets.

Several of the RNA-binding proteins have DExD/H box
motifs (where x is any amino acid); these are or might be
ATP-dependent RNA-unwinding enzymes. PL10 is one
that is expressed exclusively in male germ cells and that
can substitute for the role of DEDI/ in translation in yeast
[46]. Its RNA-binding activity probably depends on RGG
repeats, which are found in a number of RNA-binding pro-
teins [5]. Another putative unwindase is p68, which is
widely expressed and regulated [47]. An activity that binds
to the 3’ UTR of p68 mRNA might be involved in regu-
lating it. This activity is found predominantly in testis and,
at a low level, in brain [48].

RNA-binding proteins in gametogenesis

In general, we have restricted the scope of this review to
recent developments in spermatogenesis, avoiding for the
sake of brevity the many interesting and important roles
played by RNA-binding proteins in germ-cell formation,
migration and proliferation. Many of these roles have been
uncovered in Drosophila, as described above, where repres-
sion of oséar mRNA, its transport to the germ or pole plasm
and subsequent translation are required for germ-cell for-
mation and abdominal development. In Caenorhabdins
elegans too, both potential RNA unwinding enzymes
(GLH-1 and GLH-2) and a protein with an RGG-type
RNA-binding motif (PGL-1) are required for germline
development [49,50]. The only protein shown to date to
have a similar role in mammals is TIAR, which is required
for survival of primordial germ cells at the genital ridge
[51]; however, it would not be surprising if a number of
other RNA-binding proteins were found to affect mam-
malian germ cell development.

One aspect of germ-cell development that has no exact
mammalian equivalent is the sperm/oocyte switch in C. ele-
gans. Ironically, the roles of RNA-binding proteins in this
switch have been established with particular clarity.
Hermaphrodites are somatically female but produce sperm
and then switch to oocyte production. This is the outcome
of a hierarchy of repression: expression of #72-2 — encoding
a transmembrane protein unrelated to the Drosophsla splic-
ing factor — promotes oogenesis but it is at first repressed
translationally, and expression of fem-3 and other genes pro-
motes spermatogenesis until repressed in turn by #4-2 and
other proteins. 772-2 translation is repressed via repeats of a
28 nt sequence in the 3’ UTR; these repeats are recognised
by a germline protein, GLD-1, that was identified by a
three-hybrid screen [52°*]. GLD-1 was shown to bind
directly to the repeats and to be able to repress translation
via the repeats in a yeast extract. The mechanism of repres-
sion is not yet clear, but the demonstration that the protein
has such a direct effect is of special interest because GLD-1
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is the first member of the STAR (signal transduction and
activation of RNA: [18]) family of proteins for which a
direct function has been shown. A similar method was used
to identify another germline translational repressor, termed
FBE, that acts at specific sequences in the 3' UTR of fern-3
[53]. In this case, the RNA-binding domain was identified
and shown to comprise a series of eight repeats; similar
repeats were found in Drosophsla Pumilio, also a repressor of
translation, and other proteins with no known activities.
The mechanisms by which repression is modulated during
adult life remain to be identified.

Conclusions

RNA-binding proteins appear to be essential for spermato-
genesis but only limited progress has been made in
understanding their individual and specific functions. If
the aim is to uncover precise and specific interactions
between these proteins and the RNA substrate — in
which the identity of the protein, its binding site and
unique role in spermatogenesis are known — then only
knowledge of Bruno, TRAZ, GLD-1 and FBF is well
advanced; perhaps the best contender in mammals is TB-
RBP. Even the reason for the abundance of
poly(A)-binding proteins in spermatids is not known.

One of the most striking aspects of the known mammalian
cytoplasmic RNA-binding proteins is that many of them
bind RNA with little specificity. It is interesting also that
most of these non-specific proteins were isolated by a bio-
chemical assay. It may be that mRNA destined for
sequestration (movement, storage and protection) in the
cytoplasm is bound only transiently by a sequence-specific
protein (in the nucleus or the cytoplasm) that nucleates
assembly of non-specific masking proteins, the latter being
present in excess. Thus, specific binding activities may be
elusive and it may be most productive to begin the search
for these with testis-specific RNA-binding proteins and to
unravel their targets. The relationship between specific
events, such as translational repression, and sequestration
by non-specific binding proteins is bound to complicate
functional interpretations and will need clarification; move-
ment between discrete functional or spatial compartments
is beginning to be explored but its importance is unknown.

Among the nuclear proteins, TRA2, TRA2B and some of
the hnRNPs bind to specific sequences; most of the
remainder also contain RRM domains and would be
expected to be specific also. One possible reason for this
might be that changes in nuclear RNA splicing and
polyadenylation are restricted to a specific set of pre-
mRNA targets, in contrast to a more global capacity for
sequestration in the cytoplasm; although shuttling proteins
might mark out mRNA for sequestration even before it is
exported, it is likely that these proteins accumulate in the
cytoplasm and that their presence in the nucleus has gone
unnoticed. Alternatively, the difference might just reflect
the use of different investigative methods. The absence of
hnRNPs in the spermatid nucleus raises some interesting

questions about the timing of their depletion compared to
the cessation of transcription; the absence of hnRNP A1l
even in actively transcribing spermatocytes is odd given
that it has a number of functions in splice-site selection
and nuclear export, and one might wonder whether this is
the main basis of testis-specific alternative splicing.

Several of the proteins or activities in this list appear to
have counterparts in the brain. On a purely speculative
note, we observe that there is some evidence for mRNA
transport between adjacent spermatids; in addition, two of
the RNA-binding proteins bind to microtubules. Thus, we
wonder whether the mechanisms of transport between
spermatids are akin to those developed most strikingly for
mRNA transport to dendrites within neurons [54].

Note added in proof
The work referred to as (b) JP Venables ez 4/., unpublished
data, is now in press [84].
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RBM is an RNA-binding protein encoded on the Y chromosome in mammals and is expressed only in the
nuclel of male germ cells. Genetic evidence from infertile men implicates it in spermatogenesis, but its func-
tion is unknown. Of a number of potential partners for RBM identified by a yeast two-hybrid screen with testis
cDNA, the most frequent isolates encoded a novel RNA-binding protein, termed T-STAR, that is closely
related to SAM68, an Src-associated protein of unknown function. The mouse homologue was also cloned
and designated étoile. It mapped to chromosome 15, while T-STAR mapped to the syntenic region on human
chromosome 8. T-STAR/étolle is expressed primarily in the testis; in rat germ cells, the expression of both 7-
STAR/étoile and SAM68 is regulated during meiosis. Transfection of T-STAR/étolle fused with green fluores-
cent protein into Hel.a cells caused an accumulation of protein in a novel compartment of the nucleus, adja-
cent to the nucleolus but distinct from the peri-nucleolar compartment. RBM and other hnRNP G family

members are candidate downstream targets for regulation by T-STAR/ETOILE and SAM68.

INTRODUCTION

Spermatogenesis is one of the most dramatic processes of dif-
ferentiation, during which meiosis is followed by extensive
changes in cell morphology and intracellular organization. The
process involves radical alterations in the pattern of gene
expression, with re-packaging and inactivation of the genome,
marked shifts in mRNA processing patterns and extensive
translational regulation (1-3). In humans, >10% of cases of
male infertility involve a severe or complete loss of sperm (oli-
gospermia or azoospermia) in the absence of other defects
(4,5), and some of these cases have been linked to deletions in
three small regions of the long arm of the Y chromosome (5—
9). Two candidate gene families have been identified in these
regions: RNA-binding motif (RBM) (6,8) and deleted in
azoospermia (DAZ) (9). Y-linked RBM homologues are found
in all mammals tested (10), whereas DAZ is absent outside the
Old World primates and may be functionally replaced by auto-
somal DAZH genes (11-13).

One of the most striking observations about the two genes
implicated in spermatogenesis is that both RBM and DAZ pro-
teins have a potential RNA-binding domain belonging to the
RNA-recognition motif (RRM) family (14). In humans, both
are expressed only in testis, but the autosomal DAZH is
expressed in male and female germ cells in mice (15). A more
significant difference is that RBM is expressed in the nucleus
of all transcriptionally active male germ cells (16), whereas
DAZH is expressed in their cytoplasm (15).

The sequence of RBM shows several features that are con-
sistent with a function in pre-mRNA processing: not only is it
very similar to hnRNP G (8,10,17) (GenBank accession no.
Z23064), but the RRM region has a motif found in the serine—
arginine (SR) protein splicing factors (14) and the central
region is very rich in the SR-RS dipeptides that characterize
these proteins. Further support for such a function comes from
an analysis by indirect immunofluorescence of the distribution
of RBM and splicing factors, including the SR proteins, in
human testis. This showed that RBM co-localized in the
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Figure 1. Regions of RBM that interact with T-STAR and SAM68 in a yeast
two-hybrid assay. The four regions into which the sequence of RBM can be
divided are shown diagrammatically. The RNA-binding domain (RRM) is N-
terminal; the third region (SRGY) contains the four repeats of a 37 amino acid
sequence rich in S, R, G and Y. To determine the regions of RBM that were
sufficient for interaction, portions of RBM (exemplified by the lines aligned
underneath the main diagram) were subcloned and co-transformed into yeast
with the T-STAR and SAMG68 clones. The results are indicated qualitatively as
positive or negative alongside the line indicating the clone being tested; ND,
not determined.

nucleus with splicing factors in the early stages of meiosis, but
thereafter separated (16); RBM also co-localizes with splicing
factors when transfected into HeLa cells (E.M. Makarov,
unpublished data).

The major difficulty in testing the proposed function for
RBM in pre-mRNA processing is that its target pre-mRNA is
unknown; a further complication is that it is not known
whether other germ cell proteins are required. We have sought
to specify the cellular pathways within which the protein acts
by identifying the proteins to which it binds. The results
described here show that it interacts in vitro with a novel mem-
ber of a family of putative signalling proteins and may thereby
link these proteins to some aspect of the regulation of pre-
mRNA processing.

RESULTS

Two-hybrid screen with RBM

Proteins interacting with RBM were identified by two-hybrid
screens in yeast (18). A total of 800 000 colonies from a human
testis cDNA library was screened and 74 independent positive
colonies isolated and sequenced. Of the 74 isolates, 24 over-
lapped and were derived from the same novel cDNA. Twenty-
two of these had different 5' ends and were, therefore, inde-
pendent clones. This transcription unit was designated as
T-STAR (see below). A further eight were assigned to SAM68,
a KH domain RNA-binding protein that is nuclear but, during
mitosis, becomes associated with and phosphorylated by the
Src proto-oncogene family and CDC2 (19-22). Most of the
other isolates also represented multiple independent isolates of
known or novel cDNA sequences, and only nine cDNA
sequences (in 10 clones) were of no apparent functional rele-
vance.

The sequence of RBM can be divided into four separate
regions (Fig. 1): the N-terminal RRM domain (14), four tan-
dem repeats of a 37 amino acid sequencerichin S, R, Gand Y
(the SRGY repeats), the region between the RRM and the

SRGY repeats, and the C-terminus. These were tested sepa-
rately for interactions with T-STAR and SAM68 (Fig. 1). The
SRGY repeats were sufficient for a strong interaction with
T-STAR, but with SAM68 the signal was extremely faint
unless the two flanking regions were present. The four tandem
SRGY repeats of RBM were tested in various combinations.
Any two of the repeats gave a positive signal with T-STAR,
whereas no single 37 amino acid repeat was sufficient. We
conclude that the SRGY repeats of RBM can mediate its inter-
action with T-STAR, but that additional sequences are required
for association with SAMG68.

T-STAR/ETOILE

The sequence of the protein encoded by 7-STAR is shown
aligned with other proteins in Figure 2. The 7-STAR cDNA
inserts ranged in size from 1.2 to 1.9 kb, and all had a poly(A)
tail. The initiation codon is assigned only tentatively. Despite
repeated efforts, no cDNA clones could be isolated that
extended the sequence more than ~300 nucleotides 5' of the
initiation codon, possibly because the sequence is very rich in
G+C. A genomic sequence showed no termination codons in
the 600 nucleotides upstream of the initiation codon. The pro-
visional initiation codon is flanked by a reasonable Kozak con-
sensus, unlike other AUG sequences in the 5' part of the
sequence. The predicted polypeptide of 346 amino acids is
very closely related to SAM68 (Fig. 2) and thus also belongs to
the protein family designated as STAR (for signal transduction
and activation of RNA) (23). Based on the preponderance of
the mRNA in testis in humans, we designated the cDNA and
presumptive protein T-STAR (GenBank accession no.
AF069681). The isolates varied in their 3'-untranslated region
(3'-UTR) sequences. Half of them had one sequence, whereas
the other half diverged at a point 62 nucleotides 3' of the termi-
nation codon and ended at any one of three different polyade-
nylation sites.

The mouse homologue of 7-STAR was also cloned. An adult
mouse retina library was screened and, out of 10° clones, 14
positives were isolated and sequenced. The inserts ranged in
size from 1.5 to 2 kb, many containing a poly(A) tail. The pro-
tein sequence encoded is aligned with that of T-STAR in
Figure 2. Over 346 amino acids, the sequences are 95.9% iden-
tical, and they are similar in 99.4% of positions. We conclude
that this sequence, designated éroile (étle; GenBank accession
no. AF079763), is the mouse homologue of 7-STAR. The same
sequence has been entered also as SLM-2 (24), with accession
no. AF099092. The sequence of étoile revealed that it too had
a very G+C-rich §' end, and could not be extended further than
~300 nucleotides upstream of the putative initiation codon.
However, the nucleotide sequence of this region does not
match the corresponding sequence in 7-STAR very well, apart
from the 20 nucleotides prior to the probable initiation codon.
This strengthens the argument for the putative initiation codon,
and we infer that the upstream region may be a G+C-rich
5"-UTR. A preliminary analysis suggests that the mouse gene is
composed of at least five exons and covers at least 40 kb.

The major features of T-STAR/ETOILE and SAM68 are
shown in a multiple alignment in Figure 2. The sequences of
T-STAR/ETOILE and SAMG68 are more closely related than
any other pairs among STAR family members. Like all the
STAR proteins, T-STAR/ETOILE has a potential RNA-



Human Molecular Genetics, 1999, Vol. 8 No. 6 961

hSAMEe 1 K3RRDDPAARMSRSSGRSGSMDPSGAHPSV31QTPSRQ 31
mS-amo § 1 KQRRDD PASRLTR SSGR SC SKI/PSOAHP SVRLT PSAP 31
h-SAM 68 38 FPLPHRSRGGGGGSRGGARASPATQPPPLLFPSATGPDATVGGPAPTPLL 87
tn-Sajr,68 38 SPLPERPIKWGGGPRGGARASPATQPPPIAFFSTPGFOATVVGSAFTPLL 87
T-STAR 1 MEEKYLFELMAEXDSr .DPSFTHAI , RLVHQEIEKFQXGEG 39
STLB 1 MKEKTLPELMAEKDSr .DPSrrHALRLVNRErEKPQKGBG 39
r-SAM6B 88 iSVHMHPEHKY LPELMAEKDSLDPS FTHAMQLLTAEIEKIQXGDS 137
H-SA»68 88 ??SATAAVKMS PEHKYPPELKAEKOSLDPSFTBAMQLLSVE ItKIQXGS S 137

consensus L, B KY .FELMAEK.DSLDPSFTBA..L .. .EXEK.QXG..

T-STAR 40 I(- 87
ETLE 40 K— EESKYI3W1HKNMKLGARVL IPVKQF PKFNKVGKISGPRGKSLKRI. 87
".SAMG68 138 KKDDEEWYI.DLrsnKNMKLKERVL1PVKQYPKFNFVQaLGPQGK' rrKRL 187
m-sa»68 138 KRDDEENY1jDIiPSHKNMKLKERVLI PVKOYPKFNFVGK17cGPQGNT TKRL 187
consensus R. ..EE,Y .!1>---KNMKL. ..VLIPVXQ-PKFNFVGX .LGP.GN . .KRL

T-STAR 88 CEE7X, 7K.M3rLGY¥ : GSMRDKAKEEELRKSGEAKYFHLHDDLHVL2EVPAPP 138
ETLE 88 QEETLTKMS LLGKGSMRDKAKEEELR&SGEAK YEHLNDDLHVLI £VFAPP 138
b-SAM<S8 188 CSETGAK1SVLGKGCT1REKAKE f cCELRRGGDPKYAHLKMD-iiVFI EVFGPP 237
rn-Sa®68 188 <JEETGE tKX SVLGK GSKJt£ : XAX£EELRXG3DPK YAHLNHDL£iV?; £VFGPP 237
consensus QEET.-K.S .LGKGSMRDKAKEEELRX.G. .KY.HLH.DLEV.IEVF.PP

T-STAR 139 AEAYARMG3AUS5B TKR Ft TPDYtITIF. IRQAQLiCETiTY1»WGGSENADVPWR 188
ETTJS 139 A£AYARMGHALEE IKKFLIFDYYTJE IRQAQLQEIiTYENGGSEKADVPWR 188
h-SAMSS8 238 CEAYALMASAMEEVKK FLVPDMKDDrCQEOFXEtSYLKGVPEPSRGRG'/P 287
ra-3ax68 238 CEAYALMAHAHEEVXKFLVPDKKDDICQBOFLKLSYLRGVPE PSRGRCP/S 279
consensus .EAYA.M.HA.KE.KKFL.FD. .D.T.Q.Q. .EL.YLNG. .E...... V.

T-STAR 189 GKPTLRTRGYFAFAITRGRCXT.TARTVCVVVFRGTPTTRGVLS TRGPVSR 238
S5TLE 189 GKSTLRTRCrflTTFAITRGRGGVTARPVAVGVPROTPTPRGV1iSTRCPVSJ1 238
h—SAM68 288 VRGRGAAPPPPFVF— RGRG'viSPPRGALVRGT PVRGAI TRGATVTRGVPP 335
m-Sa»68 288 VRGRGAAFFPFPVP— RGRGVGPPRGALVRGT PVRGSITRGATVTRGVPP 335
CONSENSUS ttieienaaan RGRG........ /2 RG. ..

T-STAR 239 GRGLLTP RARGVPPTGYRPPPPPPTQE1

ETLE 239 GRGLLTP RARGVPPTGYRPPPPPPTQEL

h-SAM68 337 PPTVRGAFAPRARTAGIQRIPLPPPPAP-KI1

m-Sa.T.68 337 PPTVRGAPTPRARTAGIORIPLPPTPAP-ETSEI

cons  eeeeeaeeen RAR.......... PP. P. . .BTY. .Y GY .. .Y.BOSY.
T-STAR ONSgSTFAOSGAD— -igraGBGLSS WTNSR— HKAPS-R 332
ETLE DMSRSTPAOSAAD— KtBGHGLSZ EWTNSR— BKAPSAR 333
h-SAM68 GYWS--- 0SQGOSeHtct GHGEVQ DWNOTRPSLKAPPAR 427
rr-Sajr, 68 G&3GYSls QSQGESE«firtifGHGRT,<2 >DWWGTRPSLKAP?AR 427
consensus Y. ..¥s. ,.0S8 YYDYGHG T. .YGQ. . .R. . .RAP. .R
T-STAR 333 TAXGVE£iRCQ 347

ETLE 334 TAKGVBRCQ 348

h-SAM68 428 PVKGA2REH 441

rn-S«n68 428 PVXGASREH 441

consensus . .XG.YR..PYGRY

Figure 2. Alignment o f the predicted protein sequences of T-STAR, £TOILE and SAM68 (human and murine). The consensus line marks points at which all four
sequences are identical. The pink region shows the maxi-KH domain, and the QUA1 and QUA2 regions, conserved in the STAR family, are shown in green. Aster-
isks indicate a potential binding site for SH3 domains. Blue bars show conserved tyrosines in the C-terminal region, and yellow bars show all other absolutely

conserved amino acids in this region.

binding domain, referred to as a maxi-KH domain (pink). The =~ RNA binding (30), but it is also involved in RNA-dependent
prototypical KH domains were shown to bind to RNA (25-27), oligomerization of SAM68 and other STAR proteins (30).

but structural analysis and alignments defined an extended In both SAM68 and T-STAR/ETOILE, the sequences fol-
maxi-KH domain (28). Among the KH domain-containing  lowing QUA2 are rich in prolines and arginine-glycine (RG)
proteins, the STAR family are unique in having a long and well ~ dipeptides, but the proline tracts are rather reduced in T-STAR/
conserved loop in the KH domain (28) and conserved  ETOILE and there is, in fact, only one potential SH3-binding
sequences flanking the domain [known as QUA1 and QUA2 site (31), compared with the three in SAM68. The remarkable
(23) or GSG (29)]. The KH domain in SAM68 is required for ~ C-terminal tyrosine-rich tail of some STAR family proteins
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Figure 3. Analysis of expression of T-STAR mRNA in various human tissues
by northern blot. Human mRNA samples were probed with T-STAR (top) and
actin (bottom) cDNA.

(23) is unusually highly conserved: ofthe 16 tyrosines, 15 are
in identical positions.

Expression of T-STAR/etoile

Hybridization ofa cDNA probe to a northern blot from various
tissues is shown in Figure 3. Based on the signal strength com-
pared with that ofthe p-actin control, T-STAR mRNA is rela-
tively abundant in testis, and less so in brain. Elsewhere,
expression is weak or negligible. The principal mRNA was
-2.4 kb in length; the appearance of a longer isoform in brain
tissue has not been verified. A similar distribution was seen in
murine tissues (data not shown).

Antibodies were raised against T-STAR and affinity puri-
fied. On western blots, these detected a single major band of
the same mobility in human, mouse and rat testis (Fig. 4a),
which was substantially smaller than SAM68. Given that there
were no other likely initiation codons in the 600 nucleotides 5'
ofthe putative initiation codon for T-STAR, the protein would
be at least 60 kDa if initiation had occurred even further
upstream, and we infer from the apparent size of 50-55 kDa
that T-STAR initiates at the proposed initiation codon.
T-STAR/ETOILE was not detected in rat kidney (Fig. 4a) or
mouse kidney, but a low level ofprotein was detected in mouse
neural tissue (data not shown), consistent with the northern
blot results (Fig. 3). In contrast, a SAM68 polyclonal antibody
detected expression in all tissues. Although it does not cross-
react with ETOILE in rodent testis, the strong band at a higher
mobility in human testis is likely to be T-STAR.

The specificity of the two antibodies for T-STAR/ETOILE
and SAM68 in rodents allowed immunohistochemical analysis
ofthe antigens’ distributions in rat testis. In Figure 4b, positive
staining produced a brown colour, blue being the haematoxylin
counterstain. ETOILE (Fig. 4b, top panel) was present in Ser-
toli cell nuclei in tubules at all stages of spermatogenesis. The
protein was also found in the nuclei of germ cells, where its
abundance depended on the stage of differentiation: there was
little in the early stages (spermatogonia and early pachytene
spermatocytes), but it could be detected in mid-pachytene
nuclei (stage 7 tubule), peaked at late pachytene (stage 10) and
petered out in late round spermatids. SAM68 (Fig. 4b, bottom
panel) was also nuclear, but, unlike ETOILE, its expression in
Sertoli cells was weak and it was detectable in very early sper-
matocytes (in stage 4 tubules). It too produced only weak sig-
nals in spermatids (stage 8). The presence of ETOILE in the
nuclei of pachytene spermatocytes is a minimum requirement
for an interaction in vivo with RBM.
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Figure 4. Analysis of expression of T-STAR/IiITOILE protein, (a) Western
blots of rat, mouse and human tissue samples probed with antisera directed
against SAM68 and T-STAR, as labelled. The sizes o fmolecular mass markers
are shown in kDa. (b Cellular and subcellular localization in sections o f adult
rat testis. Portions of adjacent seminiferous tubules are shown after incubation
with antisera directed against T-STAR (top panel) and SAM68 (bottom panel).
The brown colour indicates a positive antibody reaction; the counterstain is
blue. The stage of each tubule and the cells visible in it are labelled.

Mapping of T-STAR/etoile

The sequence of T-STAR was used to search the sequence-
tagged site (STS) database. A perfect match was found with
STS WI-30203, located on human chromosome 8 (8q22-
8924.2). The murine gene was located by a comparison ofthe
haplotype distribution of specific restriction fragment length
polymorphisms (RFLPs) on the Jackson Laboratory interspe-
cific backcross panel. This showed that etoile mapped on
mouse chromosome 15 (Fig. 5) and did not segregate away
from DI15Birl2, D15Birl3 (39 cM) or D5MU3 (39.4 cM).
These regions of human chromosome 8 and mouse chromo-
some 15 are syntenic, and thus the genes are almost certainly



. R  SE
DISBir7
DisELE 319 181
o 1.06 1.0
“w 213 1.49
DI15Mit3, Etle - 3
Feds e 08
Jrk . )
KHe2 . 1.06  1.06

4834 1

B Jackson BSS Chromosome 15
9

Trhr

DI15Wsul26e
DI15Ertd336e

Sntbl 1
DI5Bir7 | 3eM

DI5Bir8
m+m DI5Bir9, DI5Birl0, Slap

DI15Birl2, DI5Mit3, etle

D15Mit29, Fadk
Jrk, XlItr5
Kifc2, Smstr3
Tst

-+ - DI5Birl6, DI5Bwg0580e
DI5Wsu75e, Tef
DI5Ertd244e

DI5Mit33

Figure 5. Mapping of the chromosomal location o f efoile. (A) Haplotype figure
from die Jackson BSS backcross showing part ofchromosome 15 with loci linked
to etoile. Loci are listed in order with the most proximal at the top. The black boxes
represent the C57BL6/JEi allele and the white boxes the SPRET/Ei allele. The
number of animals with each haplotype is given at the bottom o f each column of
boxes. The percentage recombination (R) between adjacent loci is given to the
right o f file figure, with the standard error (SE) for each R. Missing typings were
inferred from surrounding data where assignment was unambiguous. (B) Map
figure from the Jackson BSS backcross showing partofchromosome 15. The map
is depicted with the centromere towards the top. A 3 ¢M scale bar is shown to the
right o f the figure. Loci mapping to the same position are listed in alphabetical
order. Missing typings were inferred from surrounding data where assignment was
unambiguous. Raw data from the Jackson Laboratory were obtained from the
World Wide Web address http://www.jax.or"resourees/documents/cmdata .

homologues. When the entire open reading frame of ETOILE
was used to search the STS database by tBLASTN, an addi-
tional STS was found. D6S1710 maps to chromosome 6 and
matches at 36 of 38 amino acids (amino acids 92 and 93 were
T and G instead of L and T, respectively), but it does not cor-
respond to any identified STAR protein. It is likely to represent
a third member of the Sam68 subfamily, recently identified as
SLM-1 (24).
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Figure 6. GFP-T-STAR localization in HeLa cells. HeLa cells were trans-
fected with (A) GFP, (B) a GFP-T-STAR mutant in which the C-terminal
amino acids were mutated and (C-H) GFP—T-STAR. (C) and (D) show the
same cells, with GFP-T-STAR shown in (C) and immunofluorescence with
anti-PTB in (D). Pairs (E and F) and (G and H) are as (C and D), except that in
(F) immunofluorescence was with anti-coilin and in (H) it was with anti-Sm
(Y12).

Intranuclear distribution of T-STAR/ATOILE

The reading frames of T-STAR and etoile were fused to green
fluorescent protein (GFP) and expressed transiently in HeLa
cells. The GFP signal was detected directly, and other proteins
were detected by immunofluorescence. GFP itself was
expressed throughout the cell (Fig. 6A), whereas the T-STAR
fusion was excluded from the nucleus when the C-terminal
five amino acids of T-STAR were replaced with 23 amino
acids ofan arbitrary sequence (Fig. 6B). This is consistent with
results showing that the accumulation of transfected GFP-
SAMG68 in the nucleus of NIH-3T3 cells depended on the
C-terminal 24 amino acids (32). The C-terminal sequence
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Figure 7. GFP-tTOILE localization after transfection into COS cells (A and
B) and HeLa cells (C and D).
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Figure 8. Detection o f protein interactions in vitro. 35S-labelled proteins (luci-
ferase, hnRNP A 1and T-STAR, as marked above the image) were produced by
translation in vitro and mixed with glutathione-agarose beads to which GST,
GST-RRM domain, GST-SRGY domain or GST-SH2/SH3 fusion proteins
(designated G, R, S and 2/3, respectively) had been bound. After incubation in
the presence of RNase and washing, die beads were boiled in SDS and the pro-
teins detected by SDS-PAGE, as shown. Lanes 1, 6 and 11 show the input
labelled proteins.

determines the nuclear location of another STAR protein,
mouse Quakingl-5 (J. Wu, K. Tonissen, R. Tee and K. Artzt,
manuscript submitted for publication). When intact GFP-
T-STAR was expressed, it entered the nucleus and presented a
speckled pattern, with a very striking accumulation in bright
spots adjacent to the nucleolus (Fig. 6C, E and G). A peri-
nucleolar compartment (PNC) has been described previously
(33-35). Immunofluorescence with an anti-polypyrimidine
tract-binding protein (PTB) antibody showed that the PNC
fluorescence did not coincide with the GFP-T-STAR (com-
pare Fig. 6C and D). It is also distinct from coiled bodies,
probed with an anti-coilin antibody (Fig. 6E and F), and the
bright spots are not detected by an antibody that detects the Sm
proteins, core components of the small nuclear ribonucleopro-
tein particles (snRNPs; Fig. 6G and H). We conclude that
GFP-T-STAR is concentrated into novel discrete structures in
HelLa cells.

A GFP-ETOELE fusion was evenly distributed in the
nucleoplasm when expressed in COS cells and mouse 3T3

Table 1. Interactions of T-STAR and SAM 68 with hnRNP G group proteins
and SR proteins tested by yeast two-hybrid analysis

Activating domain DNA-binding domain

RBM hnRNP G T-STAR SAM 68
RBM ¥ N
hnRNP G 4+ +++
T-STAR +++ + +-H- 44+
SAMG6S + HL H-f it
hnRNP K _ +
TRA2p 3 )
SRp30C - 3
9G8 _ _

The domains o f GAL4 to which the sequences were fused are shown.

cells (Fig. 7A and B), but in HeLa cells >85% (52/60) of cells
showed two bright spots, with fewer examples of zero, one or
three spots (Fig. 8C and D). Inhibition of transcription with
actinomycin D led to an accumulation of smaller dots through-
out the nucleus (data not shown).

Interactions of T-STAR

T-STAR was tested in the yeast two-hybrid system for interac-
tions with a variety ofproteins, all of which have RNA-binding
domains. The results are shown qualitatively in Table L
T-STAR interacted with two groups of proteins: STAR pro-
teins (itselfand SAM68) and members of the hnRNP G family
(hnRNP G, RBM and hnRNP G-T, the last being a novel testis-
specific member; J.P. Venables, unpublished data). It did not
interact with hnRNP K (36) or several SR or related proteins:
Tra2 (37-39), SRp30C (40) or 9G8 (41). All of these proteins
were positive in combination with other DNA-binding domain
fusions (data not shown). SAM68 interacted with the same set
of proteins, with the interesting difference that hnRNP K was
positive. The interactions of T-STAR with itself and SAM68
were expected on the basis ofprevious evidence of interactions
among STAR family members (30,42). However, the interac-
tion with hnRNP K is of interest because this protein also has a
KH domain, is bound by SH3 domains, is phosphorylated and
is superficially analogous in a number of respects to SAM68
(43).

In vitro analysis of interactions

The binding properties of T-STAR/ETOILE were tested in
vitro. The expected RNA-binding ability was confirmed by
demonstrating that ETOILE bound weakly but significantly to
total brain RNA in 100 mM NaCl (data not shown). To test the
specific protein interactions detected in the two-hybrid system,
GST fusions with the SRGY and RRM domains of RBM and
with SH2/SH3 domains were expressed in Escherichia coli
and purified from a lysate on glutathione-agarose. Proteins
translated and thereby labelled in vitro in a reticulocyte lysate
were added directly to the beads and incubated in the presence
of RNase A (to abolish RNA-mediated interactions). The
bound proteins were quantified in terms of the proportion of



input material bound. The GST fusion proteins were in consid-
erable excess, and therefore the proportions of various 3°S-
labelled ligands binding to a given GST fusion are likely to
reflect the binding constants and can be compared. However,
comparisons for one ligand between different fusion proteins
have to be eschewed because of the likelihood that the loadings
or accessibility differ.

Figure 8 shows one set of comparisons. Luciferase and
hnRNP A1 were used as control ligands. GST-SRGY bound a
high proportion of the input T-STAR (lane 14 versus 11),
whereas it bound a very low proportion of hnRNP A1l (lanes 9
and 6) and no luciferase (lanes 4 and 1). The bound hnRNP Al
was washed off in high salt (0.6 M), whereas T-STAR was not
(data not shown). GST-RRM bound likewise, but at an
extremely low level; there was almost no binding in any case to
GST. A high proportion of T-STAR was also bound by the
SH2/SH3 domains (lanes 15 and 11), whereas neither hnRNP
Al nor luciferase bound (lanes 10/6 and 5/1). The apparent
preference of the SH2/SH3 domains for the T-STAR transla-
tion product of lowest mobility is not inconsistent with our
identification of possible SH3-binding sites at amino acids
256-262 in T-STAR/ETOILE. We conclude that there was
specific binding of T-STAR to RBM and to SH2/SH3 domains
by protein—protein interactions.

DISCUSSION

RBM is an RNA-binding protein that is expressed only in male
germ cells; it is particularly intriguing because the genetic evi-
dence suggests that it plays an essential role in the formation
and differentiation of sperm. We have reported here that it
interacts with a novel member of the STAR family of proteins,
and we have characterized the novel gene in terms of the
expression of its mRNA and its map position, the ability of the
encoded protein to bind RNA and specific proteins, its devel-
opmental regulation during spermatogenesis and the nuclear
location of the protein.

The initial identification of T-STAR as a partner for RBM
arose from a yeast two-hybrid screen of a ¢cDNA library
derived from testis. T-STAR was the prevalent interaction
detected in a screen in which surprisingly very few obvious
false positives were detected. Most of the other proteins
detected were RNA-binding proteins but, as with T-STAR
(Fig. 8), binding reactions done in vitro have shown that none
of the interactions yet tested arose from binding of non-inter-
acting proteins to bridging RNA (i.e. the interactions were not
abolished by treatment with RNase; J.P. Venables, unpub-
lished data). Instead, the interactions appear to be directly
between the protein partners. Furthermore, although T-STAR
interacted with proteins with RNA-binding domains of the
RRM and KH classes, it did not do so with other representa-
tives of both classes (SR proteins and hnRNP K in Table 1),
from which we infer that the interaction is not based on a for-
tuitous affinity between T-STAR and either RNA-binding
domain and that the interaction with RBM is specific. It
remains to be determined whether the large number of T-
STAR clones found (32%) is a function of either the abun-
dance of T-STAR testis mRNA or the affinity of the interac-
tion. We have not yet determined whether these proteins
interact in vivo, because it is difficult to prepare testis extracts
in which RBM is soluble. However, these two proteins with
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very different RNA-binding domains are both expressed in
spermatocytes and it remains tempting to suppose that they
interact.

Within the nucleus, GFP-fused T-STAR is detected in both a
diffuse speckled pattern and in spots adjacent to the nucleolus.
These features are reminiscent of the PNC, in which there are
accumulations of hnRNP I/PTB and pyrimidine-rich small
RNA molecules transcribed by polymerase III (33-35), coiled
bodies (44) and gems, often paired with coiled bodies, in which
SMN accumulates (45). However, co-localization with these
sites was tested and excluded (Fig. 6; gems were excluded
because there was no close association with coiled bodies).
Thus, it is possible that this represents a new nuclear compart-
ment (a STAR site, perhaps). The number, size and distribution
of sites are not dissimilar to the OPT domains described
recently (46), in which specific transcription factors accumu-
late in transcription factories. Thus, the STAR sites may be the
result of accumulation of T-STAR at sites of transcription of
specific target pre-mRNA sequences, each site comprising a
single gene or a collection of related genes. However, T-STAR
is not naturally expressed at a high level in HeLa cells, and it is
possible that other specific components are required for its cor-
rect localization.

Some of the protein interactions described here for T-STAR
show that it has the defining properties of the SAM68 sub-
family. The demonstration that T-STAR and SAM68 bind to
themselves and each other is as expected for members of this
group (30) and tends to validate the ability of the yeast assay in
this case to detect relevant interactions. Similarly, the interac-
tion of T-STAR with fused SH2/SH3 domains in vitro is con-
sistent with previous work demonstrating that some members
of the STAR family interact with numerous SH2- and SH3-
containing proteins that might be involved in regulating their
activity in response to external signals (19,20,47-51).

Despite extensive investigations into the properties of the
STAR proteins, their possible biochemical roles are only just
emerging. The major impediment has been the lack of useful
information regarding downstream targets. The only clue hitherto
to their activities is the property of binding RNA., SAM68 has
been shown to bind preferentially to a UAAA sequence via the
KH domain (22,52), but this sequence is insufficient to suggest a
mechanism of action. It has been suggested that RNA binding par-
titions SAM68 away from a signalling function, because tyrosine
phosphorylation of the C-terminal region of SAM68 by Src
kinases reduced bmdmg to poly(U) RNA (30,53). However,
poly(U) binding is not disrupted by key mutations in the KH
domain (22), and the results might be explained simply if phos-
phorylation were to block artefactual non-specific binding, as has
been observed in some SR proteins (54,55).

Mechanistic roles have been assigned to two STAR proteins,
GLD-1 and SF1/mBBP. GLD-1 was found to be the transla-
tional repressor that bound specifically to the 3'-UTR of the
Caenorhabditis elegans gene tra-2 (56). A mouse STAR pro-
tein, Quakingl-6, is able to substitute for GLD-1 (57). SF1/
mBBP is a more distant member of the family. This has a KH
domain and a potential zinc knuckle, and it was reported origi-
nally to bind with little specificity but a preference for
sequences rich in G or U (58); the maxi-KH domain mediated
RNA binding (59). The protein is associated with early splic-
ing complexes and interacts with U2AF65, a protein known to
bind to polypyrimidine tracts near the 3' end of an intron
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(59,60). SF1/mBBP was found to bind RNA sequences resem-
bling the weakly conserved branchpoint (61), and it has been
shown recently that the interaction of SF1/mBBP with
U2AF65 leads to synergistic binding to their two adjacent
sequence elements near the 3' splice site (62).

The interaction of T-STAR/ETOILE with RBM suggests
possible functions and mechanisms for the SAM68-like pro-
teins. Given that RBM and U2AF65 both have RRM-type
RNA-binding domains and SR-rich domains (14), it is at least
possible that the interaction of T-STAR/ETOILE with RBM
resembles that of SF1/mBBP with U2AF65, and that the two
proteins interact cooperatively to bind a bipartite functional
splicing element. This is reinforced by evidence that RBM also
interacts with other proteins that are likely to act as splicing
enhancer factors (J.P. Venables, unpublished data). The inter-
actions must differ in detail, however, because the interaction
of U2AF65 with SF1/mBBP involves the third RRM domain
of U2AF65 (62), whereas RBM binds via its SRGY repeat
domain to T-STAR.

The observation that 7-STAR/ETOILE is expressed in tissues
other than the testis and in Sertoli cells suggests that its func-
tion is not restricted to binding to RBM. Table 1 shows that
both T-STAR/étoile and SAM68 interact with other members
of the hnRNP G family. One very attractive possibility is that
there are other tissue-specific members of the hnRNP G fam-
ily, neural ones in particular, and that these constitute a class of
tissue-specific splicing enhancer proteins that are regulated by
or bind alongside T-STAR. SAM68 might regulate alternative
RNA processing ubiquitously by binding hnRNP G and its rel-
atives during, for example, specific stages of the cell cycle.
Further investigations into the targets of these proteins might
lead to assays by which the functional importance of the inter-
actions of SAM68 and T-STAR can be tested.

MATERIALS AND METHODS

Yeast two-hybrid screen

The sequence corresponding to the RBM coding region (amino
acids 1-496) was cloned by PCR of pMKS (8) with EcoRI and
BamHI linkers into pAS2.1 (Clontech, Palo Alto, CA). The
region downstream of the RRM (residues 88—496) and three
sections of this (residues 88-226, 225-375 and 374-496) were
also cloned in the same manner. Nine combinations of the
SRGY boxes (all possible contiguous trimers, dimers and
monomers) were cloned using a similar strategy. The three
dimers shown in Figure 1 encoded residues 220295, 257-332
and 294-369.

RBM in pAS was transformed into yeast strain Y190 and
used to screen 800 000 colonies from a human testis Match-
maker library in pACT (Clontech) by selecting for growth on
25 mM 3-amino-1,2,4-triazole and subsequently screening for
blue colour of streaked on colonies by a filter lift assay with X-
gal, according to the supplied protocol. Plasmid DNA from
yeast was transfected into E.coli HB101 and grown on leu~
medium, before co-transformation of the DNA into yeast with
RBM in pAS or pAS alone. Six colonies were streaked onto fil-
ters which were placed on agar for 1 day before filter lift assay-
ing. In most cases, all of the six colonies were blue. The
interactions were scored as +++, ++ and + according to the fol-
lowing criteria: each of the six or more colonies was assigned

a score of 3, 2 or 1 for strong, medium or weak blue colours,
and the average score calculated; an average of >2 scored +++;
>1, ++; and >0, +. RBM, T-STAR and SAM68 interactions
were positive in both combinations of the DNA-binding and
activation domain plasmids. Plasmids that were scored as pos-
itive were also tested in co-transformations with the various
combinations of domains of RBM.

To test interactions between specific proteins, the RBM cod-
ing region was cloned by PCR with BamHI and Sacl linkers
into pACT?2. The full coding region of nRNP G was cloned
from plasmid V5 (17) into pAS2.1 using BamHI and EcoRI
linkers, as was the putative coding region of T-STAR and the
corresponding region of SAM68 (starting from Met97). pAS
and pAct constructs were then co-transfected and assayed as
before.

Cloning of T-STAR/étoile

Cloning of the mouse homologue was done via RT-PCR with
the primers HW2, 5'-TGG CGG TTG GAG GTC TTG TA-3';
and HW3, 5'-GAG AAG CGA AGT ACT TCC ATC-3'. The
product was used to screen 10° clones from a 1-month-old
BALB/c retina library from the American Tissue Culture Col-
lection (ATCC, Rockville, MD; ATCC no. 77448). The inserts
were subcloned in plasmid pBluescript KS using EcoRI and
Xhol and sequenced manually (Sequenase; USB, Cleveland,
OH) or automatically (ABI Prism 377; Perkin Elmer, Foster
City, CA). The genomic organization was analysed by South-
em blots (NYTRAN membranes; Schleicher and Schuell,
Keene, NH) of DNA restricted with EcoR1, BamHI, HindIll,
Kpnl and Xbal.

A T-STAR genomic clone was isolated by screening a human
PAC library (UK HGMP Resource Centre, Cambridge, UK).

Northern blots

For the human mRNA blot, a Multiple Choice blot (Origene,
Rockville, MD) was probed according to the manufacturer’s
protocol. The probe was made by random primer labelling of a
gel-purified 267 bp Apal fragment from the 5' end of T-Star
cDNA. For analysis of murine mRNA, RNA was prepared by
the LiCl/urea method (63), separated by electrophoresis on a
1% agarose—formaldehyde gel and blotted on a Nytran mem-
brane (Schleicher and Schuell) according to the manufacturer’s
instructions. Probes were prepared from éfoile by random
priming. Filters were washed three times for 20 min each at
65°C with 0.1x SSC, 0.5% SDS.

Antibodies, western blots and immunohistochemistry

Antisera against T-STAR were raised in rabbits against a GST
fusion of amino acids 180-248, chosen because it was least
like SAM68. For affinity purification, a His tag fusion of the
same portion was expressed by purification of the fusion on
nickel beads (Talon; Clontech), followed by SDS—-PAGE, blot-
ting, excision of the band containing the fusion protein and
incubation with the antiserum. Antibodies were eluted in gly-
cine (pH 2.5), neutralized and used directly. Affinity-purified
SAMG68 antisera were from Santa Cruz Biotechnology (Santa
Cruz, CA). Tissues were homogenized, resuspended in an
equal volume of 2x Laemmli buffer and adjusted to 0.1 M
dithiothreitol (DTT). For western blotting, the T-STAR and



SAMG68 antibodies were used at dilutions of 1:50 and 1:7500,
respectively. Detection was by enhanced chemiluminescence
(Amersham, Little Chalfont, UK).

Adult rat testis was fixed by perfusion with Bouins and
embedded in paraffin wax. Sections of 5 um were attached to
microscope slides coated with 3-aminopropyltriethoxysilane
(Sigma, St Louis, MO). Antigen retrieval by microwaves and
immunohistochemical methods were as described (64).
T-STAR and SAM68 antibodies were diluted 1:3 and 1:50,
respectively. As a pre-absorption control, the anti-T-STAR
antibody was incubated for 1 h with the immunizing protein;
this eliminated the positive signals. Detection was by sequen-
tial incubation with a biotinylated secondary antibody (1:400;
Dako, Carpinteria, CA) and streptavidin—horseradish peroxi-
dase (Dako), followed by incubation with diaminobenzidine.
The counterstain was Harris haematoxylin.

Chromosomal mapping

Mouse étoile was localized by haplotype analysis of 94 prog-
eny from an interspecific backcross (C57BL/6JEiXSPRET/
Ei)xSPRET/Ei (BSS panel) from the Jackson Laboratory (Bar
Harbor, ME) (65) using the enzyme Ps/1. The scoring is avail-
able on the Internet at the following address: http://
www jax.org/resources/documents/cmdata/bkmap/BSS.htm] .
The mapping data were submitted to GenBank (accession no.
J51699).

RNA-binding assays

In vitro transcripts of étoile were translated into 3S-labelled
protein using the Retic Lysate IVT kit (Ambion, Austin, TX).
Total RNA from adult mouse brain was incubated at 1 mg/ml
with the same volume of 0.5 mg/ml photoactivated biotin ace-
tate (Sigma). Biotinylation was performed at 4°C with sun-
light. The excess of free biotin was eliminated by butanol
extraction, and the RNA was bound to streptavidin—agarose
(Sigma). For the binding assay (66), approximately one-third
of the 35S-labelled protein generated in an in vitro translation
reaction was added to 50 pug of biotinylated RNA-agarose
resin in 0.5 ml of binding buffer (10 mM Tris-HCI pH 7.5,
2.5 mM MgCl,, 0.5% Triton X-100, 0.1 mg/ml bovine serum
albumin and NaCl ranging from 50 to 400 mM). A 20 mg alig-
uot of E.coli tRNA was added as non-specific competitor
RNA. The mixture was incubated for 30 min with agitation at
4°C. The beads were washed five times with cold binding
buffer. Proteins binding to RNA were boiled in SDS—protein
sample buffer and separated on SDS-PAGE. The signal was
detected by phosphoimaging.

GFP-T-STAR fusions and immunofluorescence

A T-STAR DNA fragment encoding the entire reading frame
was amplified by PCR and cloned in-frame into Xhol and
EcoRI sites of pEGFP-C1 (Clontech). The C-terminus of
T-STAR was mutated to create a —2 frameshift just 5' of the
termination codon. Constructions were verified by sequencing.

HelLa cells were plated on UV-treated glass coverslips in
3.5 cm diameter wells 12 h before transfection. Then 2 pg of
pEGFP-Jul68 was transfected into each well using Fugene 6
(Boehringer Mannheim, Indianapolis, IN) following the manu-

Human Molecular Genetics, 1999, Vol. 8, No. 6 967

facturer’s protocol. At 12 h after transfection, cells on cover-
slips were fixed with 2% paraformaldehyde, permeabilized
with 0.2% Triton X-100 and 1% NGS in phosphate-buffered
saline (PBS), washed in 1% NGS in PBS and subjected to
immunofluorescence (67).

Y12 mouse hybridoma anti-Sm (68) supernatant (from cell
stocks maintained at the Cold Spring Harbor Laboratory Mon-
oclonal Antibody facility, Cold Spring Harbor, NY) was
diluted 1:5 before use. Anti-coilin human antiserum (69) was
used at a 1:100 dilution. Anti-PTB mouse hybridoma superna-
tant was obtained from David Spector (35), and used at a 1:5
dilution. Texas red-conjugated goat anti-mouse (Jackson Lab-
oratories) or goat anti-human (Vector Laboratories, Burlin-
game, CA) secondary antibodies were used to detect primary
antibodies.

Cells were visualized by fluorescent microscopy (Axiophot;
Zeiss, Jena, Germany) and images were acquired using a
cooled CCD camera (SenSys; Roper Scientific, Trenton, NY)
with Oncorlmage software.

In vitro assays of protein interaction

GST fusions of the RRM (amino acid residues 1-98) and
SRGY (residues 220-375) regions of RBM were constructed
in pGex2-T by PCR cloning using BamHI and EcoRI linkers.
These were transformed into BL21-DE3, along with GST—
SH2/3 in pGex (70). Protein was produced by induction with
0.2 mM isopropyl-B-D-galactopyranoside (IPTG) for 2 h fol-
lowed by centrifugation and two sonications for 20 s (in PBS +
2 mM DTT and proteinase inhibitors), and centrifugation
again. Supernatants were bound to glutathione—agarose for 1 h
and washed four times in D.Glu-full (80 mM K glutamate,
20 mM TEA pH 7.8, 5% glycerol, 0.2 mM EDTA, 1.5 mM
DTT, 0.1% Tween). In vitro labelled proteins were added and
incubated overnight at 4°C in a final volume of 400 pl of
D.Glu-full. Beads were then washed as before and boiled in
SDS dyes for 12% SDS-PAGE.

In vitro labelled proteins incorporating [*’S]methionine were
translated from in vitro transcripts (25 ng/ul) in Promega rabbit
reticulocyte lysate. HnRNPA1 was transcribed from pET9-
hnRNPA1 (71), linearized with BamHI. The PCR product used
for cloning T-STAR into pAS was cloned into pcDNA3
EcoRI-BamHI sites, and the product linearized with BamHI
for transcription.
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The RBMY gene family is found on the Y chromosome of all mammals, and microdeletions are strongly asso-
ciated with infertility in men. RBMY expresses RBM only in the nuclei of germ cells, whereas its X chromo-
some homologue, RBMX, expresses hnRNP G ubiquitously. We show here that RBM, hnRNP G and a novel
testis-specific relative, termed hnRNP G-T, interact with Tra28, an activator of pre-mRNA splicing that is ubi-
quitous but highly expressed in testis. Endogenous hnRNP G and Tra2§ proteins are associated in HelLa
nuclear extracts. RBM and Tra2p co-localize in two major domains in human spermatocyte nuclei. Phosphor-
ylation enhanced the interaction and reduced competing RNA binding to the interaction domains. Incubation
with the protein interaction domain of RBM inhibited splicing in vitro of a specific pre-mRNA substrate con-
taining an essential enhancer bound by Tra2p. The RNA-binding domain of RBM affected 5’ splice site selec-
tion. We concilude that the hnRNP G family of proteins is involved in pre-mRNA splicing and infer that RBM

may be involved in Tra2p-dependent splicing in spermatocytes.

INTRODUCTION

Spermatogenesis is remarkable both for the extent of the
changes wrought in cellular morphology and for its
universality in animals. In mammals, the diploid stem cells are
maintained by mitosis, but a proportion undergo meiosis and
then, as haploid syncytial cells, they are subjected to re-
packaging and inactivation of the genome, growth of a
flagellum, rearrangement of mitochondria and formation of an
acrosome. These processes are accompanied by substantial
changes in strategies for regulating gene expression, with a
marked increase in post-transcriptional regulation (1-3).

A failure in spermatogenesis is a significant cause of human
male infertility (4,5), and it appears to be caused in some cases
by deletions in one of at least three small regions of the Y
chromosome (5-7). The first gene identified as a candidate
azoospermia factor in one of these deletion intervals was
YRRM (8), now designated RBM or RBMY (9). Although there
are numerous RBMY genes on the Y chromosome, only the
genes in deletion interval AZFb (and possibly just one of these)
produce detectable levels of protein (10), and there is now
substantial evidence supporting the importance of RBMY for
spermatogenesis (7,8,11-14). There are homologues of RBMY
in all mammals (15), and in the mouse partial deletion of the
gene family is associated with sperm abnormalities rather than

azoospermia (16,17). It has been shown recently that there is
an X chromosome homologue of RBMY, termed RBMX, which
encodes the widely expressed protein hnRNP G (9,18).
HnRNP G is a nuclear protein of unknown function that binds
nascent pre-mRNA in vivo and in nuclear extracts (19,20).
Both the sequence and distribution of RBM protein are
consistent with a function in nuclear RNA processing during
spermatogenesis. It has an RNA-binding domain (RRM) and
four tandemly repeated sequences each of 37 amino acids
(SRGY boxes) that are rich in the SR/RS dipeptides
characteristic of the SR proteins (21), which are involved in
constitutive and aiternative splicing (22-24). HnRNP G is 60%
identical (8,25,26), although it has only one SRGY box. RBM
is expressed exclusively in germline cells in the testis, where
it is abundant in spermatogonia and spermatocytes but levels
decline in later, post-meiotic stages; in contrast, hnRNP G is
most abundant in somatic cells and spermatogonia but less so
or absent in spermatocytes (27). Both proteins are nuclear;
RBM co-localizes with splicing factors in the early stages of
meiosis, although it becomes more diffuse in the nucleus at
later stages (27). These features suggest that RBM might be a
tissue-specific RNA processing factor. Despite considerable
progress in defining the sequences in pre-mRNA responsible
for mediating tissue-specific splicing, no clear examples of
corresponding factors have yet been identified in mammals. In
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view of the apparent importance and clear tissue specificity of
RBM, we have investigated whether RBM interacts with
components of known RNA processing pathways and whether
these interactions have functional consequences.

RESULTS

Yeast two-hybrid methods (28) were used to identify proteins
expressed by a human testis cDNA library that could interact
with RBM. Positive isolates were tested by re-transformation
of their purified plasmids (Fig. 1A). Sequences were derived
from 74 independent positives and showed that they derived
from 18 proteins, all of which were found by re-screening to
require only the SRGY region of RBM (the four SR-rich
repeats) for interaction (Fig. 1B); more detailed analysis of the
interactions of the three proteins described below showed that
any two contiguous SRGY boxes sufficed. Forty-eight of the
isolates came from seven proteins with RNA-binding domains.
The most common isolate (Fig. 1A) was a novel protein,
named T-STAR (29), which is closely related to Sam68.
Sam68 is an RNA-binding protein of unknown function that is
associated with and phosphorylated by the Src proto-oncogene
family during mitosis (30-33). Another abundant isolate was a
novel relative of hnRNP G (73% identical), designated hnRNP
G-T because it was detected only in testis (Fig. 1C). Neither of
these interactions had clear functional implications. Of greater
significance was the finding of isolates of Tra2|3 (34-36),
which is also expressed abundantly in testis (Fig. 1C). The fly
homologue, Tra2, regulates sexual differentiation, spermato-
genesis and courtship behaviour via alternative splicing (37-41).
As with the interaction of Drosophila Tra2 with itself or with the
human SR protein SF2/ASF (42), the C-terminal region of
Tra2{3 (including SR-rich sequences) sufficed for interaction
with the SRGY repeats (data not shown).

The interacting partners detected by the two-hybrid
approach were tested in various combinations (Table 1). Most
of the proteins fall into three groups: SR or SR-related proteins
(Tra2p, SRp30C and 9GS), the hnRNP G-related proteins
(RBM, hnRNP G-T and hnRNP G), and the STAR proteins (T-
STAR and Sam68). The interactions fit a pattern in which the
hnRNP G family members interact with each other and with
the SR proteins and STAR proteins, whereas the STAR
proteins and SR proteins do not interact.

These interactions were tested in vitro (Fig. 2A) by
quantifying the binding of 33-labelled proteins, produced by
in vitro translation, to recombinant glutathione S-transferase
(GST) fused with either the SRGY repeats of RBM (GST-
SRGY) (Fig. 2A, S), the C-terminal part of Tra2p (GST-TraC:
T), the RNA-recognition motif of RBM (GST-RRM: R), or
nothing (GST: G). The assays were done in the presence of
ribonuclease (see below). The Tra2(S translated in vitro was
inferred to behave like the native protein because it bound
preferentially (data not shown) to RNA sequences containing
GAA repeats (43). The three hnRNP G family members and
Tra2p interacted with each other, whereas neither hnRNP Al
nor luciferase showed any salt-stable interactions with the
immobilized proteins. The proportion of input material
recovered was markedly lower for the homodimerization of
RBM with GST-SRGY and Tra2p with GST-TraC than for
the heterologous interactions of the same immobilized GST
fusions. In other experiments we have confirmed the

STAR
Others/ SRGY
Boxes
RRM
""RNPTIE;W hnRNP G-
Sam68
€ s
Ii1111
hnRNP G-T
Tra2P
p*Actin

Figure 1. Characterization of proteins derived from testis cDNA that interact
with RBM. (A) Summary of major RNA-binding proteins isolated in a two-
hybrid screen. The pie chart shows the frequency of the designated proteins
among the 74 isolates characterized. T-STAR and hnRNP G-T were novel
sequences (GenBank accession nos AF069681 and AF069682, respectively).
(B) Diagram of the RBM protein sequence, showing as bars the regions
sufficient for interaction with the protein partners isolated in the two-hybrid
screen. The N-terminal RNA-binding domain (RRM) and the four repeats of
37 amino acids that comprise the SRGY domain are marked. (C) Analysis of
expression of hnRNP G-T and Tra2|3 in human tissues by northern blotting.
The blot was hybridized successively with various probes, concluding with
fi-actin as a control.

Table 1. Interactions between members of the hnRNP G, SR and STAR
protein families

Activation domain DNA binding domain

RBM HnRNPG T-STAR* Sam68* Tra20 SRGY

RBM -H- + + + + ++
HnRNP G-T +H ++ ++H +H+ -+
T-STAR* +H+ o+ o+ +H+ - +H+
Sam68* + ++ +++ +++ - +
Tra2|3 ++ + - - ++ ++
SRp30¢ +H+ - - ++ ++
9G8 + _ _ ) . 4
hnRNP K ++  ++ - + - +

+or outcome of yeast two-hybrid tests with the reading frames fused to the
C-terminal side of yeast GALA
‘Results taken from Venables et al. (29).

interaction of T-STAR with GST-SRGY and have shown that
it interacts with Src-homology domains (29).

To confirm that the in vitro interactions were not indirect,
mediated by residual RNA, the effects of addition of
ribonuclease and RNA were tested. Ribonuclease treatment
enhanced the binding of 35-labelled Tra2P to GST-SRGY
(Fig. 2B). Both yeast RNA (data not shown) and an in vitro
transcript (Fig. 2C) inhibited the binding of 355-labelled Tra2p
or RBM to GST-SRGY or GST-TraC, respectively. This
confirms that the protein interactions are direct and
demonstrates that RNA interferes with these, presumably by
non-specific binding to the positively charged RS or SRGY
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Figure 2. In vitro interactions of RBM and related hnRNP G-family proteins with Tra2p. (A) In vitro translation reactions containing 3S-labelled proteins (boxed) were
added to glutathione—agarose beads coated with GST (G), GST-RRM domain of RBM (R), GST-SRGY (S) and GST-TraC (T). After washing, bound proteins were
analyzed by SDS-PAGE and phosphor imaging. In parallel reactions, the bound products were washed in 0.6 M salt, as shown. Arrows mark lanes containing 50% of
the input translation reactions. (B) Binding of Tra2P to GST-SRGY is specific and enhanced by treatment with ribonuclease. In vitro translation reactions containing
3S-labelled luciferase or Tra2P were added to beads coated with GST-SRGY (S) or GST (G). After washing, bound proteins were analyzed by SDS-PAGE and
phosphor imaging. Unmarked lanes show the input translation products. Ribonuclease was added to incubations in lanes marked V . (C) Exogenous RNA inhibits
binding. GST-TraC (the C-terminal region of Tra2P; top) or GST-SRGY (bottom) were bound to beads and washed stringently. The *S-labelled ligands (RBM or
Tra2p) were incubated with the beads in the presence of in vitro transcripts in the amounts shown. (D) A diagrammatic summary of the yeast two-hybrid and in vitro
interactions o f three protein families. Brackets indicate that interactions of 9G8 were not detected with every member of the family shown.

domains of Tra2P or RBM, respectively. Interactions of STAR
proteins are affected similarly (44). Figure 2D summarizes the
protein interactions.

Several criteria were used to test whether the interactions of
Tra2(J with RBM or hnRNP G occur in vive: expression of the
endogenous proteins in the same cells, co-localization within
the nucleus and association in extracts. Immunohistochemical
staining of human testis sections (Fig. 3A) showed that Tra2[3
was expressed at high levels in the nuclei of spermatocytes, the
principal cells in which RBM is expressed (27). The
subnuclear location of the proteins in testis was compared
indirectly via comparison with a group of splicing factors,

including some SR proteins, recognized by the antibody 16H3
(45). These SR proteins were largely localized in two or three
major regions in spermatocytes and post-meiotic spermatids.
Tra2p and RBM showed the same pattern in spermatocytes:
they accumulated in the SR regions (Fig. 3B: arrows in C and
I) but, unlike the SR proteins, also showed a relatively high
diffuse nucleoplasmic signal. After meiosis, in round
spermatids, RBM became dispersed (Fig. 3B: G and I) but
Tra2P still showed some slight accumulation with the SR
proteins (Fig. 3B: D and F). Association of endogenous
proteins in extracts was shown by co-precipitation of Tra2fl
with hnRNP G from ribonuclease-treated HelLa nuclear
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Figure 3. Co-localization and interactions of Tra2f) and hnRNP G family proteins in vivo. (A) Detection of Tra2fJ in human germ cell nuclei in sections of adult
testis by a rabbit polyclonal antiserum. Binding was detected with an HRP-conjugated secondary antibody and DAB, producing a brown colour; nuclei are stained
blue with Harris haematoxylin. Cell types are labelled a-f. (B) Subnuclear localization of Tra2|3 and RBM in human testis. Tra20 is shown in (A) and (D)
(spermatocytes and spermatids, respectively), RBM in (G) (in both cell types), and SR-related proteins in the same cells in (B), (E) and (H). The overlap is shown
in (C), (F) and (I). White arrows mark the strong punctate sites in spermatocytes. (C) Co-precipitation of Tra2P and hnRNP G in HeLa cell nuclear extract. Western
blots were probed with antibodies against the RRM domain of RBM/hnRNP G (used for the precipitation), Tra2P and Ul A (control). Lanes contained nuclear
extract (N), RRM immunoprecipitate (+) and mock precipitate without antibody (—.

extracts (Fig. 3C), with Ul-A as a control for non-specific
precipitation. Approximately FGof the input Tra2(3 was
precipitated, which provides a minimum estimate of the
proportion associated 21\ We conclude that endogenous
Tra2(3 and hnRNP G family proteins are associated Z2\\2

The functional significance of this interaction was tested by
splicing #2Vi/Q The only previous assay for human Tra2
activity used a substrate containing three repeats of a Tra2
SELEX winner sequence, the splicing of which was stimulated
by exogenous Tra2 (a or P) in low concentrations of nuclear
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Figure 4. Inhibition of tropomyosin splidng by the SRGY repeats of RBM. (A) Splidng reactions in vitro were pre-incubated with 1or 2 p.1, respectively, of GST
fusion proteins before addition of the two RNA substrates, tropomyosin SNM-5SK (TM, closed boxes) and C174C (open boxes). The reaction products are shown
on separate sides of the image. Each protein was added at two concentrations, as indicated by the shaded columns above the gel image. The proteins added were
GST (2.3 and 4.7 pg) and fusions to it of talin (2.3 and 4.7 pg), Rho.GDI (Rho, 2.9 and 5.7 pg), the RRM domain of RBM (RRM, 1.9 and 3.8 pg), the C-terminal
portion of Tra2(3 (TraC, 2.4 and 4.7 pg), the first two of the SRGY repeats (ViS, 1.9 and 3.8 pg), and all four SRGY repeats (SRGY, 2 and 4 pg). In the mock lanes,
identical volumes of a parallel preparation containing no GST fusion proteins were added. M, markers. The tropomyosin splicing products were faint, and have
been shown at a higher intensity; the globin lariats in between them on the gel have been omitted for clarity. (B) Quantitative analysis of the effects of the fusion
proteins at the lower concentration in (A). For C174C and tropomyosin substrates, the intensities of the pre-mRNA, 5' exons and mRNA were quantified, corrected
for the numbers of labelled nucleotides, and the sum taken as the total RNA for that substrate. The proportions of mRNA and total step 1 products (mRNA plus 5’
exons) are expressed as percentages of the total.

extract (43). No natural target has been reported. We have  of this sequence is bound by Tra2|3 under splicing conditions
found that splicing of a human as tropomyosin exon requires ~ (N. Thornton, A.A. Malygin, K.N. Bulygin, D.M. Graifer,
an enhancer sequence in the exon (46) and that an essential part ~ G.G. Karpova and I.C. Eperon, manuscript in preparation).



690  Human Molecular Genetics, 2000, Vol. 9, No. 5

a-M

+ o+ + o ¥®N  ATP
Srpkl Sty Srpkl Sty Kinase

Kinase Buffer

» +
NE NE
Spiicing Buffer

B
IGST-SRQY + Tra2ftl I GST-TraC + RBM 1
ofNk "

e
w mm UN

+ 1+ o 1 +
+ + t + .

T t

Figure 5. Enhancement of the interaction between RBM and Tra2P by
phosphorylation. (A) Phosphorylation of GST-SRGY reduces RNA binding.
GST-SRGY beads were washed stringently and incubated with 32P-labelled
RNA with nuclear extract or kinases, + ATP. The bars represent the percentage
of input RNA that bound to the beads and are means from two separate
experiments (divergence indicated by thin lines) except for the single values in
the two right-hand lanes. (B) Dephosphorylation of Tra2P by protein
phosphatase 1 reduces binding to GST-SRGY even in the absence of RNA.
+ indicates the presence of phosphatase, ribonuclease or RNA, as shown on the
right. The proportions of input Tra2p that bound to beads were 17,7,6 and 0%,
respectively, for the four left-hand lanes.

The addition to splicing reactions of protein domains that
interact with Tra20 (i.e. the SRGY repeats of RBM and the C-
terminal domain of Tra2p itself) would be predicted to block
splicing. As a control, the reactions included also a substrate,
derived from rabbit P-globin exons 2 and 3, that contained two
alternative consensus 5' splice sites (C174C) (47). Although
the second exon of human P-globin is known to contain several
enhancers (48), there is no evidence that these involve Tra2a
or -P; the rabbit exon contains several GAA sequences, but
none of these is present as the tandem repeat preferred for
Tra2P binding. Thus, it would be predicted that splicing of this
substrate would be less dependent on Tra2p activity and so less
inhibited by the presence of GST-SRGY.

The results (Fig. 4A, quantified in B) show that this
prediction was borne out. At the lower concentration of added
protein, GST-SRGY abolished splicing of the tropomyosin
intron but had no significant effect on splicing ofthe C174C P-
globin control. In contrast, little or no inhibition was caused by
either GST fused with only two of the SRGY repeats
("SRGY), the control fusions, a control lysate or GST at either
concentration. We conclude that splicing of an exon containing
a Tra2p-binding site in an obligatory enhancer is preferentially
abolished by incubation with the Tra2p-binding domain of
RBM.

The experiment in Figure 4 tested the effect also of
incubation with the RNA-binding domain of RBM (GST-
RRM), which is 81% identical in amino acid sequence to the
RRM of hnRNP G. This appeared to stimulate tropomyosin
splicing, but it had two significant effects also on C174C: the
second step of splicing was reduced whereas step 1 was

unaffected, leading to an accumulation of 5' exon intermediate
(Fig. 4B), and splicing shifted to the upstream alternative 5'
splice site. Similar effects on C174C were seen with GST-
TraC at the higher concentration, but at this concentration
tropomyosin splicing was inhibited.

The localization and possibly the activity of Tra2 in
Drosophila spermatocytes are affected by an SR protein kinase
(49). In mice, an SR protein kinase, SRPK1, is particularly
abundant in the testis and specifically in germline cells (50). At
a biochemical level, phosphorylation is known to influence
RNA-binding proteins by reducing the binding of RNA,
increasing its specificity or enhancing protein interactions
(43,44,51,52). We observed that ATP enhanced Tra2p binding
to GST-SRGY in the presence of nuclear extract (14% v/v;
data not shown), and therefore tested whether this was caused
by phosphorylation. The binding of 3P-labelled RNA to
immobilized, salt-washed, GST-SRGY was reduced if GST-
SRGY had been pre-incubated with two kinases known to
phosphorylate SR proteins (53,54), CLK/STY being more
effective (Fig. 5A). Incubation with [y-2P]ATP confirmed that
these kinases phosphorylated GST-SRGY and GST-TraC
(data not shown), and preliminary experiments with GST-
TraC showed that phosphorylation reduced binding of RNA to
this domain also. A direct effect of phosphorylation on
protein-protein interactions was tested by incubation in the
presence of protein phosphatase 1. Stringently washed GST-
SRGY or GST-TraC beads were incubated with 33-labelled
Tra2P or RBM. Incubation with phosphatase caused a
substantial reduction in binding by Tra2p, but not by RBM,
even in the presence of ribonuclease (Fig. 5B). We conclude
that phosphorylation inhibits the binding of interfering RNA to
the protein interaction domains and it enhances the direct
protein interactions of Tra2p.

DISCUSSION

The purpose of this investigation was to establish whether
RBM could be linked to any nuclear RNA processing
pathways via an analysis of its protein interactions. Our results
argue that RBM participates in splicing in spermatocytes, for
several reasons. The yeast two-hybrid screen produced a
number of positive clones, yet none corresponded to proteins
known to be involved in any other constitutive RNA
processing reactions. Instead, most of the identifiable
interacting proteins fell into three major groups: SR-rich
splicing activators (primarily Tra2P), STAR proteins and other
hnRNP G proteins. These interactions held up when tested in
vitro. Furthermore, RBM was already known to co-localize in
two large clusters in spermatocytes with several splicing
factors (27), and we have extended this by showing that the
same is true for Tra2|3. Thus, the two proteins are present in
spermatocytes at the same time and in the same nuclear
compartment. It proved to be very difficult to demonstrate that
Tra2P was associated directly with RBM in spermatocytes by
co-immunoprecipitation, because RBM was extremely
insoluble in testis extracts. However, since hnRNP G is the
other member of an X/Y pair of homologues and interacted
like RBM in the yeast two-hybrid and in vitro binding assays,
it would be predicted, as for RBM, that hnRNP G associates
with Tra2J3 in cells in which it is expressed. This was tested
and confirmed by co-immunoprecipitation of hnRNP G and



Tra2f in HeLa nuclear extracts. We conclude that both
products of the X/Y gene pair, RBM and hnRNP G, can and do
interact with Tra2§.

RBM becomes more evenly distributed in post-meiotic
spermatid nuclei (Fig. 3) (27), and it is tempting to speculate
that this is the result of a weakening association between RBM
and Tra2p caused by changes in the state of phosphorylation of
the latter. It is not known yet whether Tra2P phosphorylation is
modulated in vivo, but we note that cyclical changes in
phosphorylation are required for the participation of SR
proteins in splicing and regulate their subnuclear location in
vivo (55-57); protein kinase activity is also required for correct
intranuclear localization of Tra2 in Drosophila spermatocytes
(49).

The involvement of RBM in splicing could not be tested by
addition of RBM to extracts or expression in tissue culture
cells, because its specific natural targets (if any) are not known.
However, its protein interaction domain alone would be
predicted to interfere with protein—protein interactions
between Tra2B and hnRNP G or SR proteins, by analogy with
Drosophila Tra2 (42). The results with GST-SRGY bear this
out. The inclusion of a B-globin control in the same reaction
mixture as the enhancer-dependent tropomyosin substrate
demonstrated that the fusion protein had not inactivated any
constitutive splicing reaction components. Although we have
not directly demonstrated that splicing of the tropomyosin
substrate is dependent on Tra2, it is known that Tra2f is an
activator of splicing and that it binds to GAA repeats in an
essential enhancer in the substrate. Thus, the results show that
the protein interaction domain of RBM can affect the splicing
of specific substrates and almost certainly does so by binding
Tra2B. This suggests that azoospermia is caused in some cases
by a deficiency in an aspect of splicing in spermatocytes.

The non-specific inhibition by GST-TraC at the higher
concentration is likely to be caused by binding to and
sequestration of the endogenous Tra2f and SR proteins. This is
absolutely consistent with the shift in C174C splicing towards
the 5’-most site; this shift is the converse of that seen with
many substrates when most SR protein concentrations are
increased, and it would be predicted if the reduction in SR
activity weakened Ul snRNP binding (47,58). The RNA-
binding domain of RBM had a positive effect on tropomyosin
splicing but also shifted C174C and inhibited step 2 of
splicing. It is possible that the effects are caused by specific
binding to the RNA such that repressors are displaced from the
tropomyosin substrate and that SR proteins are displaced from
the B-globin substrate, in particular in exon 2 (48,59).

In Drosophila, Tra2 activates a female-specific exon in dsx
by direct binding with other proteins to exon enhancers
(60,61), and it is involved in a number of other splicing
pathways that regulate sexual differentiation and behaviour
(37—41). Its association with each element of the dsx enhancers
involves cooperative binding of Tra2 in association with Tra
and an SR protein (60,61). Tra is particularly important
because its active form is expressed only in females (62), and
this determines whether the female-specific exon of dsx is
recognized. Tra2 appears to have a distinguishable set of
properties in the male germline: it regulates the splicing of
several genes (including its own) in the absence of Tra, it forms
clumps around partially condensed chromatin in early
spermatocytes, and clumping, male fertility and autoregulation
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are particularly sensitive to alterations of the C-terminal RS
domain (63). Our observations that Tra2f is expressed
particularly well in testes, that it forms two large clusters in
spermatocyte nuclei (along with RBM and other splicing.
proteins) and that it interacts with the germline-specific RBM
suggest that mammalian Tra2f may fulfil functions analogous
to those of Tra2 in the Drosophila male germline. We have not
investigated Tra2c., which was not recovered in our screens,
but it is possible that its functions may be more analogous to
those of Drosophila Tra2 in somatic cells: it was able to rescue
the somatic but not the germline functions of Tra2 in
transgenic flies (35), and it differs most from Tra2f in the
sequences just prior to the C-terminal RS domain. It would be
of interest to know whether Tra2f can fulfil the male germline
functions of Tra2 in Drosophila, and to determine whether
Tra2 in male Drosophila interacts with an RBM-like protein
instead of Tra.

Unlike Tra, RBM has an RRM domain. If this has any
sequence specificity, RBM might divert splicing towards or
away from specific targets in spermatocytes, perhaps by re-
directing Tra2f to spermatocyte-specific pre-mRNA targets.
Given that Tra2p interacts with all three members of the
hnRNP G family, it might be envisaged that Tra2f and the
widespread hnRNP G are part of a common splicing enhancer
complex that is diverted to tissue-specific splicing targets by
tissue-specific forms of hnRNP G, such as RBM and hnRNP
G-T. This is particularly likely in spermatocytes, where there
are high levels of RBM but little or no hnRNP G (27). This
model is consistent with preliminary evidence that the
tropomyosin enhancer complex contains hnRNP G as well as
Tra2P (A.A. Malygin, unpublished data).

Finally, we note that very little is known yet about tissue-
specific factors that regulate pre-mRNA processing in
mammals. Although variations in the concentrations of
ubiquitous factors influence splicing (64), sequences have
been identified in several genes that act only in specific tissues
and are presumed to interact with tissue-specific proteins.
Candidate tissue-specific factors include Nova-1, a neuronal
nuclear RNA-binding protein that binds specifically to two
neuronal pre-mRNA sequences (65), and the Hu proteins,
RNA-binding proteins that are required for neuronal
development (66), but it is not known whether they participate
directly in splicing. Several polypyrimidine sequences have
been shown to mediate repression of neuron-specific exons in
non-neuronal cells, where they are bound by PTB (67-69);
repression might be relieved in neuronal cells by a brain-
specific counterpart of PTB (69). This suggests an interesting
parallel with the complementary distributions of the X/Y
homologues, RBM and hnRNP G.

MATERIALS AND METHODS

Two-hybrid screens and analysis

Sequences encoding RBM and Tra2f were cloned in-frame
into pAS2.1, a GAL4 DNA-binding domain vector (Clontech,
Palo Alto, CA). The sequences cloned were the full RBM
coding region (amino acids 1-496), the three-quarters of RBM
downstream of the RRM (amino acids 88-226, 225-375 and
374-496) as separate portions and in one fragment, nine
combinations of the four SRGY boxes as all possible contigous
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trimers, dimers and monomers (the three dimers shown in

Figure 1D encoded amino acids 220-295, 257-332 and 294~

369), and the C-terminal region of Tra2p (positions 195-288).

Eight hundred thousand colonies from a human testis

Matchmaker library in pACT (Clontech) were screened against

the full RBM sequence by selecting for growth on 25 mM 3-

AT and B-galactosidase activity. Plasmid DNA was prepared

from positive colonies by transformation and growth in

Escherichia coli, then mixed with the RBM-pAS plasmid or
pAS for re-transformation of yeast. Six or more colonies from
each transformation were tested by filter lifts for PB-
galactosidase activity. The intensity of the blue colour for each
colony was assigned a value of 0 (colourless) to 3 (most
intense), and the average calculated. An average of >2-3 is
shown in Table 1 as +++, >1-2 as ++, >0-1 as +, 0 as —.
Positives were tested also in co-transformations with the
various combinations of domains of RBM. To test interactions
between specific proteins (Table 1) the RBM coding region
was cloned in the activation domain vector, pACT2. The full
coding region of T-STAR, the corresponding region of Sam68
(residues 97-443) and the full coding region of hnRNP G were
cloned into pAS2.1. The pAS and pACT constructs were then
co-transfected and assayed as before.

In vitro binding assays

GST fusions of the Tra2f8 C-terminus (amino acids 195-288)
and the RRM (residues 1-98) and SRGY (residues 220-375)
regions of RBM were constructed in pGex2-T and transformed
into BL21-DE3. Sonication lysates were cleared and incubated
with glutathione—agarose, then washed four times in buffer
D.Glu-full (80 mM K glutamate, 20 mM TEA pH 7.8, 5%
glycerol, 0.2 mM EDTA, 0.5 mM DTT, 0.1% Tween) + 1 mM
DTT at 4°C (non-stringent conditions) or with the second and
third washes containing an extra 0.5 M KCI (stringent
conditions); for the experiments in Figure 4B-D, an extra wash
in high salt was done at 30°C for 20 min. In vitro-labelled
proteins were incubated with beads overnight at 4°C in a final
volume of 400 pl of D.Glu-full + 1 mM DTT). Protein binding
experiments contained 5 ug of ribonuclease 1A (Pharmacia,
Uppsala, Sweden) except where indicated in Figure 4A and D.
The efficacy of the ribonuclease was tested by inclusion of
labelled transcripts. Beads were then washed as before and
boiled in SDS dyes for 12% SDS-PAGE. The proteins were
made in vitro from transcripts incorporating the full reading
frame by translation in rabbit reticulocyte lysate (Promega,
Madison, WI) in the presence of [3S]methionine. The binding
of RNA to GST fusions (Fig. 5C) was assayed with 32P-
labelled SOmer RNA comprising a random 20mer core and
constant flanking regions. This was mixed with 10 pg of yeast
RNA and bound to stringently washed fusion proteins
overnight, followed by low stringency washes and scintillation
counting. Fusion proteins were phosphorylated (Fig. SC) by
incubation for 30 min at 30°C in a volume of 100 ! containing
either 14 pl of nuclear extract (CCCC) and 2 mM MgCl,, with
or without 25 mM phosphocreatine and 2 mM ATP, or SRP
kinase buffer (50 mM Tris pH 7.4, 10 mM MgCl, 1 mM DTT
+ 1 mM ATP) with or without 0.15 U of SRPK1 or 0.02 U of
CLK/STY kinase. For phosphatase treatment (Fig. SD), the
translation reaction mixtures were incubated with 1 U of
protein phosphatase 1 (NEB, Beverly, MA) in 100 ul of

supplied buffer for 30 min at 30°C before adding either 5 pug of
RNase A or 0.5 pg of RNA (transcribed pCDNA3, as in Fig.
5B) and then addition to stringently washed immobilized GST
fusions for 30 min at 30°C. The beads were then washed under
non-stringent conditions (but at 30°C) before boiling and
loading on a gel. Supernatants from the beads were
precipitated with TCA and run on a gel for quantification of
unbound protein.

Northern blots

A Multiple Choice RNA blot (Origene, Rockville, MD) was
probed with PCR products from hnRNP G-T corresponding to
the last 155 nucleotides of the coding region and 227
nucleotides of the 3’-untranslated region, and then with the
first 150 nucleotides of the Tra2f coding region.

Immunolocalization

Surgically removed human testis was fixed ovemight in
Bouin’s fixative, washed in 70% ethanol and embedded in
paraffin wax. Sections (5 pm) were cut and processed (13)
using a 1:1000 dilution of anti-Tra2P antiserum (from Dr S.
Stamm, Max-Planck Institute for Psychiatry, Planegg,
Germany) and a horseradish peroxidase/diaminobenzidine
reaction (brown). Sections were counterstained with
haematoxylin. Pre-incubation of the primary antibody with
GST-TraC reduced staining intensity substantially. For
immunofluorescence, anti-Tra2f antiserun was diluted 1:200,
anti-RBM 1:50 and antibody 16H3 (45) was used at 1:1.

Antibodies and immunoprecipitation

Co-precipitation was done with hnRNP G in HelLa nuclear
extract because RBM was insoluble in both testis extracts and
after expression in cell lines. Antibodies were raised in rabbits
against RBM and a GST fusion of amino acids 1-50 of Tra2f,
and affinity purified with GST-RRM (82% identical to the
RRM of hnRNP G) and His-tagged Tra2B1-50, respectively.
For each immunoprecipitation, 50 pul of goat anti-rabbit
agarose beads (Sigma, Poole, UK) were incubated with
antibody in 400 pl, washed and incubated with 400 pl splicing
reaction mixture (40% nuclear extract, pre-incubated with
ribonuclease for 30 min at 30°C) at 4°C. Bound components
were eluted by two incubations for 30 s at ambient temperature
in 50 pl of 1% SDS, 0.5 M NaCl, 50 mM Tris pH 6.8, separated
by SDS-PAGE, electroblotted and detected by specific
antibodies, protein A  peroxidase and enhanced
chemiluminescence (Amersham, Little Chalfont, UK). The
relative abundance of the proteins in the extract and the
binding capacity of the antibody-bound beads were not tested,
so the proportion of Tra2 recovered is a minimum estimate of
the proportion associated in the extract.

Splicing assays

GST fusion proteins were prepared from 200 ml cultures in
E.coli, with washes at 30°C in 0.5 M KCI before elution in
D.Glu-full, 10 mM glutathione. Because GST-SRGY, GST-
SRGY, and GST-TraC preparations contained a number of
partial degradation products intermediate in size between the
full-length protein and GST itself, the protein concentrations
were measured after SDS-PAGE by scanning of Coomassie-



stained gels, with a series of bovine serum albumin
concentration markers. Aliquots of the proteins were diluted to
equal concentrations with a blank protein preparation (from a
parallel culture of cells that did not contain an expression
plasmid) and concentrated in a Microcon 50 (Amicon,
Beverly, MA), followed by measurement of concentrations as
above. For splicing reactions, 1 or 2 pl of protein were
incubated at 30°C for 1 hin 5.5 pl of splicing reaction mixtures
(70,71) in open wells of a 96-well Thermowell C plate (Costar,
Cambridge, MA). Half a microlitre of a mixture of the two
RNA substrates in buffer D, 0.1% Tween-20 was added and
incubation continued for 3 h. The final concentrations included
0.4 mM ATP, 17 mM phosphocreatine, 2.7 mM MgCl, and
33% nuclear extract (4C, Mons, Belgium). The tropomyosin
substrate comprised alternative exons SNM and SSK, with the
intron between them, modified to improve the branch site and
to inactivate the repressor at the 5" end of exon 55K (46). The
enhancer includes nucleotides 16-30 of exon SK and is active
in HeLa splicing extracts. Substrate C174C has been described
previously (47). After electrophoresis, analysis was by
phosphor imager.
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