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ABSTRACT 

The Duchenne Muscular Dystrophy gene encodes multiple, tissue-specific 

isoforms of the dystrophin protein. These transcxipts are generated through differential 

promoter usage and alternative splicing. The individual dystrophin isoforms function on 

one level to tailor functionally distinct protein complexes at the cellular and synaptic 

membranes referred to as the dystrophin-associated glycopmtein complex (DGC). The 

loss of individual complexes are thought to be responsible for the manifestation of a 

central nervous system (CNS) phenotype associated with Duchenne muscular dystrophy. 

The dystmphin-associated syntrophin proteins have been shown to be responsible for the 

recmitment of signalling and membrane channel proteins to the DGC. Work in this 

thesis began by detemiinhg the expression patterns of the individual syntrophin isoforms 

within the mouse retina (Chapter II). This work led to the characterisation of a potential 

CNS-specific isoform of PZ-syntrophin (Chapter II). A yeast two-hybnd screen was 

underiaken in order to identify CNS-specific binding partnefs of the p2-syntrophin 

isoform (Chapter III). This screen identifieci a novel protein whose M e r  

characterisation is ongoing. 
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Chapter 1: Syntrophin and the Dystrophin Glycoprotein Complex 



Ll Duchenne Muscular Dystrophy 

Duchenne muscular dystrophy @MD) is an X-linked, recessive disorder that 

affects approximately 1 in 3300 males (Emery, 1993). DMD is characteriseci on the basis 

of a progressive muscle necrosis that is first manifested in boys at approximately three 

years of age. Early symptoms result in a weakening of the long muscles that delays 

leaming to walk and makes rising from a sitting position difficult. The muscle wasting 

results in tissue morphological abnomalities and elevated serum levels of the muscle 

enzymes with elevated creatine kinase levels in the serum a pnmary diagnostic indicator 

of disease. As the muscle degeneration progresses, DMD patients lose ambulation and 

are wheelchair bound by age twelve and ultimately die of cardiac or respiratory failure iri 

their early twenties. Becker muscular dystmphy (BMD), an allelic variant of DMD, is 

defined as a milder manifestation of DMD. BMB patients often remain ambulatory and 

usually survive several decades. 

In addition to its characteristic progressive skeletal muscle degeneration, DMD 

patients dso display a number of non-progressive symptoms. While DMD primarily 

amcks the skeletai muscles, cardiac muscles are also affected and patients suffer h m  

d e p s  of cardiac abnomalities including abnormai electrocardiograms, tachycardias 

and arrhythmias (Emery, 1993). In addition, DMD has a well-documented central 

nervous systern (CNS) phenotype. This is most obviously manifested in a reduced mean 

Intelligence Quotient (IQ) compared to that of the general population. While most DMD 

suffem exhibit a lower IQ level, this can range from no obvious mental deficiency to 

severe mentai retardation (Ernery, 1993). 



DMD's CNS phenotype includes an dtered neurotransmission in the retina 

(Pillers et al., 1993; PiIlers et al., 1999a; Cibis et al., 1993; Sigesmund et al., 1994). This 

phenotype is quantifiable by ust of a dark-adapted electmretinogram (ERG) which 

measures the changes in electrical potential i.e. the ion flux, across the retina in nsponse 

to a light stimulus. Bnefly, the photoreceptors in the retina hyperpolarize in response to 

light stimulation thereby depolarking the adjacent bipolar ce11 layer. During this pmcess, 

potassium ions are released at the two synaptic layers and absorbed into the retina- 

spanning Muller cells. The potassium ions travel the length of the MUller cells until they 

are ultimately secreted into the vitmous humour by the end feet of these cells at the inner 

lirniting membrane (Figure L1.A). This ion flux is measured by the ERG. DMD patients 

exhibit abnormal ERG readings as a resuli of altered neurotransmission in the retina. The 

extent of these deviations have been show to depend on which dystrophin isoforms are 

lost frorn the retina on account of various point mutations (Pillers et al., 1993; Pillen et 

al., 1999). This will be discussed in greater detail in the following section. 

13 Dystrophin 

1.2.1 The Dystrophin Gene 

The gene responsible for DMD was cloned in 1987, the first major disease gene to 

be identified soIely on the bais of positionai cloning (Burghes et al., 1987; Koenig et al., 

1987). The gene was localised to the short arm of the X chromosome at Xq21, and is the 

largest gene cloned to date, spanning over 2.3 Mb comprising approximately 2% of the 

chromosome (Koenig et al., 1987; Roberts et al.. 1993). The gene contains 79 exons and 

gives rise to a trmscnpt of 14 kb in length. This transcript encodes the dystrophin 



Figure 1.1: Neurotransmission in the Retina. A) Schematic represeniation of the mammalian retina. The retinal tissue is highly 
structured, compnsing a series of well-ordered ce11 layers. These are indicated on the right with the abbreviations: RPE, retinal 
pigment epithelium; OS, outer segment; IS, inner segment; OLM, outer limiting membrane; O N ,  outer ni~clear layer; OPL, outer 
plexifom layer; INL, inner nuclear layer; IPL, inner plexifom layer; GCL, ganglion ceIl layer; ILM, inner limiting membrane. The 
OPL and the IPL represent the two synaptic layers of the retina. The ce11 layers are made up of numcrous ceII types which are 
designated by letters: R, rod cell; C, cone cells; H, horizontal cells; B, bipolar cells; M, Muller cells; 1, interplexiform cells; Am, 
amicrine cells; G, ganglion cells. The OPL contains the synapse between the photoreceptor cells and the interneurons of the INL, 
while the P L  contains the synapse between the inierneurons and the ganglion cells. Modified from Farber, D. and Adler, R. 1986. 
B) A schematic representation of a typical dark-adapted electroretinogram (ERG). The ERG is a measureinent of the changes in 
electrical potential across the retina in response to light stimulus. The a-wave represents the initial hyperpolarisation of the 
photoreceptor in response to light stimulus. At the OPL, this electric signal effects the depolarisation of the intemeurons at the INL, 
which results in a potassium fiux, and the depolarisation of the membrane-spanning Muller cell. The cumnt that results as the 
potassium ions move through the Muller ce11 creates a large positive potential thai results in the generdtion of the b-wave. The c-wave 
represents the tapering effect as the RPE and distal portions of the Muller cell respond to the decrease in extracellular potassium. 



pmtein, comprising 3685 amino acids with a rnolecular mass of 427 kDa (Koenig et al., 

1987). In addition, the dystrophin gene contains at least seven tissue-specific promoters 

that give nse to stmcturally, and possibly functionally, distinct isoforms. These isofom 

are distinguished m the bais of their rnolecular weights: Dp427, Dp260, Dp140, Dp116 

and Dp71. The focus of this work will be limited to Dp427, Dp260 and Dp71, the 

isoforms expressed within the retina. 

13.2 Dystrophin Structure 

The full-length dystrophin protein, Dp427, is expnssed from three separate tissue 

specific promoters: a muscle specific promoter, a brain specific promoter. and a purkinje 

ce11 specific promoter (Gorrcki et al., 1992; Nudel et al., 1989; Klamut et al., 1990; 

Chelly et al.. 1990). Dp427 is thought to consist of a number of discreet domains, based 

upon amino acid alignment and proteolytic degradation (see Figure 1.2). The N-texminal 

domain of the protein has homology with the actin-binding domain of a-actinin and has 

been demonstrated to bind f-actin (Hemmings et al., 1992; Way et al., 1992). This 

portion is foiiowed by an a-helical coiled region composed of 24 spectrin-like repeats 

that [end a rod structure to the dystrophin protein (Koenig and Kunkel, 1990; Ahn and 

Kunkel, 1993). Separating the spectrin-like rod domain h m  the C-terminal portion of 

the protein is a WW dornain, a protein-binding domain that interacts with proline-rich 

moieties (Bork and Sudol, 1994). This WW domain participates in anchoring the 

dystrophin protein to the membrane-associated &dystroglycan protein (Andre and 

Springael, 1994; Bork and Sudol, 1994). The WW domain proceeds the highly 



Figure 1.2: Dystrophin Structure. Dp427, the skeletal muscle isoform and paradigm dystrophin protein, is thought to consist of five 
discreet domains based upon amino acid alignment and proteolytic degradation. The N-terminal region shiires homology with a- 
actinin and has been shown to bind to f-actin. This is followed by an a-helical coiled region composed of 24 spectrin-like repeats that 
contribute to the rod-like structure of the protein. A WW domain follows the rod domain and anchors the dystrophin protein to the 
membrane through its interaction with proline-rich moieties in P-dystroglycan. The final two domains are ~ 0 n S e ~ e d  throughout al1 
known dystrophin proteins and comprise the cysteine-rich and C-terminal dornains. These two domains are responsible for the 
recruitment of the cytosolic portion of the dystrophin-associated glycoprotein complex. Dp260, the retinal isofom, has a unique first 
exon, encoding a 13 amino acid N-terminus, that splices into the sequence encoding the rod domain and eliminates 9 of the 24 
spectnn-like repeats. Dp71, the ubiquitausly expressed isoform, has a novel first exon that encodes a unique seven amino acid N- 
terminus capable of binding actin. This exon splices into the sequence encoding exon 63, thereby eliminating the first half of the WW 
domain, although not the ability to bind B-dystroglycan. 

6 



conserved cysteine-nch domain and the C-terminal domain. These two domains are 

involved in dystmphin's interactions with dystrobrevin and syntrophin and are principally 

involved in the recnlltment of the cytosolic portions of the dystmphin-associated 

glycopmtein complex (Ahn and Kunkel, 1995; Suzuki et ai., 1995; Blake et al., 1995; 

Sadouletpuccio et ai., 1997). These associations will be discussed in m e r  detail in the 

following sections. 

Dp260, the retinal isoform of dystrophin, is expressed h m  a promoter contained 

within intron 29 of the dystrophin gene and gives nse to a 10 kb tmnscnpt (DtSouza et 

al.. 1995). This transcript's first exon, which encodes a 13 amino acid novel N-terminus. 

is spliced into the dystrophin sequence encoding exons 30 to 79 of the full-length 

dystrophin transcript thereby elirninating 9 of the 24 spectrin-like repeats (DtSouza et al., 

1995). The remaining 15 of 24 spectrin-like repeats, the WW motif, and the cysteine rich 

and C-terminal domains are al1 conserved in the Dp260 isoform (See Figure L2). 

Dp7 1, the ubiquitously expressed non-muscle isoform of dystrophin, is expressed 

from a promoter contained within intron 62 of the dystrophin gene and gives rise to a 

tmiscript 5 kb in length (Lederfein et al., 1992; Lederfein et al., 1993). The first exon, 

which encodes a 7 amino acid novel N-terminus, is spliced into the dystmphin sequence 

encoded from exon 63 of the dystrophin gene (see Figure 1.2). Work in our lab has 

recently demonstrated that Dp717s exon 1 is capable of binding to actin, albeit using a 

different motif h m  the one found in Dp427.s N-terminal domain (Howard et al., 1998). 

The N-terminus of Dp71 eliminates the first half of the WW motif, aithough studies 

suggest that this does not abolish its ability to bind to fkiys~roglycan (Cox et al.. 1994; 



Greenberg et al., 1994). The disrupted WW motif is proceeded by the conserved 

cysteine-rich and C-terminai domains of the dystrophin protein. 

1.23 Dystrophin in the R e m  

The dystrophin isofoms Dp427, Dp260 and Dp7 1 are differentially expressed in 

the retina The retinal isoform of dystrophin, Dp260, is found at the synaptic outer 

plexiform layer (OPL), the synaptic layer joining the photonceptors and the bipolar cells 

(Howard et al., 1998)(For retinal structure, refer to Figure LI). In addition, Dp427 is 

localised to the OPL, while the ubiquitously expressed Dp7 1 is expressed at the inner 

limiting membrane (LM) and the smunding retinal blood vessels (Howard et ai., 

1998). The differentiai localisation of these isoforms within the sarne tissue has led to the 

suggestion that the individual dystmphin isoforms perform different functions. This 

hypothesis is supported by data from ERGs performed on the various strains of 

dystrophin-deficient mdr mice. As can be seen in Figure 1.3, mdr mice, which lack only 

Dp427, exhibit normal ERGs (Pillers et al.. 1995b). However, neurotransmission is 

aberrant in dm mice, which lack both Dp427 and Dp260, as the ERGS show an 

increase in the implicit time of the b-wave, the propagation of which is dctermined by the 

rate of ion flux across the OPL (Pilles et al., 199%). Finally, mclxCY3 mice, whose nul1 

mutation eliminates al1 dystrophin isoforms, exhibit a complete loss of the b-wave in their 

ERGs (Pillers et al., 1995b). Recently, a targeted-disruption of Dp260 demonstrated that 

the incnase in the implicit time seen in the mdxm mouse was due to the loss of Dp260 

and not the combined loss of both Dp427 and Dp260 h m  the retina (Gaedigk et al., 

2000). Thus, the diffexent ERG patterns that results h m  the loss of Dp260 and Dp71 

h m  the retina, combined with the differential localisation of the retinal isoforms, 
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Figure 13: Retinal Neurotransmission in Dystrophie Mice. ERG analysis of various 
strains of normal and mdi: mice. The mdr mouse, whose mutation in exon 23 of the 
dystrophin gene eliminates only the Dp427 isoform, demonstrates a relatively unaltered 
ERG pattern compared to the wildtype CS7 mouse. The ERG of the mdxm mouse, 
which lacks both Dp427 and Dp260, feanires an increase in the implicit time of the b- 
wave. This is caused by a decrease in ion flow across the OPL. The mdxCV3 mice lack d l  
dystrophin isoforms on account of a translational frarneshift caused by the creation of a 
novel splice acceptor site due to a mutation within intron 65 of the dystrophin gene. 
These mice demonstrate a complete destruction of the b-wave, erg0 a complete dimption 
of nemtransmission across the retina The different ERG patterns generated in response 
to the loss of different dystrophin isofomis, combined with the differential localisation of 
these isoforms, suggests that dystrophin function is dependent on secondary 
considerations such as expression and localisation pattems. 



supports the hypothesis that dystrophin function is isoform specific. We, and others, 

have theorised that the functional differences attributed to the individual dystrophin 

isoforms are dependent upon the isoform- and location-specific protein interactions that 

occur within the individual dystmphin-associated glycopmtein complexes. 

1.2.4 Dystrophin Function 

The pmise function of the dystrophin protein remains unclear. Dp427 has been 

show to localise to the inner face of the sarcolemma (Ahn and Kunkel, 1993). Based 

upon its domain structm and its known protein partnefi, dystrophin has been 

hypothesised to function as a structurai anchor for the muscle ce11 membrane by linking 

the actin cytoskeleton, which binds to dystrophin's N-temiinus, to the extracellular 

matrix, which is associated with the membrane-spanning dystroglycan complex which in 

turn bina dystrophin's WW domain (see Figure L3). This structural link is thought to 

stabilise the sarcolemmal membrane thus maintaining its structural integrity during 

muscle contraction (Ibraghimov-Beskrovnaya et al., 1992). In the absence of dystrophin, 

and the structural foundation that it provides, shearing of the sarcolemma occurs, 

resul ting in the skeletal muscle degeneration that charactenses DMD. Dystrophin's role 

as a structural foundation, however, while appropnate for Dp427, is inconsistent with the 

domain organisation of some of the other dystmphin isofoms. Dp260 , for example. is 

thought io be unable to participate in the structural mode1 as its unique N-terminal 

domain Iacks an actin-binding motif. 

An alternative hyphesis is that dystrophin functions as a molecular scaffold to 

position channel and receptor proteins in the plasma membrane in an organised manner. 

Evidence supporting this mode1 was fixst gleaned from the electnc organ of the electric 



eel Topedo califomica where dystrophin was found to associate with proteins involved 

in acetylcholine receptor clustenng at the nemmuscular junction (Carnpanelli et al., 

1994; Sealock et al., 1991). This mode1 was expanded to include signalling proteins with 

the ment evidence that dystrophin is indirectly involved in the localisation of enzymes 

such as neuronal nitric oxide synthase (Hashida-Okurnura et al., 1999). and kinases such 

as SAPK3 and SAST kinase (Hasegawa et al., 1999: Lumeng et al., 1999). As both 

proposed models of dystrophin function are dependent on different portions of the 

protein, they are not mutually exclusive. These different roles are likely govemed by the 

variations in proteins assembled within the dystrophin-associated glycoprotein complex, 

each complex tailored in an isoform-specific, tissue-specific andlor cell-specific manner. 

1.25 The Dystrophin-Associated Glycoprotein Complex 

The dystrophin-associated glycoprotein complex (DGC) (see Figure 1.4). 

comprised of peripheral and integral membrane proteins, functions both as a structural 

link between the extra-cellular matrix and the intra-cellular cytoskeleton, and to organise 

and modulate signal transduction at the plasma membrane (Straub and Campbell, 1997; 

Yang et al., 1995; Brenman et al., 1996a). The proteins that comprise the DGC are 

divided into two categories for organisationai purposes: membrane-associated proteins, 

and cytosolic proteins. 

The membrane-associated component of the DGC consists of the 

dystroglycan/sarcogiycan complex. Two dystroglycans, designated a- and f3-, bind to one 

another within the complex. These are hanscribeci h m  a single message and cleaved to 

yield the 43 kDa transimembrane protein fkiystroglycan and the 156 W)a extracellular 
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Figure 1.4: Dystrophin Function and the DGC. A schematic representation of the dystrophin-associatd glycoprotein complex. 
Both models of dystrophin function are presented. Dystrophin is believed to provide structural support to the sarcolemma by linking 
the cytoskeleton to the extra-cellular matnx via its N-terminal association with aciin and WW domain-mediated interaction with the 
membrane-spanning fkîystroglycan protein. Dystrophin is also thought to play a role in protei n recnii tmerit, in particular the speci fic 
clustering of ion ch~nnels and signalling proteins at designated sites at the synaptic membrane. This role is thought to be mediated by 
the cysteine-nch and C-terminal domains and their associated protein partners. 



a-dystrogI ycan (Ibraghimov-Bes krovnaya et al., 1992). a-dystrogl ycan binds to merosin 

in the extra-cellular matrix (Ervasti and Campbell, 1993), while &dystroglycan binds to 

the WW motif of dystrophin (Jung et al., 1995). In addition to this structural rote, the 

dystroglycans have also been postulated to be involved in the Rcniitrnent of proteins 

involved in signal transduction (Apel et al., 1995; Jung et al., 1995). In contrast to the 

dystroglycans, the sarcoglycans are poorly defineci, and little is known about their 

functioa The sarcoglycan complex is composed of a-, f3-, y-, 6- and e-sarcoglycan, as 

well as a channel protein cailed sarcospan (Crosbie et al., 1997). Al1 of the components 

are expressed h m  distinct genes, and the loss of individual sarcoglycan proteins has 

been shown to result in muscular dystrophies sirnilar to DMD called Limb G i d e  

Muscular Dystrophies (Yoshida et al., 1997; Duclos et al., 1998; Hack et al., 1998). No 

ligands have been identified that associate with the sarcoglycan complex. 

The principal cytosolic components of the DGC consist of dystmphin, its 

paraiogue dystmbrevin, and the syntmphins. Dystrophin recruits the dystrobrevins and 

syntrophins thmugh interactions with the conserved cysteine rich and C-terminal domains 

common to al1 dystrophin isofoms. The dystrobrevins are a family of dystrophin 

pardogues consisting of a- and f3dystmbrevin, both of which share approximately 30% 

identity with dystrophin's cysteine-rich and C-terminal domains (Peters et al., 1997). 

Dystrobrevin was first isolated h m  the Torpedb cdifomica as an 87 kDa protein 

associated with acetylcholine receptor clustering at the neuromuscular junction 

(Froehner, 1984). The dystrobrevins were subsequently demonstmted îo bind to the C- 

terminal region of dystrophin via speci fic he terodimensation of the C O ~ S ~ N ~  heptad 

repeats of leucine that make up a hydrophobie coiledcoil motif in each protein (BI& et 



al., 1995; Sadouletpuccio et al., 1997). The dystrobrevins are expressed from at least two 

genes that share 68% homology, and both messages are subject to extensive alternative 

splicing (Peters et ai., 1997; Blake et al., 1998; Ambrose et al., 1997). This alternative 

splicing has been demonstrated to be tissue-specific, with individual splice isoforms 

having distinct localisation patterns and preferential association with individual 

dystmphin isoforms (Blake et al., 1996; Peters et al., 1998). This level of replation 

suggests that, like dystmphin, specific dystrobrevin isoforms are involved in the tailorhg 

of the functionally distinct protein complexes that make up the individual DGCs. 

While the dystrophin and dystrobrevin heterodimerisation represents the con 

cytosolic unit of the MJC, in some instances dystrophin is substituted by its autosomal 

pardogue, utrophin. Utrophin was isolated by virtue of its homology to dystmphin (Love 

et al., 1989) and like dystrophin is transcribed h m  multiple promoters (Pearce et al., 

1993). Utrophin shares 85% amino acid identity with dystrophin's N and C temiinii, and 

differs in structure only in the number of spectrin-like motifs that comprise the rod 

domain (Love et al., 1989; Deconinck et al., 1997). Utrophin is ubiquitously expressed. 

and is present in its highest level in the Iung and kidney tissues. in which the muscle 

isoform of dystmphin is undetectable (Love et al., 1993). In skeletal muscle, utmphin is 

concentrated at the crests of the folds of the neuromuscular junction @MF), and is 

associateci with the acetylcholine receptors (Bewick et al., 1996; Bewick et al., 1992). 

Dystrophin, in contrast, is found primarily at the sarcolemma, while expression at the 

NMJ is limiteci to the troughs of the fol& where it associates with voltage-gated sodium 

channels (Sealock et al., 1991). Like dystmphin, utrophin is capable of assembiing al1 of 

the components of the DGC; this is demonshated by the restoration of the DGC in mdx 



mice where utrophin is overexpressed (Tinsley et al., 1996). These potentially 

overlapping mles point to a synergistic relationship between the two pardogues, 

illustrated by the ability of one to partially compensate for the Ioss of the other in 

knockout mouse models (Deconinck et al., 1997; Grady et al., 1997; Grady et al., 1997; 

Deconinck et al., 1997). 

The assembly of the DGC is a highly ordered and regulated process containing 

tissue-specific isoforms and splicing-specific isoforms of dystmphin. dystrobrevin, and 

utrophin. These factors may al1 contribute to the functional specificity of individual 

DGCs, however, these components are comrnon to many DGCs and therefore are 

unlikely to account for al1 of the functional ciifferences attributed to individual tissue- 

specific DGCs. This role is thought to include another family of proteins associated with 

the DGC, namely the sptrophins. 

1.3 The Syntrophin Isoforms 

Like dystmbrevin, syntrophin was initially isolated in the eleceic organ of 

Torpedo califomica as a 58 kDa protein associated with the nicotinic acetylcholine 

recepton at the postsynaptic membrane (Fmehner, 1984; Froehner et al., 1987). 

Subsequent mammalian studies revealed the existence of three syntrophin isoforms, 

expressed from three different genes. These isoforms were designated a-, pl-  and $2- 

syntrophin in reference to their acidic or basic charge. The gene encoding the acidic 

isofom ( ~ 1 4 . 4 ) ~  a-syntrophin, was mapped to human 20q 1 1.2, while the genes encoding 

the two basic isofomis @I=9), $1- and f32-synhophin, were mapped to human 

chromosomes 8q23-24 and 16qZ3-24 respectively (Ahn et al., 1996). Chanicterisation of 

the mouse a- and PZ-syntrophin genes revealed a highly conserveci series of intmnlexon 



boundaries, differing only in that /32-syntrophin's f h t  exon conesponds to a- 

syntrophin's first two exons and lacks the intempting intron (Adams et al., 1995). The 

three syntmphin isofoxms share approximately 50% identity at the amino acid level, 

while the human isoforms are evolutionarily conserved, sharing approximately 90% 

identity with their corresponding mouse homologues (Adams et al., 1993; Adams et al., 

1995). 

Recently, two novel syntrophin isofoms have been identified and have been 

designated y 1 - and y2-syntrophin respectively. These two isofoms share approximately 

73% identity at the amino acid level, although bey share only 40 - 44% identity with the 

other thne  syntrophin isoforms (Piluso et al., 2000). Interestingly, both isoforms share a 

slightly higher degree of sirnilarity (46 - 52%) with the C. elegans syntrophin protein 

(Piluso et al., 2000). y 1 -syntrophin has been mapped to human chromosome 8q 1 1, while 

y2-syntrophin has been mapped to huma. chromosome 2p25 (Piluso et ai.. 2000). The 

two genes share a cornmon introdexon structure that differs pronouncedl y from the other 

three syntrophin isofoms. y 1 -syntrophin is composed of 19 exons separated by long 

introns, while 72-syntrophin contains 17 exons at corresponding positions (Piluso et ai., 

2000). On account of their conservation with the C. e l e g m  syntrophin homologue, and 

their shared genomic organisation and sequence identity, it has been suggested that the 

gamma isofoms are likely more closely ielated than the other syntrophin isoforms and 

are probably deriveci from a common single syntrophin precursor (Piluso et ai., 2000). 

1.4 Syntrophin E x p d o n  

The regdation of syntrophin expression and function is complex. Northern blot 

analysis in both humans and mice has demonstrated that ail five syntrophin isoforms 



display unique tissue expression pattems. a-syntrophin has been shown to be encoded by 

a single mRNA of 2.2 kb and is expressed primarily in skeletal muscle with lower 

expression levels in cardiac muscle, kidney and brain (Adams et ai., 1993; Ahn et al., 

1996). Both pi- and fJ2-syntrophin have been show to have ubiquitous, although 

diffenng, expression pattems, and both are encoded by multiple species of mRNA, 

suggesting multiple isofonns generated by alternative splicing (Adams et al., 1993; Ahn 

et al., 1996). I -syntrophin is expressed at highest levels in the liver, while 82- 

syntrophin is found in greatest abundance in the testes (Adams et ai., 1993; Ahn et al., 

1996). Immunobloning using isoform specific antibodies has confirmed that a- 

syntrophin is the primary isoform in skeletal muscle, heart and to a lesser extent brain 

tissue, with lower expression levels in the lung and liver, while 1-syntrophin is 

expressed in al1 major tissues, Save the heart and testes (Peters et al., 1997). 82- 

syntrophin has been demonstrated to have universal expression in al1 tissues tested and is 

the only isoform present in the testes (Peters et al., 1997). Furthemore, antibodies 

aga& both 1- and ~Zsptrophin have revealed multiple bands, lending further 

credence to the suggestion that additional isofom complexity is generated by alternative 

splicing (Peters et al.. 1997). 

In direct contrast to the other two isofonns, BZsyntmphin has been show to 

localise almost exc lusivel y at the pst-s ynaptic face of the neuromuscular junction in 

muscle cells, with minimal expression at the sarcolernma (Peters et al.. 1994). This 

restncted localisation is thought to be due to the N box motif found in PZ-syntrophin's 

putative promoter region (Peters et al., 1994). This 12 base pair sequence is thought to 

confer preferential expression to the neuromuscuiar synapse on account of its shared 



presence in the promoter of the acetylcholine receptor lambda subunit (Koike et al., 

1995). 

Linle is known about the recently identified y-syntrophins' expression pattern. 

Noahem d y s i s  has revealed that the expression of y l-syntrophin is restricted to the 

neurons (Piluso et ai., 2000). y2-syntrophin has a broader pattern of expression with the 

highest levels of transcription found in the brain, while very weak signals have been 

detected in the testes, kidney, lung and heart (Rluso et al., 2000). In addition to the 

isolation of multiple putative splice isoforms of both gamma isoforms, multiple 

transcripts of both yl- and yZsyntrophin were detected by Northem blot suggesting that 

the gamma isoforms are subject to alternative splicing (Piluso et al., 2000). The 

predorninance of y 1 - and y2-syntrophin expression in nervous tissue has led to the 

suggestion that the gamma isoforms represent CNS-specific members of the syntrophin 

farnily (Piluso et al., 2000). 

1.5 Syntrophin and the DGC 

Immunoafinity purification using dystrophin and syntmphin specific antibodies 

on detergent-solubilised rabbit plasma membrane revealed that the sptmphins copunfy 

with the DGC (Yoshida and Ozawa, 1990; Ervasti and Campbell, 199 1). Subsequent 

studies demonstrateci that syntrophin is aiso capable of binding with utrophin and al1 of 

the dystrophin isofoms, including those isoforms generated by alternative splicing at the 

C-terminus (Suzuki et al., 1995; Ahn and Kunkel, 1995; Yang et al., 1995; Krarnarcy et 

al., 1994). The syntrophins were also show to be capable of homodimerisation, 

although this was only demonstrateci in vitro (Yang et al., 1995). 



Early studies reveaied that the syntrophin content in biochemicaily purified DGC 

w as tw O-fold higher than the other dystrop hin-associateci proteins (Ervasti and Campbell, 

1991; Yoshida and Ozawa, 1990). In order to account for the stoichiometric doubling of 

syntrophin within the DGC, it had k e n  hypothesised that a second syntmphin-binding 

site might exist in exon 73, or that the syntrophins may homodimerise in vivo. The 

discovery that dystrobrevin binds to dystrophin explained this inconsistency and 

presented a more detailed and refined model for the cytoplasmic core of the Dm. The 

syntrophin-binding site in dystmphin is located in exon 74, while exons 13 and 14 make 

up the corresponding motif in dystrobrevin (Suzuki et al., 1995; Ahn and Kunkel, 1995). 

As can be seen in Figure L5, these syntrophin-binding motifs are located directly 

upstream of the coiled-coi1 on both dystrophin and dystrobrevin. The tight association of 

dystrophin and dystrobrevin via the hydrophobie dirnerisation of their individuai coiled- 

coi1 motifs allows two syntrophin molecules per DGC to be positioned in close proxirnity 

to the plasma membrane (Peters et al., 1997). Mouse models with targeted disruptions of 

the dystrophin gene, the utrophin gene or both, provided evidence for this model of the 

DGC. Syntmphin labelling at both the sarcolemma and NMJ was not lost in any of these 

models but reduced by 5096, illustrating that dystrobrevin was capable of localising its 

associateci syntrophin in the absence of either dystrophin or utrophin @econinck et al., 

1997; Deconinck et ai., 1997; Grady et al., 1997; Grady et al., 1997). 

The specificity of the DGC assernbly is regulated by numerous factors. The 

individual complexes are formed with tissue-specific isofom of dystrophin, utrophin 

and dystrobrevin, and rnay interact with tissue-specific syntrophin isoforms. Mile  the 

syntrophin isoforrns bind with al1 of the isoforms of these three cytoskeletal protein in 
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vitro, individual syntrophins might bind preferentially or with pater  afinity to 

individual DGC members or their isoforms in vivo (Yang et al., 1995). Furthemore, the 

regions that contain the syntrophin-binding motifs of both dystrophin and dystrobrevin 

are subject to alternative splicing, thereby providing another level of complexity to the 

regdation mechanism (Ahn and Kunkel, 1995; Peters et ai., 1998; Suzuki et al., 1995). 

Anchored on the DGC scaffold at the membrane, the syntrophins are believed to interact 

with and position signalling proteins and ion channels and thereby functionally tailor the 

individuai complexes. These syntmphin-mediated interactions are thought to be made 

possible by the presence of specific pmtein-binding domains within al1 of the syntrophin 

isoforms. 

1.6 Syntrophin Structure 

The a- pl- and pz-syntrophin isoforms al1 share the domain structure illustrated in 

Figure L6. Each syntrophin isoform contains two pleckstrin homology (PH) domains, 

designated PHI and PH2 The two PH domains are separateci by regions of variable 

sequence which flank the individual domains (Ahn et ai., 1996). The first PH domain is 

bifurcated by a block of high homology conserved in dl of the syntrophin isoforms called 

the PDZ domain. The PD2 domains of the individual syntrophin isoforms share between 

80 and 85% sequence identity (Ahn et al., 1996). Finally, the C-terminal57 amino acids 

also form a region of strong homology between the syntrophin isoforms, each sharing 

approximately 70% identity, although this region does not share homology with any other 

characteriseci proteins (Ahn et al., 1996). This domain is referred to as the syntrophin- 

unique domain, and it is through this portion of the protein that the interaction between 



Fjpre 1.6: Syntrophin Structure. The syntrophin isoforms al1 share a conserved basic structure. Each syntrophin isofom contains 
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the sptrophins and the DGC is mediated (Adams et al., 1995; Ahn et al., 1994; Yang et 

al., 1995). 

The structure of the gamma syntrophin isoforms differs from that of the other 

three syntrophin isofomis. Both y 1- and y2-syntrophin share high levels of homology 

with the PDZ domains of the other three syntrophin isofonns (Piluso et al., 2000). Both 

proteins, however, contain only one PH domain, corresponding to the PH2 domain 

(Pi luso et al., 2000). in addition, the syntrophin unique domain of both y 1 - and 72- 

syntrophin shares only a weak similarity to the corresponding SU domains of the other 

syntrophin isoforms (Piluso et al., 2 0 ) .  In spite of this, both gamma isoforms retain the 

ability to bind to dystmphin and its pardogues (Piluso et al., 2000). Furthermore, a P- 

loop, an ATPIGTP-binding site motif, has been identified in both gamma isofoms, as 

well as many potential phosphorylation sites absent from the other members of the 

syntrophin family of proteins (Piluso et al.. 2000). 

1.6.1 PDZ Domains 

PDZ dornains are globular, protein-binding domains of 80 - 100 amino acids in 

length, which are well conserved through the eukaryote class. The name PD2 is derived 

from the first organisms in which they were identified: the Post-synaptic Density protein 

95 (PSD-95), the drosophila discs-large tumour suppressor protein Dlg, and the 

mammalian tight junction protein zona occludens-1 (ZO-1) (Woods and Bryant, 1991; 

Itoh et al., 1993). Since their earliest charactensation in the PSD-95 protein, PDZ 

domains have been implicated in synaptic function and thought to be involved in synapse 

fornation and maintenance (Woods and Bryant, 1991). A number of characteristics 

support this hypothesis. PDZ containing proteins contain neither a consensus 



hydrophobic signal sequence nor a potential transmembrane domain, thereby mtricting 

their activity to the cytoplasm (Ponting et al., 1997). In addition, many proteins contain 

multiple PDZ domains with distinct ligand binding capabilities. This allows individual 

proteins to bind to different subunits of a particula. channel or signalling protein. It also 

allows individual PDZ domain-containing proteins to arrange multiple proteins into 

heterogeneous membrane complexes (Irie et al., 1997). While syntrophin isoforms 

contain on1 y a single PDZ domain and can therefore only accommodate one interacting 

protein, the heterodimerisation of dystrophidutrophin and dystrobrevin in the DGC 

allows two syntrophin PDZ domains to be brought into close proxirnity of one another, 

thus allowing the complex to function in much the sarne way as multiple PDZcontaining 

proteins. 

PDZ domains bind to other proteins through a nurnber of mechanisms. In many 

cases, PDZ domains bind specifically to the iast five cytoplasmic C-terminai residues of 

membrane-associated receptors or channels (Schultz et al., 1998; Songyang et al., 1997). 

The minimal motif required for this binding was detemineci to be N-E-SR-X-V-COOH 

(Komau et al., 1995), while the specific motif for the syntmphin isoforms was shown to 

be WQ-E-SiT-X-V-COOH (Schultz et al., 1998). These C-terminal residues interact 

with a conserved motif, usually glycine-leucine-glycine-phenyialanine, known as the 

GUjF motif. This motif forms the core of the PD2 domain's hydrophobic pocket 

(Morais et al.. 1996). A water molecule and the backbone amide groups of the GLGF 

motif form hydrogen bonds to the terminal carboxyl group of the target membrane- 

associated ligand (Doyle et al., 1996; Morais et al., 1996; Daniels et al., 1998). This 

strong hydrogen-bonding network involving both the backbone and si& chahs ensures 



considerable afinity and specificity of binding. Within the syntrophin family of proteins, 

the GLGF motif is refemd to as the GLGI motif on account of the substitution of an 

isoleucine residue in place of the more common phenylalanine. 

In addition to binding to the C-terminal tails of membrane-associateà channels 

and receptors, PDZ domains have been shown to be capable of binding to non-carboxyl- 

terminal ligands with the consensus X-RIT-E-T-C-UM-A-G-X-P-C, where D represents 

any hydrophobie residue and the bold type denotes residues that must be conserved (Gee 

et al., 1998). Like the C-terminal tails, these motifs interact with the GLGF motif. This 

binding, however, is dependent upon the formation of disulphide bonds between the 

conserved cysteine residues, which result in the cyclisation of the motif (Gee et al., 

19%). 

Recent work by Gee and colleagues have shown that certain voltage-gated sodium 

channels are capable of binding to the syntrophin PDZ domains independently of the 

GLGF motif (Gee et al., 1998). This could suggest that other portions of the domain are 

capable of mediating protein binding. This is supported by the fact that PD2 domains are 

also capable of homodimensing with other PDZ domains. The structural mechanism by 

which two PDZ domains can interact has recently been determined using the PDZ 

domain of neuronal nitric oxide synthase complexed with the syntrophin PD2 domain 

(Tochi0 et al., 1999; Hillier et al., 1999). 

1.6.2 Pleckstrin Homology Domsins 

The pleckstrin homology (PH) domain is a globular proteidphosholipid-binding 

domain of 100 - 120 amino acids that was first identified in 1993 as an intemal npeat in 

the phosphoprotein pleckstrîn, a substrate of protein kinase C (hs1am et al., 1993; Mayer 



et al., 1993). In contrast with PDZ domains, the level of conserved homology between 

different PH domains is exceedingly low, typically 10 - 20%. The principal 

distinguishirig characteristic of PH domain sequences is a single, invariant tryptophan 

residue found in the C-terminal 15 amino acids of the motif (Bottomley et al., 1998). 

Despite sharing minimal sequence identity, the three dimensional solution structure of the 

PH domains of seven proteins have revealed that al1 of the PH domains possess the sarne 

overall topology (Fushman et al., 1998; Zheng et al., 1997; Yoon et al., 1994; Macias et 

al., 1994; Downing et al., 1994). This is characterised by a conserved electrostatic 

polarisation, with a positively charged patch smounding the ligand-binding site. PH 

domains are thought to function primarily to recniit their host proteins to the membrane 

as they have been shown to interact with phosphtatidylinosito14,5-biphosphate (PIP2), a 

principal component of membranes (Harlan et al., 1994a; Harlan et ai., 1995b). It has 

recently k e n  demonstrateci, that the bifurcated PHI domain of a-syntrophin, and not the 

PH2 domain, binds to PiPt, suggesting that the PH1 domain mediates the syntrophin 

isofoms' association with the plasma membrane (Chockalingam et ai., 1999). In 

addition to membrane localisation, PH dornains are thought to be capable of participating 

in signal transduction. This hypothesis is supported by the demonstration that PH 

dornains bind to the By-subunits of both protein kinase C and heterotrimeric G proteins 

flouhara et al., 1994; Yao et al., 1994). 

1.7 Syntrophin Binding Proteins 

Since their earliest charactensation, the presence of distinct protein-binding 

domains within the syntrophin isofomu has pointed to their mie as protein scaffolds to 

recniit channel and signaliing proteins to the membrane. Pleckstnn homology domains 



had been shown to bind inositol diphosphates and were therefore presurned to be 

responsible for syntrophin's specific localisation at the cellular membrane. Reliminary 

evidence, however, had demonstrated that pleckstrin homology domains were also 

capable of binding to G proteins and couid therefore also participate in the recruitment of 

signailing molecules. The presence of two plecksuin homology domains in the 

syntrophin isofoms suggested that one could function to localise and anchor the 

syntrophin to the membrane, thereby leaving the second pleckstrin homoiogy domain free 

to bind to G proteins to participate in signalling cascades. This hypothesis, however, 

remains unsubstantiated as to date nothing has been shown to bind to any of the 

syntmphins' plec kstri n homology domains. 

The PDZ domain's involvement in channel protein recruitment in other signalling 

proteins made it the most likely candidate to tailor tissue-specific protein complexes 

within the DGC. a-syntrophin. as a result of its predominant expression within muscle 

tissue, was thought to be the most likely isoform to be involved in the DMD 

pathogenesis. One of the f k t  candidate proteins to be shown to interact with a- 

syntrophin was neuronal nitnc oxide spthase (nNOS), an enzyme which catalyses the 

formation of nitric oxide From arginine in a calcium/calmodulin dependent manner. 

lmmunoprecipitation and two hybnd studies demonstrated that nNOS binds to a- 

syntrophin via heterodimensation of the two proteins' individual PDZ domains (Brenman 

et al., 1996a; Froehner et al., 1997). In spite of its designation, nNOS is expressed in 

skeletal muscle and had been shown to associate with the dystrophin complex and to be 

rnislocalised to the cytosol of the muscle fibre in mdx mice and DMD patients (Brenman 

et al., 1995b; Chang et al., 1996). This observation spawned the hypothesis that the fkee 



radical toxicity h m  mislocalised nNOS may contribute to the Duchenne pathology, a 

theory supported by early evidence that linked the DMD pathology with an imbalance of 

free radicais induced as a result of oxidative stress (Mendel1 et ai., 1971; Mizuno, 1984). 

However, targeted gene dimptions that removed nNOS and a-syntmp hin conclusivel y 

demonstrated that DMD pathology was not linked to nNOS mis-localisation (Crosbie et 

al., 1998; Kameya et al., 1999). The recent illustration of a-syntmphin's interaction with 

nNOS in the neuronal ce11 bodies and neurites within the rat brain has led to the 

suggestion that nNOS may play a physiological d e  in activating other channel and 

signalling proteins recruited to the membrane by the DGC (Hashiâa-Okurnura et al., 

1999). 

Several other signalling pmteins have been shown to interact with the syntrophin 

isofonns. SAPK3. stress-activated protein kinase-3, has been shown to bind to a- 

syntrophin's GLGI motif at both the sarcolernrna and neuromuscular junction (Hasegawa 

et al., 1999). The microtubule-associated senndthreonine kinase 205 kDa protein 

(MAST205) and its novel homologue termed the syntrophin-associated serinehreonine 

kinase (SAST) have been shown to interaft with p2-syntmphin at the NUI and other 

pst-synaptic densities (Lumeng et al., 1999). These interactions occur via 

heterodimerisation of the two proteins ' individual PDZ domain and occur independentl y 

of the GLGI motif (Lumeng et al., 1999). Investigation into the function of these and 

other sptrophin-associated signalüng proteins wil1 presurnably help clarify the role of 

dystmphin and the DGC within the CNS. 

In addition to rerruiting signalhg proteins to the DGC, the syntrophin isofonns 

function to position channel proteins in the membrane. Recent work by Gee and 



colleagues has demonstrated that al1 three syntrophin isoforms interact preferentially and 

specifically with the a subunit of two voltage-gated sodium channels (vgNaChs) temed 

SkMl and SkM2 (Gee et al., 1998). Like the nicotinic acetylcholine receptors (nAChRs), 

these channel proteins are enriched at the NMJ, although in contrast to the nAChRs, the 

vgNaChs are concentrated pnmarily within the deeper portions of the membrane's folds, 

and in the perijunctional membrane (Beam et al., 1985; Caldwell et al., 1986; Haimovich 

et al., 1987; Flucher and Danicls, 1989). In contrast to the skeletal isoforms of these 

vgNaChs which interact with the syntrophins via PD2 hybridisation, the brain isoforms 

lack PDZ domains and have been shown to interact independently of syntrophin's GLGI 

motif (Gee et al., 1998). This suggests that domains other than the PD2 domain, in 

particular the PH and syntrophin-unique domains are capable of mediating these 

interactions and functionall y tailoring protein complexes at the DGC. 

1.8 Synopsis 

Although the dystrophin gene was cloned over 12 years ago, the precise nature of 

its function remains to be eluciàated. An understanding of the d e s  of the individual 

dystrophin isoforms depends upon the characterisation of the vast array of proteins that 

make up the individual dystrophin-associated glycoprotein complexes. To this end, we 

have attemptexi to cietennine the expression patterns of the syntrophin isoforms within the 

CNS, and to identify their novel protein partners. 



Cbapter II: S ynt ro phin Expression and Alternative S plicing 



11.1 Introductioa 

Duchenne muscular dystrophy @MD) occurs due to mutations in the dystrophin 

gene and is principally characterised by a progressive degeneration of the musculature. 

This is thought to occur as a result of membrane instability due to the absence of the 

dysû-ophin protein, which stabilises the membrane by anchoring the cytoskeleton to the 

extracellular matrix. DMD, however, also presents with a non-progressive CNS 

phenotype that includes mean loss of IQ and altered neurotransmission in the retina. The 

mechanisms that result in DMD's CNS manifestations are Iess well characterised, 

although they are thought to occur as a result of the loss of specific, novel members of the 

dystrophin-associated glycoprotein complex. 

The retina, on account of its highly ordered structure and synaptic function, has 

been shown to be an excellent mode1 for the study of the central nervous system. Three 

dystrophin isoforms are present within the retina. Dp427 and Dp260 localise to the 

synaptic outer plexiform layer, while Dp7 1 is found at the inner limiting membrane and 

within the blood vessels (refer to Figure LI). Electroretinograrn studies on both 

Duchenne patients and mdx mouse models have illushated the connection beween the 

loss of dystrophin isoforms and altered neurotransmission in the retina Based on the 

differential localisation of the dystrophin isoforms within the retina, and their implied 

independent functions, it was postulateci that the individual dystmphin isofoms 

functioned within the retina to tailor isofom specific protein complexes. As a result of 

their tissue specific expression patterns anà, more impottantly, recognised protein 

binding domains, the syntrophins were identified as the moût likely candidates to 

assemble these isofom specific pmtein complexes. 



In order to test this hypothesis, it was first necessary to determine which, if any, 

of the syntrophin isoforms were present within the retina RT-PCR was utilised to 

demonstrate that al1 three syntrophin isoforms were present in the ntina Full-length 

transcripts of both a- and pl-syntrophin were identifieci, however, full length 82- 

syntrophin was absent. Instead, two shorter transcripts were identifie4 both encoding in- 

frame deletions of the first pleckstnn homology domain. RT-PCR using mRNA fiam 

several other tissues demonstrated the primacy of the larger of these, 82A 1 1 1, in al1 

tissues. Subsequent investigation has led us to conclude that $2A111 is likely a PCR 

artefact generated as a result of the high GC content in 82 syntrophin's 5' terminal, rather 

than an alternatively spliced isoform of the protein. 

II.2 Materiais and Methods 

II.2.1 Total RNA preparation from mouse tissues 

C57BU6 black mice were freshly sacrificed by cervical dislocation. Retinae were 

dissected out of the eye under a light microscope, while other tissues were removed 

without the aid of the microscope. The tissue was immediately immersed into 2 ml of 

ice-cold GIT Buffer (4M guanodine isothyocyanate, 25m.M sodium acetate pH 6.0, 

150mM Zmercaptoethanol pH 7.0) and homogenised using a polytron homogeniser at 

medium speed for ten seconds. The tissue and GIT buffer were then layered ont0 1.7 ml 

of cesium chloride buffer (5.7M cesium chloride, 2SmM sodium acetate pH 6.0) in 10 ml 

hi& speed centrifuge tubes. These tubes were then filled to the top with GlT Buffer and 

spun for 21 hours at 35000 rpm in a SW55 rotor (Bechan, CA) at 20°C. The 

supernatant was carefidly R ~ O V ~  by vacuum suction, and the RNA pellet was 



resuspended in 300 pl of 300mM sodium acetate pH 6.0 and transferred to an eppendod 

tube. The RNA was ethanol precipitated, resuspended in 100 pl of DEPC water and 

stored at -SOT.  

II.2.2 RT-PCR of Syntmphin Transcripts 

Reverse transcription was achieved using the Superscript Reverse Transcriptase 

(Gibco BRL). Briefly, approximately 1 pg of total RNA was incubated with 100 ng of 

oligo dT reverse primer in a final volume of 25 pl at 65T for ten minutes. Samples were 

then cooled on ice for two minutes and then brought up to a volume of 41 pl with 4 pl of 

5X reverse transcription buffer (Gibco BRL), 20mM dithiothreitol, 2.5mM of each of 

dNTP (Gibco BRL), 10 pCi of 3 2 ~ - d ~ ~ ~  (Mandel), 37.5U RNAguard (Pharmacia) and 

200U Superscript II reverse transcriptase (Gibco BRL). The reaction was then incubated 

at 3 7 T  for sixty minutes, and halted by enzyme denaturation at 6S°C for ten minutes. 

The RNA template was then removed by incubating the reaction with 2U of RNase H 

(Gibco BRL) at 37°C for 30 minutes. The quality of the RT reaction was assayed by the 

distribution of the cDNA smear on an autoradiograph, in addition to PCR using the 

inmin-spanning primers DysE75F and DysE76R (refer to Table II. 1 for primer 

information). 

2 pl of the RT reaction was used as a template for PCR amplification using 

intron-spanning specific pnmers against the terminal 3 10 bp of each syntmphin isoform. 

In addition, primers specific to the ubiquitously expressed dystroglycan transcript were 

used as a positive control. 100 ng of each primer pair were added to the template, and 



TGGCT-3' 
pl SynStit~h3' 5'-TCAGGCCACCAAGCCCAGTCG-3' 
pn 10 5'- TGCTGCTGAGCTGAT - 3' 

Source 
mouse a-syntrophin cDNA 
mouse a-syntrophin cDNA 
mouse a-synmphin cDNA 
mouse a-syntrophin cDNA 

B2R3 1 O 
f32SynS' 
p2SynStitchJ' 

pSynStitch3' 

mause a-syntrophin cDNA 

5'-TCACACAAGCAGTCC- 3' 
5'- ATGGCGGTGTGGACG- 3' 
5'- ATGGCGGTGTGGACGCGGGCCA 
CCAAAGCG- 3' 
5'-TCACACAAGCAGTCCCATGCGA 
GTGACTITGG- 3' 

ino.cise $1 -sjniruphiri zDNA 
mouse 0 1 -syntrophin cDNA 
mouse $ 1 -syntrop hin cDNA 
mouse 1 -synüophin cDNA 
mouse Bi -syntrophin cDNA 

mouse $1 -syntrophin cDNA 
mouse p-syntrophin cDNA 
mouse $2-synmphin cDNA 
mouse PZ-syntrophin cDNA 
mouse $2-syntrophin cDNA 

mouse $2-syntrophin cDNA 

mouse $2-syntrop hin cDNA 
mouse fl2-syntrophin cDNA 
mouse $2-syntrophin cDNA 
mouse p-syntropbin cDNA 
mouse p-syntmphin cDNA 
mouse p-syntrophin cDNA 
mouse dystrophin cDNA 
mouse dystrophin cDNA 
mouse vystroglycan gene 

Position 
1309 - 1324 

Table II.1: Primers Used. To facili tate direc tional sub-cloning, syitrophin fornard 
primers were designed with a terminal extension EcoRl restriction site, while syntrophin 
reverse prime= contained a terminal extension BamHl restriction site. 

T3 primer 
GG-3' 
5'-ATMACCCKACTAAAG- 3' S tratagenc 



then combined with 2U of Elongase polymerase (Gibco BRL), and a buffer containing 

6ûmM TrisS04 (pH 9.1), 18mM m ) 2 S 0 4 ,  1.2mM MgS04 and 0.2mM of each dNTP 

in a final volume of 50 pl. Unless stated othenvise, these conditions were applied to al1 

PCR reactions. The samples were subjected to amplification in a Perkin-Elmer Cetus 

Thermal Cycler 9600 which consisted of denaturation at 94T for 30 seconds followed by 

35 cycles of 94°C for 30 seconds, 55°C for 30 seconds and 68°C for one minute. The 

primer pairs used were: aF3 13 and aR.3 13, 1 F3 10 and j3 1 R3 1 0, p2F3 1 0 and p2R3 10, 

and DGLNPR6 and DGLNPR7 (for primer details refer to Table KI). 

Full-length cDNAs of the individual syntrophin isofoms were cloned using 

nested PCR. Each reaction contained 5 pl of the retinal RT cDNA and was amplified for 

35 cycles of 94°C for one minute, 55OC for 30 seconds and 65T for t h  minutes. The 

primer pain used for this initial round of PCR consisted of: aSynS' and aR3 10, p l  SynS' 

and pl Syd', and P2Syn5' and p2R3 10. The reactions fiom the first round of PCR were 

purified using the Qiagen PCR Cleanup Quickspin Columns (Qiagen, Chatsworth, CA) 

and were resuspended in 50 pl of lOOmM Tris-HCI pH 8.0. 5 pl of the purified original 

PCR reaction were then used as template for the nested amplification. The nested PCR 

reaction consisted of 35 cycles of 94°C for one minute, 60°C for 30 seconds and 68"C for 

three minutes. The following primer pairs were used to arnplify the individual syntrophin 

transcripts: aSynStitch5' and aSynStitcM8, 1 SynStitcbS8 and fl1 SynStitch3'. and 

/32SynStitchS8 and p2SynStitch3'. Nested reactions were purifieci and directionally 

subcloned into pUC19 (Stratagene). The authenticity of the cDNA inserts encoding the 

individual syntrophin isoforms was confirrned by double-stranded DNA sequencing of 

both strands using a modifiai T7 pol ymenise s ystern (Sequenase, USB). 



PCR amplification of genomic DNA was perfomed using 500 ng of C57BU6 

liver genomic DNA (provided by Paula Williams) as a template. The amplification 

consisted of an initial denaturation of 30 seconds at 94°C. followed by 30 cycles of 94OC 

for 30 seconds, 58°C for 30 seconds, and 68T for one minute. The primers used for this 

amplification were 82PH 1 5' and p2Rexon 1. 

Isolation of the full-length P2-syntrophin was accomplished by employing intense 

PCR conditions. 5 pl of reverse-transcribed double-stranded brain cDNA was melted at 

97°C for one minute and then arnplified for 40 cycles consisting of 97°C for one minute, 

58°C for 30 seconds and 68°C for 3 minutes. The primers used were PZHybridS' and 

p2Hybrid3'. The resulting PCR product was directionally sub-cloned into the pGAD'I7 

vector (Clontech). 

11.2.3 Screening a C S B U 6  mouse brain cDNA Iibrary 

A C57BU6 brain cDNA library (made and provided by Dr. Enrico Arpaia), 

cornprising 5 x 16 colonies on 10 filters was screened using 32~-random-primed 82A111 

syntrophin transcript as a probe. The library was screened using standard techniques and 

methodology and a tertiary screen yiekkd distinct colonies. 

11.2.4 In vitro transcription/transIation of 82 and 8261 11 syntrophin 

In vitro transcription and translation was perfomed using the TNT Rabbit 

Reticulocyte system (Promega). 500 ng of f32-syntrophin and 82151 1 1 syntrophin 

contained in the pGAD'T7 vector were each mixed with 25 pl of TNT Rabbit reticuiocyte 

lysate, 2 pl of 25X TNT Reaction Bufier, 1OU of TNT RNA T7 polyrnerase, 20pM of an 

amino acid mixture lacking methionine, 20 pCi of 35~-methionine, and 37.W of 

RNAGuard in a final volume of 50 pl. A positive control reaction was prepared utilising 



500 ng of luciferase control DNA, while a negative control reaction lacking DNA was 

also included. These reactions were dl  incubated at 300C for 90 minutes. 15 pl of each 

reaction was then added to an equal volume of 2X Sample Buffer (20% glycerol, 5% 2- 

mercaptoethanoi, 4% SDS, 125mM Tris-HCl pH 6.8 and 0.2% bromophenol blue) and 

boiled for 5 minutes. These samples were then nin on a 4-12% gradient gel (Novex) 

alongside Superf3and 2360 protein marker (Helix) at 120 volts for one hour and My-five 

minutes. The gel was then fixed in a solution of 50% methanol and1096 acetic acid for 

30 minutes, and then soaked in a solution containing 7% acetic acid, 7% methanol and 

1% glycerol for five minutes in order to prevent the gel h m  cracking while drying. The 

gel was subsequently laid on Whahnan paper, wrapped in cling film, and dried on a 

vacuum gel dryer and exposed to film ovemight. 

II3  Results 

n.3.1 Syntrophia Expression in the Retina 

In order to determine which syntrophin isoforms were present in the retiaa, RT- 

PCR was performed using intron-spanning isoform specific primers to the terminal 3 10 

basepairs of each isoform. Retinal tissue was dissected fmm the eyes of freshly 

sacrificed mice under the microscope and total RNA was prepared by hornogenisation in 

Gïï b a e r  and hctionaîion in a cesium chloride gradient. The ntinal RNA was 

subsequently reverse transcribed to single-stranded cDNAs using an oligo dT primer, and 

then subjected to syntmphin specific PCR amplification. As can be seen in Figure ILlA, 

ali th= synh-ophin isoforrns are expresseci in the rnouse retina 



Nested K R ,  using isoform specific primers. was performed on the retinal single- 

stranded cDNAs in order to isolate the N1-length syntrophin hanscripts (see Figure 

II. IB). Analysis of these PCR products revealed that, while the size of the fl1 -syntrophin 

was normal (Lane l), amplification of both 82- and a-syntmphin deviated from the 

expected pattern. While full-length a-sptrophin was present. nested PCR also reveaied 

the presence of a mncated product approxirnately 750 base pairs in Iength (Lane 2). This 

product was missing base pairs 122 to 898 of the u-syntrophin &NA, which encoded 

amino acids 6 to 263, the PH1 and PDZ domains, of the protein. This deletion. however, 

resulted in a frameshift in the reading M e  of the protein. which would generate a 

truncated protein of 24 amino acids with no identity to a-syntrophin. As such, this 

product was dismissed as a PCR artefact. 

Full-length B2-syntrophin was not detected in the retina In spite of multiple 

variations of PCR conditions, only a smear of multiple bands was generated, the Iargest 

of which was approxirnately 100 basepairs shorter than the expected full-length B2- 

syntrophin (Lane 3). This smear, dong with the 8 1 - and a-sptmphin products. w as gel- 

purified and sub-cloned into pUC 19 (see Figure 11.1 .C). Two p2-syntrophin transcripts 

were isolateci, one approximately 1450 base pairs in length, and the second approximately 

1200 base pairs &anes 2 and 3). Sequencing revealed that both of these shortened 

ptoducts were p2-sptmphin transcripts with intemal deletions. The larger product. 

82A111, was missing sequence from position 262 to 373 of the p2-syntrophin cDNA, 

which encoded amino acids 70 to 106. These 37 amino acids make up the variable 

Banking region between the PHlA domain and the PDZ domain, in addition to the first 

12 amino acids of the PDZ domain which include the GLGI motif. In the shorter 



Figure 11.1: Syntrophin Expression In the Mouse Reüna. A) Reverse-transcribed C57BU6 muse 
retinal RNA wris PCR amplificd using exon-spanning primers specific to the last 310 base pairs of the 
individuai syntrophin isofonns in order to determine which were present in the rttina. Lane 1 shows the 
expression of a-syntrophin, while 1- 2 and 3 show the expression of f3 1- and P2-syntrophin respectively. 
The 4ûû terminal base pairs of @dystroglycan wcre amplifieci as a positive conml (Lane 4), w M c  a 
reaction containing no DNA was amplified as a negative control (Lane 5). The individual syntrophin PCR 
products were verified by diagnostic restriction digest (results not shown). B) RT-F+CR using retinal RNA 
was performed using nested primers specific to the individual syntrophin isofonns in order to chatacterise 
the retinal-specific syntrophin transcripts. Lane 1 was identified as full-length l-syntrophin Full-Itngth 
a-syntrophin was dctccted in addition to a smaller a-syntrophin transcript missing approximately 750 base 
pairs and encoding an out-of-fianÈe nonsense protein (Lane 2). RT-PCR using P2-syntrophin aested 
p h e r s  generated a smear composeci of multiple bands, aiI of which were smaller than tfit expected Ml- 
sue f33-syntmphùi (Lane 3). C) Nested PCR products were sub-cioned into pUC19. Full-lengh p 1- 
syntrophin was isolaîed (Lane 1) whilc both W-tength a-syntrophin (Lant 4) and the del& a-syntrophin 
product (Lane 5) were blatcd. Two 92-syntrophin products were isolated, one of which was misshg 11 I 
base pairs (Lane 2). while the second was Iacking 393 base pairs (Lane 3). Full-lengtb P2-syntrophin was 
absent h m  the retina. 



transcnpt, p2A.393, the sequence fiom position 96 to 481 (amino acids 16 to 143) was 

deleted, resulting in the removal of the majonty of the PHlA and PDZ domain. Both 

$2A111 and 82A393 are schematically depicteci in Figure n.2. In contrast to the a- 

syntrophin deletion, both of the deletions in the p2-syntrophin transcripts were in-fisune, 

suggesting that these transcripts may represent novel splice isoforms of the protein. This, 

in tum, would imply a mechanism for the regdation of the assembly of the DGC, such 

that syntrophin-mediated protein interactions could be cwrdinated via alternative 

splicing of their protein-binding dornains. 

II33 f i 2 A l l l  Expression 

To determine whether the p2-syntrophin transcripts were unique to the mina, the 

nested PCR was repeated using reversed tranmibed total RNA h m  a cross-section of 

C57BU6 mouse tissues including retina, brain, skeletal muscle, testes, kidney, liver, 

lung, heart and spleen. As can be seen in Figure iI.3.A, the 62A111 syntrophin isoform 

was the primary expressed transcript in dl of the tissues tested. Indeed, no full-length 

$2-syntrophin was detected in any of the tissues in spite of two rounds of nested 

amplincation. Furthemore, additional PZ products were detected only in the retina and 

brain tissues, suggesting that further processing of the transcript was restncted to the 

CNS. 

The primacy of shorter p2-syntmphin transcripts in al1 tested tissues suggested 

that the C57BU6 mouse couid contain a genomic deletion in the B2-syntrophin gene. 

Alternatively, the existence of a previously imcharacterised intron witbin the 82- 

syntrophin gene would offer alternative splicing as a possible mechanism for the 

consistency of the deletion. To ascertain whether the generation of the BU11 1 



Figure U.2: Schematic representation of the deleted f32-syntrophin tmnscripts. The 
p2n 11 1 syntrophin tmscript encodes a I l  1 base pair in-frame deletion that removes 25 
amino acids From the variable flanking region between the PHla and PDZ domains and 
the first 12 amino acids of the PDZ domain including the GLGI motif. This protein is 
designated P2A37. The p2A131 protein is produced from a 393 base pair in-kame 
deletion that removes 13 1 amino acids comprising most of the PHla and PD2 domain. 



syntmphin transcript was due to alternative splicing or a genomic deletion, PCR was 

perfonned on brain RT and CS7 liver genomic DNA using primers flanking the region of 

the 1 1 1 base pair deletion. As can be seen in Figure II.3.B. the amplification of two 

bands correspondhg in size to both the deleted and undeleted 82-syntrophin d e s  out the 

existence of a previously uncharacterised intron that codd account for the alternative 

splicing of the 82A 1 1 1 syntrophin transcript. The amplification of both bands, however, 

suggests that any genomic deletion contained within the C57BY6 b2-syntrophin gene is 

heterozygous in nature. 

II33 p-sptrophin Expression 

The absence of an intron that could provide a mechanism for alternative splicing 

raised the possibility that the finding of tmncated transcripts was due to a PCR artefact. 

To determine whether the 82A111 syntrophin isoform was indeed a PCR artefact, a 

C57BY6 mouse brain cDNA library was screened using 3 2 ~  random-primed p2A111 as a 

probe. 5 x l d  colonies were screened, and two clear positives werc picked. The phage 

were isolated and the insert sequenced using primers flanking the i I 1 base pair deletion. 

Both of the positive clones contained the full-length P2-syntrophin; neither of the clones 

contained the sequence deletion that accompanied every 82 product generated by PCR. 

The isolation of full-lengtb p2-syntrophin from the cDNA library xreen 

contradicted the RT-PCR data that had illustrateci the primacy of the expression of 

82A111 syntrophin (Figure II.3.A) and suggested that this t ranhpt  repcesented a PCR 

artefact ui order to test whether the 82A111 syntrophin isoform was a PCR artefact, 

reverse transdbed brain cDNAs were subjected to intense PCR amplification featuring 

an extended denaturing time in conjunction with an elevated denaturing temperatm. 



Figure II.3: B 2 ~ l l l  Expression. A) PCR amplification was performed using nested 
primers specific to the PZ-syntrophin isoform using reverse-transcribed RNA h m  
multiple tissues. The lanes are ordered as follows: 1. retina; 2, brain; 3, skeletal muscle; 
4, testes; 5, kidney; 6, heart; 7, lung; 8, liver, 9, spleen. The P 2 ~ 1 1 1  transcript was the 
principal product in al1 tissues tested Additional smdler bands were evident in both of 
the nervous tissues Le. retina and brain. Full-size P2-syntrophin was not detected in any 
tissue. B) PCR amplification was perfomed on both C57lblack genomic liver DNA 
(Lane 1) and reverse-hanscribed brain RNA (Lane 2) using PZ-syntrophin specific 
primers that flank the deleted 1 1 1 base pairs of the P2A 1 1 1 product. Both lanes 
demonstrate amplification of a product of approximately 320 base pairs componding to 
the deleteci isoform. A second much fainter band approximately 100 base pairs larger 
than the common band is evident in the genomic amplification lane. This corresponds to 
the expected size of unaltered @ 2-syntrophin. 



A k r  forty cycles, the Ml-length PZ-syntrophin transcript is not only visible. but also 

clearly the primary product (Figure IL4.A). dthough residual amplification of the 

8281 1 1 product is still apparent. The generation of full-length PZ-syntrophin by 

employing stringent PCR conditions implied that the deletion of the 1 11 base pair region 

of P2A111 syntrophin represented a consistent PCR arkfact potentiaiiy generated as a 

result of secondary structure within the PZ-syntrophin sequence. 

The stnngency of the PCR conditions necessary to ampli@ full-length 82- 

syntrophin pointed to the possibility that these deletions could also occur in vivo. To 

investigate whether the 1 1 I base pair deletion is PCR-specific or conserved in vivo, the 

expression patterns of both PZ-syntrophin and 82A111 syntrophin were compared using a 

rabbit reticulocyte in vitro transcriptiodtranslation system. Both 82 transcripts were 

cloned into the pGADTl expression vector, and ultimately mslated in the preserice of 

me me thionine. Figure iI.4.B clearly illustrates the 3 kDa difference expected between 

the $2-syntrophin (Lane 1) and the f32A37 syntrophin (Lane 2). The doublets present in 

each lane likely represent a limited degree of protein degradation. This transcriptional 

and translational fidelity demonstrates that the p2-syntrophin deletions were unlikely to 

be manifestecl in vivo but were more likely PCR-generated artefacts. 

11.4 Discussion 

Syntrophin expression has not been previously investigated in the retina, dthough the 

retina is an ideal mode1 system in which to study synaptic function on account of its well 

defined function and the highly stnicnned nature of its cellular layers. In addition, the 

abnormal neurotransmission across the retina that characterises DMD's CNS 



Figure LI.3: B2-Syntrophin Expression. A) PCR amplification was perfonned on 
reverse-transcribed brain RNA using nested primers specific to the (32-syntrophin 
isoform. The PCR amplification incorporated extreme conditions including an elevated 
denaturing temperature, an extended denaturing period, and 50% more cycles than 
standard PCR in order to determine if the B2Al1 l deletion was a PCR artefact. A 
product of approximately 1560 base pairs was the principal arnplified transcript (Lanel). 
Sequencing confirmed that this product corresponded to full-length e2-syntrophin. 
Although considerably fainter, a band approximately 100 base pairs smaller, 
corresponding to the @Zn 11 I product, was still evident. B) In vitro 
transcri tion/translation of both PZ-syntrophin (Lane 1) and p2n111 syntrophin (Lane 2) 

P5 using S methionine and a couple reticulocyte lysate system. A control plasrnid 
encoding a luciferase protein of approximately 64 kDa was used as a positive control 
(Lane 3), w hile a reaction lacking DNA was performed as a negative control (Lane 4). 
Distinct doublets were evident in both Ianes 1 and 2, with the f32-syntmphin protein 
running approximately 3 kDa higher than the corresponding band of P2~111 protein. 



phenotype makes the retina an ided system in which to investigate the role of dystmphin 

and the DGC in proper synaptic function. To that end, we set about to determine which, 

if any, of the syntrophin isoforms were present in the mouse &na. In the absence of 

syntrophin antibodies we opted to demonstrate syntrophin expression by RT-PCR using 

isoform-specific, intron-spanning primers. Al1 three syntrophin isoforms were show to 

be present in the mouse retina (Figure IL1.A). The expression of the syntrophin 

tmscripts, however, was different h m  that previously published with respect to other 

tissues. While Ml-length pl -syntrophin was detected, the a-syntrophin and 82- 

syntrophin PCR products exhibited altered expression patterns. Full-length a-syntrophin 

transcript was present, but was accompanied by a smaller transcript determined to contain 

an 800 base pair deletion of the PH1 and PD2 domains. This deletion, however, resulted 

in a frameshift mutation that would yield a tmncated nonsensicai protein 24 amino acids 

in length. In light of this and in conjunction with the absence of any previously published 

data demo~l~trating altemative splicing in the a isoform, the tramscript was concluded to 

be a PCR artefact. In contrast to a- and f31-syntrophin, the full-length $2 tnuiscript was 

absent h m  the retina. In its place, at lest  two shorter transcripts were present encoding 

different in-fnune deletions of the PHI and PDZ domains (Figure II.1.B and Figure 

II. 1 .C). Published Northem blots of numerou tissues had demonstratecl multiple 82- 

syntrophin transcripts, suggesting alternative splicing (Adams et al,, 1995; Ahn et al., 

1996). while immunoaffinity work using isofomi-specific antibodies lent support to this 

by dernorutrathg the presence of a srnder p2-syntrophin protein (Peters et al., 1997). 

Thus, we concluded that the shorter RT-PCR pmducts observed in our experiments might 

represent altematively spliced isoforms of 82-syntrophin. 



As a means of determining whether either 82A111 syntrophlli or 82A393 

syntrophin were expressed in any other tissues besicles the retina, the RT-PCR was 

repeated using RNA fmm other C57BU6 tissues including brain, skeletal muscle, heart, 

kidney, testes, spleen, liver and lung. Full-length 82 transcript was absent fiom al1 of 

these tissus. Lnstead, the nested PCR suggested that 8261 1 1 syntmphin was the primary 

transcnpt expressed in al1 of the tissue types, while M e r  deletions such as 02A393 

were limited to the nervous tissues, i.e. brain and retina (Figure I1.3.A). The absence of 

full-length p2-syntrophin from any tissue directly contradicted previously published 

expression studies, thus suggesting that the f32A111 ûanscript might not be an 

alternatively spliced transcript, but rather a genomic deletion or a PCR artefact. 

To confirm that 8261 1 1 syntrophin was not an alternatively spliced 82 trax~~cript, 

PCR was performed on both C57BU6 brain cDNA and C57BU6 genomic DNA. using 

primers that flank the deleted region. In the event of previously uncharactensed introns 

existing within this region, the resulting gDNA PCR product would have been 

significantly larger than the cDNA transcript present in the brain. Instead, two PCR 

products were visible in the gDNA amplification, one identical to the band produced 

h m  the reverse-transcribed cDNA. and a much fainter band approximately 100 base 

pain larger (Figure II.3.B). These results clearly demonstrateci the absence of introns 

within the proposed splicing region and suggested that the 82A111 product was not an 

altematively spliced transcript. The fact that the primary @NA PCR product was 

identical in size to that produced h m  the cDNA suggested that the 1 1 1 base pair 

deletion could have originated as a result of a genornic deletion within the C57BU6 

mouse line. This theory, however, was weakened by the second gDNA PCR product that 



corresponded to the expected size of the amplified region. The genomic deletion would 

resultingly have to be heterozygous in nature with preferentiai expression of the deleted 

gene in order to explain the absence of fidl length PZ-syntrophin from the multiple tissue 

RT-PCR. Altematively, we theorised that the 82A111 deletion codd represent a 

transcriptional error propagated as a resuit of the hi& GC content present in the 82- 

sptrophin exonic sequence. 

The first exon of the PZ-sptrophin has a high GC content. comsponding to 

388/525 of the base pairs, or 74%. Base pain 1-207 have a GC content of 74% 

(15 1/207), while base pairs 3 18-522 have a similar makeup with 70% (145f207). The 

region between base pairs 208-3 18, the portion deleted h m  the 82A111 product, has a 

GC content of 8295, comsponding to 92 of the 11 1 available base pairs. We, therefore, 

theorised that the high GC content of this 11 1 base pair region might give rise to 

secondary stmctures that couid interfere with transcription, resulting in àeleted mRNA 

transcripts. To test this hypothesis, we screened a brain cDNA library using the p2A111 

product as a probe. Neither of the PZ-syntrophin positives identified in this meen, 

however, was deleted for the 1 1 1 base pair region. This discovery pointed to the 82A111 

deletion product representing a PCR artefact generated as a resuit of the cDNA's high GC 

content 

In order to determine whether the 82A111 deletion product was indeed a PCR 

artefact, PCR was performed under stringent conditions typified by an increased 

denaturation time and an elevated denaturation temperature. Under these circumstances, 

the full-length 82-syntrophin transcript was pmduced, although in spite of the harsh 

conditions, 82A111 expression was aiso observed (Figure II.44. While this would 



suggest that the fl2A111 was indeed a PCR artefact, the f a t  that it was amplined under 

such stnngent conditions suggested that a sirnilar phenomenon might occur in vivo, and 

that both full-length 82 and 82A111 message might be transcribed and subsequently 

tnuislated, resulting in the generation of both 82 and 82A.37 syntrophin protein. To test 

this hypothesis, both PZ-syntrophin and 82A111 syntrophin were cloned into the 

pGADT7 expression vector and subjected to in vitro transcription/translation in a coupled 

reticulocyte lysate. The pGAD/p2 vector generated a protein product approximately 3 

kDa larger than the protein product generated by the pGAD/flZA111 vector (Figure 

II.3.B). This result demonstrated conclusively that PZ-syntrophin transcription and 

translation occurred with high fidelity in simulated in vivo conditions, and that the that 

the $2A 1 1 1 product was most likely a PCR artefact generated as a result of secondary 

structure arising from the high GC content present in the deleted region. 

In concIusion, we have demonstrated the expression of three of the four 

syntrophin isofoms within the mouse retina. Future work will be required in order to 

ascertain if the newly characterised CNS-specific y-syntrophin isoform is also expressed 

in the retina. 



Chapter III: Synaptic protein partners of 8261 11 Syntrophin 



III.1 Introduction 

m.1.1 Syntrophin Interacting Proteins 

Chernical synapses in the peripheral and central nervous systems are highly 

specialised areas of contact between cells that mediate intercellular communication 

through the transmission of chemical signals. In order to maximise sensitivity during 

signalling, the proteins involved in signal transduction, such as neurotransrnitter 

receptors, need to be concentrated precisely beneath the sites of release of their specific 

ligands. It is thought that one of the functions of the cytoskeleton is to localise and 

immobilise the signal transduction apparatus and thereby maintain the structure and 

proper function of the synapse (Froehner, 1993). 

In addition to its characteristic progressive muscle degeneration, Duchenne 

rnuscular dystrophy presents with a non-progressive CNS phenotype. One of the 

trademarks of this CNS phenotype is altered neurotransmission across the retina 

characterised by abnormal electroretinograms (Pillers et al., 1999a). This defective signal 

transmission is hypothesised to occur as a result of the absence of the necessary synaptic 

machinery, mislocalised due to the loss of specific components of the cytoskeletai DGC. 

Current evidence points to the syntrophin proteins as the most likely candidates to tailor 

the appropriate DGC-associated protein complexes required for proper synaptic 

transmission. 

The nature of the syntrophin proteins' role in proper synaptic maintenance and 

function has k e n  the subject of investigation since their earliest identification in the 

electric organ of the Torpedo califomica as a protein associated with acetylcholine 

receptor clustering. The presence of a PDZ domain, a protein-binding domain 



characteriseci on the basis of its role in synaptic receptor clustering in the PSD-95 family 

of proteins, in conjunction with two pleckstrin homology domains, led to the suggestion 

that the syntrophins function within the DGC to remit membrane channels and 

signalling proteins to the sarcolernma and spaptic membrane. Recent studies have 

validated this hypothesis by identifying numerous syntrophin-interacting proteins 

including signalling proteins. ion channels, kinases and cytoskeletal proteins (see section 

L7). The goal of this work was to isolate and characterise any novel CNS-specific 

pmtein partners of the sptrophin proteins thiit may explain dystrophin's role in the non- 

progressive CNS manifestations of DMD. 

We chose to focus our investigation on the protein partners of p2-syntrophin on 

account of its suspected involvement with neurotransrnission within the CNS. 82- 

syntrophin's preferentiai localisation at the neuromuscular junction has led to the 

suggestion that it is involved in maintaining proper synaptic function. As has been 

mentioned in the previous chapter, in the course of our investigation into PZ-syntrophin's 

expression in the mouse retina, we isolated what appeared to be a splice isoform that was 

seerningly expressed in al1 tissues tested. This isoform contained an in-frame deletion 

that removed 37 amino acids including the fiat twelve of the PDZ domain. Since this 

deletion removed the GLGI motif, the hydrophobie pocket that rnediates the syntmphin's 

binding to the C-terminal ESIT-X-V motif of membrane-associateci channel proteins, the 

deletion was thought to be hctionaily signifïcant p2-sptrophin has been shown to 

bind to both voltage-gated sodium channels in the brain, and to the microtubule- 

associated serinelhonine kinase family independently of the GLGI motif indicating that 

the syntmphin interactions are cornplex and involve more than just the GLGI motif 



(Lumeng et al., 1999; Gee et al., 1998). As such, we set about to screen a brain yeast two 

hybrid library using the fQA111 as bait, in order to investigate p2-syntmphin's protein 

interactions that occur independently of the G U I  motif that are mediated by its other 

pmtein binding motifs and domains. 

III.1.2 The Yeast Two Hybrid System 

The yeast two hybrid system is a molecular technique that allows the researcher to 

determine the specific binding partners of an individual protein in its native 

conformation. In this system, the binding domain and activation domain of the GAL4 

transcription factor have been spiit and cloned into separate expression vectors. In 

general, the protein under investigation, termed the bait, is cloned downstream into an 

expression vector containing the GALA binding domain ( G U B D )  such that when 

expressed in yeast, it is translated as an in-fiame fusion protein with the GAIA-BD. The 

bait vector is CO-transforrned into yeast with expression vecton encoding individuai 

cDNA library clones fused to the GAIA activation domain (GALA-AD). Tnese are 

refened to as prey vectors. When both bai t and prey vectors are expressed wi thin a yeast 

host cell, gene activation h m  a GALl upstream activation site is only possible if the two 

separate GALA domains are brought within close proximity to one another, as neither is 

capable of independently activating the downstream genes. These domains, however, 

will only corne into close contact if the proteins to which they are fused interact. When 

the bait pmtein binds to an individual library protein, the GAIA binding and activation 

domains combine to eflect the expression of a downstnixun reporter gene, usually an 

auxotrophic nutritional marker that allows the yeast cells expressing both interacting bait 

and prey vectors to grow on a selective nutritional media These colonies can 



subsequently be picked, and isolation of the activation domain plasmid yields the cDNA 

of an interacting protein (Fields and Song, 1989). 

The critical advantage of using the yeast two hybnd as a means of discovenng 

novel protein interactions, is the ~latively simple isolation of the interacting protein's 

cDNA. In contrast, other methods such as immunoaffinity pulldowns and overlays yield 

unknown interacting proteins that must subsequently be characterised and cloned. The 

yeast two hybrid system, however, is not without its shortcomings. Principal amongst 

these, is the tendency of the system to yield faise positives. Faise positive interactions 

can be produced in a number of ways. Firstly, two proteins can interact in the yeast ce11 

that would never corne into contact in vivo. A cytoskeletal protein, for instance, would 

not interact with a mitochondnal or nuclear protein under normal conditions. Without the 

intracellular barrien, however, interations may be possible that will activate the reporter 

gene. Secondly, the fusion of the GALA binding domain to the bait can mate  a novel 

protein motif at the joint that can mediate false interactions. Thirdly, some degree of 

"leakiness" within the nutritional reporter gene often xcurs ailowing some weak and 

spuious interactions to be diagnosed as p s i  tive interactions. To combat this, a 

cornpetitive inhibitor of the reporter gene, Iamino-1,2,4triazole in the case of the His3 

protein, is utilised to minimise the effect of these spurious interactions. In spite of this, 

some false positives are missed Finally, some proteins are capable of recmiting the 

transcription machinery to the enhancer independentiy of their complementary GALA 

domain. These proteins are said to autoactivate the system. In the case of the bait 

protein, tests are perfomed in order to ensure that it is incapable of autoactivating the 

two hybrid system within a given yeart strain. Library proteins, however, that 



autoactivate the reporter genes, appear as fdse positives. As a result of the tendency to 

produce false positives, al1 potential interacting proteins are subjected to independent 

biochemical venfication. In addition to subjecting al1 library proteins to autoactivation 

assays, interactions m u t  be demonstrated in vitro by affinity pulldowns andor in vivo 

with transient tmsfection into cultured ce11 lines. 

The yeast two hybrid has been used by other laboratones to identify syntrophin 

binding proteins. These include SAST and SAPK3, as well as al1 of the syntrophin- 

associated members of the DGC (Lumeng et al., 1999: Hasegawa et ai., 1999). We have 

attempted to isolate synaptic protein partnea of the 82A111 syntrophin isofom, by using 

it as bait with which to screen a brain cDNA activation library. While the screen of the 

brain library yielded a potential novel, interacting protein. subsequent investigation 

suggested that the interaction in question was most likely a spwious false positive. 

I I I 2  Materials and Methods 

II1.21 Plssrnids and Constructs 

Al1 of the yeast vectors used in this work originated h m  the MATCHMAKER 

Two-Hybnd system (Clontech) (refer to Table Ili.1). 

fDA111 syntrophin was isolated by RT-PCR and directionally sub-cloned into 

pUC19 using the BamHI and EcoRl sites as described in section II.2.3 of this work. 

pUC l9/$îA 1 1 1 was subsequently linearised using AatII and diluted to a concentration of 

approximately 25 pglpl in d m .  50 pg of Ad-digested pUC l9/P2All1 was 

subsequently used as a template for PCR amplification in a final voiume of 50 pl 

containing 100 ng of the primm p253Iybrid and p23'Hybrid (refer to Table II. 1). The 



samples were subjected to amplification in a Perkin-Elmer Cetu Themd Cycler 9600 

which consisted of an initial denaturation of 30 seconds at 94T followed by 20 cycles of 

94°C for 30 seconds, 60°C for 30 seconds and 68°C for three minutes. The 

pGBT9@2All I product was subsequently sequenced to venQ its fidelity and that the 

proper reading-frame was preserved. 

III.2.2 Yeast Transformations 

Cells h m  yeast strain Y 190 were rendered transformation competent through 

incubation with lithium acetate as described in the Yeast Rotocols Handbook (Clontech). 

0.1 to 1.0 pg of plasmid DNA was incubated with 100 pg of heat-denatured salmon 

sperm DNA and 100 pl of Y 190 competent cells in 250 pl of PEG solution (40% w/v 

polyethylene glycol MW 3300.0.1M lithium acetate. O.IM TE pH 8.0). The tubes were 

incubated at 30°C for 45 minutes ensunng the mixtures were resuspended approximately 

every 15 minutes. The cells were subsequently heat-shocked at 42OC for 20 minutes, and 

plated on selective SD/agar media lacking tryptophan, leucine andor histidine depending 

on which nutritional markers were accounted for within the transformed plasmids. These 

were grown at 30°C for 2 - 3 days. 

EI.2.3 Yeast P-galactosidase Assay 

Yeast colonies were streaked onto Whatman filter paper (no.3) that had been 

placed onto SDIagar plates lackingkontaining the appropnate amino acids for selection 

purposes. Mer ovemight incubation at 30°C. the filter was removed h m  the SD/agar 

plate and immersed into iiquid nitmgen for ten seconds. The filter was subsequently 

allowed to thaw for a few seconds and was then laid down ont0 Whamian filter paper 



Bait Plasmid Prey Plasmid 

pGBT9I~2AllI  pTDl 
(AD:SV40 T antigen fusion 
vector) 

pGBT9/P2A111 pACTII:library cDNA 
( ADlibrary cDNA fusion 

-- - 

pVA3 
(BD:rnurine p53 
fusion vector) 

pACMI:iibrary &NA 

pLAM 
(BD:laminC fusion 
vector) 

Table In.1: Yeast Two-Hybrid Transformations and their Respective Reporter Gene 
Activation on Selective Media, 

Expected resu1t for a true 
positive 
,&gui: white 
HIS3: no growth on his- +3AT 

&al: white 
HIS3: no growth on his- +3AT 

,&pl: blue 
HIS3: growth on his- +3AT 

,@gaz: white 
HIS3: no growth on his- +3AT 

,&gaz: white 
HIS3: no gmwth on his- +3AT 

Pgal: white 
HIS3: no growth on his- +3AT 

&al: blue 

PTD~ 

h W =  

To confirm that the 
BD fusion protein 
does not autoactivate 
To confinn that the 
BD fusion protein 
does not interact with 
non-specific targets 
To identifj potential 
P U 1  11 syntrophin 
interacting proteins 
To confirm that the 
AD library fusion 
protein does not 
autoactivate 
To elirninate false 
positive interactions 
that bind to non- 
speci fic partners 
To eliminate fdse 
positive interactions 
that bind to non- 
specific partners 
A positive control 

HIS3: p w t h  on his- +3AT 
& p l :  white 
HIS3: no growth on his- +3AT 

A negative control 



(no.40) prewetted with 2.5 ml of Z buffer (6ûmM Na2HP04, 40mM Na4HP02, lOmM 

KCL, 1rnM MgS04) containing 200 pglml of 5-bromo4chIoroindolyl~D-galactoside 

(X-gai). The filters were then incubated at 30°C. Clones that turned blue were judged to 

have activated the lac2 reporter gene and were positive for &galactosidase activity, white 

those that remained white were deemed to be negative for fbgalactosidase activity. The 

extent of this activation was semi-quantitatively assayed through cornparison to the ZacZ 

expression of known positive and negative interactions (see Table III.1) 

III.2.4 HIS3/3-amino-1,2,4-triazole Competitioa Assay 

LOO ml of Y 190 yeast cells that had been previously transformed by one of 

pGBT9fP2A111 or pVA3 were grown to an ODm of 0.8, and subsequently made 

competent in 1250 pl of O.1M lithium acetate. 800 pl of each of these competent cells 

were transformed by 0.1 pg of pTD1 vector in 2 ml of PEG solution containing 400 pg of 

salmon sperm DNA. These transformations were tesuspended in 800 pl of dcE120, 

diluted 1: 1, 1:10, 1: 100 and 1: 1000 and plated onto SDIagar -trp, -leu, -his plates 

supplernented with OrnM, 30mM, 4ûmM, 50mM or 60m.M 3-amino- 1,2,4triazole (3- 

AT). The colonies on the individual plates were tabulated after incubation for five days 

at 30°C. 

IU.2.5 Yeast Two-Hybrid Library Screen 

Y 190 yeast cells that had previously been transformed by the pGBT9fP2A 1 1 1 

constnict were inoculated into 300 ml of SD media that was supplemented with leucine 

and histidine and grown to an ODm of 0.8. This culture was then diluted to an CIDsao of 

0.15 in one litre of YPD media and grown for approximately four hours until the CIDsoo 

was 0.6 to 0.8. These cells were centrifuged at 5000 rpm, resuspended in ddH20, 



repelleted, and resuspended in 5 ml of O. IM lithium acetate and le ft on ice for 30 

minutes. These cells were then transformeci by 108 pg of mouse brain library DNA 

(Clontech) in a suspension containing 30 ml of PEG solution and 5 mg of salmon spem 

DNA. 1x10~ yeast transformants were plated on SDlagar plates lacking tryptophan, 

leucine and histidine and supplemented with 30mM 3-AT. Colonies that grew were 

picked after 3.6 and 10 days depending on their respective rates of growth, and 

nstreaked for subsequent assaying of p-galactosidase activity. 

111.2.6 Library Plasmid DNA Isolation 

Binding dornain and activation domain plasmid DNA were extracted from 

positive clones using a rapid yeast Mniprep protocol. Each clone was grown at 30°C for 

20 to 24 hours in SD -trpleu and then centrifuged at 3000 rpm. These cells were 

resuspended in ddH20 and transferred to eppendorf tubes in which they were repelleted. 

These were resuspended in 200 pl of yeast lysis solution (2% Triton X-100. 1% SDS, 

1OOm.M NaCl, l m .  EDTA and lOmM Tris-HCl pH 8.0) and 200 pl of a mixture 

composed of 25 parts of phenol to 24 parts of chlorofon to 1 part of isoamyl alcohol. 

To these, 300 pg of acid-washed beads werr added, and the cells were lysed by vortexing 

for 5 minutes. This slurry was centrifuged at 14000 rpm for 5 minutes at room 

temperature, and the upper aqueous Iayer was transfemd to a clean tube and ethanol 

precipitated. Plasmid purification was subsequently performed using a Qiaex Gel 

Extraction Kit (Qiagen), and the DNA was eluted in 40 pl of lOmM Tris-HCl pH 8.0. 

Selection for the Leu nutritional marker found in the pACTII activation vector 

was used to separate the bait plasmids frorn the cDNA-containing prey plasmids. This 

seleetion was perfomied following transformation into MH6 wu-) E. coli ceus. 



Colonies were streaEced ont0 M9 plates containing an amino acid drop-out mixture 

lacking leucine and incubated ovemight at 37OC. On1 y MH6 (Leu-) transformants 

containing a cDNA-prey plasmid were capable of growth on this media. 

m2.7 Characterisation and Interaction Specificity of the Potential Interacting 

Clones 

MH6 (Leu-) transformants that grew on the M9 -leu media were used to inoculate 

ovemight cultures of LB/amp liquid media The plasrnids containing the brain library 

cDNAs were isolated using the QIAprep Spin Miniprep Kit (Qiagen) according to the 

manufacturer's standard protocol. The size of the cDNA inserts was approximated by 

restriction digest with EcoRl and Xho 1. The cDNA inserts were subsequently sequenced 

by 3%cycle sequencing using the following primers: PGAD2 (5'- 

TGGTCATATGGCCATGGA-3' position 5033 to 5016 of the pACIlI vector sequence) 

and PACT2Rev (5'-GmGAAGTGAACTtGCGG-3' position 4939 to 4355 of the 

p A m  vector sequence). 

To ensure the veracity of the baitlprey interactions identified in the two-hybrid 

screen, the cDNA library plasrnids were retrmsfomed into Y 190 on their own or in 

tandem with the binding domain constmcts pGBT91~2Al11, pGBT9/phrl (prepared by 

Rahim Ladak) or pVA3 (see Table IiI.1). These colonies were then streaked ont0 

Whaman paper füters and subjected to a fbgalactosidase assay in order to test for 

autoactivation of the library proteins and the specificity and consistency of their 

interactions with p2A 1 i 1 syntrophin. 



m.2.8 Bacterial Expression of 82611 1 Syntrophin 

82A 1 1 1 was sub-cloned into the pGEX4T- 1 bacteriai expression vector 

(Amenharn Phamiacia Biotech). The pGEXI~ZAll1 constmct was sequenced to ensure 

that the necessary reading Frame to effect GST fusion was maintained, and subsequently 

transformed into E. coli DHSa sub-cloning efficiency comptent cells. 

A one litre culture of pGEX4T1@2A111 was growa to an of 0.452 and 

then induced with 300pM isopropyl-$-D-thiogalactoside (FïG) and grown at 30°C for 

approximately two and a half hours to an ODsm of 0.74. The cells were pelleted and 

resuspended in 40 ml of Buffer A (20mM Tris-HCI pH 7.4, ImM EDTA, 1mM Dm. 

ImM PMSF, 10% glycerol, 0.5M NaCl and 17 pl of $-mercaptoethanoUS0 ml of Buffer) 

and sonicated on ice for six one minute intervais. The lysate was incubated with 1.5 ml 

of Buffer A-equilibrated glutûthione sepharose 4B beads (Biorad), and the $2A37-bound 

beads were washed with Buffer A and incubated overnight in 5 ml of Buffer B (201nM 

Tris-HCI pH 7.4, ImM EDTA, IrnM DTT, 1mM PMSF, 10% glycerol, 0.1M NaCl and 

17 pl of 8-rnercaptoethanoU50 ml of Buffer). The bound fraction was eluted following 

incubation with Buffer B containing 20mM glutathione. Samples of the uninduced and 

induced culture. resuspended in either Buffer A or Cracking Buffer (IOmM Na2Q pH 

7.2, 1% p-mercaptoethanoi, 1% SDS and 6M ma), the lysate, the unbound fraction. and 

the eluate were mixed with an equal volume of 2X Sarnple BufEer (20% glycerol, 5% & 

mercaptoethanol, 4% SDS, 125mM Tris-HC1 pH 6.8 and 0.1 % bromophenol blue), boiled 

for 10 minutes and electrophoresed on a 442% polyacrylamick gradient gel (Novex). 

This gel was stained with cwmassie blue dye. 



III23 Western Blot Analysis 

Yeast protein extracts were obtained by growing the yeast cultures in the 

appropriate selective SD media to an ODm reading of 0.4 - 0.6. The cells were spun 

down, freeze-thawed, resuspended in 100 pl of pre-waxmed Cracking Buffer containing a 

1X protease-inhibitor rnix (5mM PMSF, 10 pglrnl pepstatin A, 3pM leupeptin. 37 gg/ml 

aprotinin, and 14mM benzamidine) and tmsfemd to an eppendorf containing 300 pg of 

acid-washed glass beads. The suspension was vigorously vortexed for five minutes, 

boiled for 10 minutes and then vortexed again for five minutes. The slurry was spun at 

14000 rpm for five minutes, and the supernatant was collected into a fresh tube. The 

remaining pellet was resuspended in 50 pl of Cracking Buffer and the process repeaied, 

combining the supematants, until no pellet remained. 

Yeast and bacterial (see III.2.8) cellular protein samples were combined with an 

equal volume of 2X sample buffer. boiled for 10 minutes and electrophoresed on a 4 - 
12% polyacrylarnide gradient gel. The protein was then transferred ont0 a nitrocellulose 

membrane (5% methanol and 0.01 % SDS) which was blocked in 1X TBST containing 

5% non-fat rnilk. The blocked irnmunoblots were incubated for 2 hours with specific 

primary antibodies diluted in 1X TBST containing 1% non-fat milk. A 1500 dilution of 

monoclonal a-GALRBD (Amersham Phmacia Biotech) was used to detect GALA 

BDîP2A37, while a 15000 dilution of polyclonai a-HA (Amersham Phamacia Biotech) 

was used to detect GAL4-AD/4-1 and GALA-ADn2-2. Polyclonal a-GST (Amershm 

P h a c i a  Biotech) was used in a 1 :2000 dilution to detect GST, GSTIPZ, GST/fl2A37 

and GST/LZACT (provided by Felipe Cisternas). Following the pnmary incubation, the 

membranes were washed in IX TBST for three 10 minute intervals and incubated with 



secondary antibodies diluted in 1X TBST containing 1% non-fat milk. Blots probed with 

a polyclonai primary antibody were incubated with a 1:5000 dilution of horseradish 

peroxidase-conjugated a-rabbit secondary anti body (Amersham), whi le blots probed wi th 

a monoclonal primary antibody were incubated with a 15000 dilution of horseradish 

peroxidaseconjugated a-mouse secondary antibody. Following three 10 minute washes 

in 1X TBST, the blots were incubated for one minute in Enhanced Cherniluminescence 

(Amersham) and exposed to Biomax MR film (Eastmann Kodak). 

tII.2.10 Novel#l ORF Separation and Interaction Assay 

The two open reading frames present within the cDNA sequences of the Novel#l 

clones (see Figure III.3) were individually PCR arnplified and sub-cloned into the 

pGADT7 expression vector. Briefly, 100 pg of Nco 1 digested pACMi/4-1 wen melted 

for 30 seconds at 94°C and then arnplified for 30 cycles of 94°C for 30 seconds, 60°C for 

30 seconds and 68°C for 1.5 minutes. The primers used for amplifying the novel ORF 

consisted of Clone4 1For (5'-GGGAAmCGAWGTTGT-3' position 21 - 39 of the 

mouse Nix mRNA) and Clone44Rev (5'-TCATI%CCA?TûCTGCTG-3' position 239 - 

222 of the mouse Nix mRNA), while the primer pair used to arnplify the Nix ORF 

consisted of NixFor (5'-ATGTCTCACTTAGTCGAGCC-3' position 100 to 1 19 of the 

mouse Nix mRNA) and NixRev (5'-TCAGTAGGGCTGGCAGAAGG-3' position 756 - 

736 of the mouse Nix mRNA). pGADT7/Nix and pGADT714-1 were sequenced to 

ensure reading frame and sequence fidelity. 

pGADT7/Nix and pGADT7f4-1 were transformed into Y 190 alone, and Y 190 

expressing one of pGBT9lP2A111 or pVA3 and gram on the appropriate selective 



SDlagar media. These colonies were streaked ont0 Whatman filter papers, grown over 

night and assayed for 8-galactosidase activity. 

III3 Resuits 

lII3.1 Protein Partners of 82A37 Syntrophin 

In order to identify novel interacting protein partnen of ~Zsyntmphin, a yeast 

two hybrid screen was performed using the f32A111 isoform cloned into the pGBT9 

binding-domain vector as bai t to screen a mouse brain cDNA library (see Figure m. 1 .A). 

The P2A111 isofonn was used in order to investigate interactions mediated by the protein 

binding domains of f32-syntrophin in the absence of the G U I  motif of the PDZ domain. 

fl-galactosidase assays performed on Y 190 containhg pGBT91P2A 1 1 1 

demonstrated that the GAIA-BDI P2A37 fusion protein was incapable of autoactivating 

the two-hybrid system, while the His3p cornpetition assay narrowed the optimal 3-AT 

concentration to 30mM (see Figure m. lB). As can be seen in Figure m. l .C, Western 

blot analysis utilising a-GALA binding domain antibody on protein extracts fmm Y 190 

containhg pGBT9fP2A111 c o b e d  the expected expression of the 72 kDa GALABDl 

82A37 fusion protein. 

The steps taken during the course of the yeast two hybrid screen are surnmarised 

in Figure HI.2. Y 190 cells expressing this fusion protein were tmnsformed with 

approximately 106 mouse brain cDNA clones fuseci to the GALA activation domain. 

These were grown on SDlagar lacking the auxotrophic nutritional markers tryptophan, 

leucine and histidine and supplemented with 30mM 3-AT. A total of 70 clones were able 

to activate the histidine reporter gene and fonn colonies. These were initiaîly 



characterised on the bais of the smngth of the histidine =porter activity i.e. the rate at 

which the colonies grew on the selectivelcompetitive media Eight colonies were picked 

after 2% days of growth, while 26 were picked on &y 5 and 46 more picked on &y 10. 

These colonies were streaked out onto SD/agar selective media and then subjected to a 

galactosidase assay to confirm that the clones were also able to effect expression of the 

second reporter gene. Of the 70 clones picked, 53 were p-galactosidase positive. Of 

these 53 clones, dl eight of the &y 2.5 clones were fbgalactosidase positive, 24/26 of the 

&y 5 clones were positive, and 21/46 of the &y 10 clones were positive. 

The pACTII vectors containing the library cDNA clones were isolated as 

described in section III.2.7. These library clones wen characterised by restriction 

di gestion and sequencing. The 53 clones were determined to encode 16 different genes 

including both known syntrophin-interacting proteins and novel interactors. A number of 

these genes were represented by numerous clones, while others were present in single 

copy. The 53 fLgdactosidase positive clones are summarised in Table m.2. 

In order to elirninate auto-activating library proteins and transient false positives, 

the library clones were n-transformeci into Y 190 done, as well as Y 190 expressing the 

GALABDIP2A37 fusion protein, the GAL4BDlACT fusion pmtein, or the GALA- 

BD/p53 fusion protein. These transformants were subjected to a ~galactosidase assay in 

order to deterinine which, if any, of the library proteins rnaintained specific interaction 

with the fi2A37 protein. These interactions are summarised in Table IXI.3. As was 

expected, both of the known syntrophin-interacting proteins, dystrobrevin and dystrophin, 

were show to retain specinc interaction with the $2A37 syntrophin isoform. 



Plate 1 

Plate 2 

Plate 3 

Plate 4 

Figure 111.1; The pCBT!Vp2alll bait constnict A) A schcmatic rcpresentation of the p2n37 protein. P2~lll-syntrophin was cloned in-frame into the 
pGBT9 expression vcctar. Expression of this plasmid in yeast results in a fusion protein containing the GAIA binding damain (GALA-BD) directly upstream of 
the P2A37 syntrophin protein. B) 3-AT cornpetitive assay for the His3+ reporter gene. Cornparison of the growth of Y 190 exprcssing a combination of pTD1 
and one of pVA3 or pQBT9IP2~l11 in of in the absence of 30mM 3-AT. Y 190 growih when pGBT9/92a 1 I 1 is expressed with pTDI in the absence of 3-AT 
(plate 3) i s  roughly quivalent to the growth of Y 190 when pVA3 is expressed with pTDl in the absence of 3-AT (plate 1). Y 190 growlh when pGBT9/p2a111 
is expressecl with pTD1 in the presence of 3OmM 3-AT is negligible to the point of non-existence (plate 4). Y 190, however, retains approximately 50% of its 
growth when pVA3 is expressed wiih pTDl in the presence of 3OmM 3-AT (plate 2). C) GALA-ADlp2A37 Expression. Protein lysates of Y 190 expressing the 
pOBT9/p'Ln I I  1 constnict (Iane I), or the pVA3 plasmid (lane 2) or Y 190 alone were probed on a Western blot with polyclonal iintibadies against the GALA-BD. 
A band of approximately 75 kDa is visible in lane 1, corresponding to the 77 kDn fusion protein (GALA-BD, 22 kDa and p2a37.55 kDa), while a 53 kDtr 
positive control is evident in lone 2. 



pGBT9fp2~111 construct is assayed for autoactivation of the two reporter gens 

4 See Figure 1 

>106 C571bl brain cDNA:GUAD clones are screened 

70 His+ clones are obtained 

53 clones are PgaZ positive 

.1 Library insert DNA isolation 

Library inserts are characterised 

Sequencing 
Restriction digest 

Clones are tested for autoactivation and specificity of interaction 

The two ORFs present in Novel#l are separated and tested for specificity of 
interaction 

Protein interactions are confirmed with biochemicai assays 

Tissue expression and subce~ular localisation of P2A37 s yntro phin-in teracting 
proteins is determined 

Figure m.2: The Yeast Two-Hybrid. The steps undertaken throughout the course of 
this two-hybrid screen. The last two steps of this process nmain outstanding pending the 
generation of a bacteria-soluble P2 synhophidGST fusion protein for use in afinity 
c hrornatography experiments. 



Interacting Protein Strong Positive 
D ystrophin 1&G, 19-G 
Dystmbrevin 1-G, 2-G,5-G, 

16-G, 224,Zg-G 
Nix/Novel# 1 

CdcUcdc8-like kinase 1 
S yntenin 
STY Kinase 

-- - 

Zebrin II 
Norbin 

Moderate Positive Weak Positive 1 

Table III.2: Characterisation of the pgd+/His3+ potential P2A37-interacting pmteins. 



In addition, ail  three of the novel proteins were capable of specifically activahg the 

galactosidasc reporter gene when cu-expressed with the GAIABDIF2A37 fusion proteh. 

KIAAOIO7, the novel brain protein, was the strongest interactor, tuming blue within an 

hou& while NovelN was the weakest potential interacting protein taking a full six hours 

to tum blue. The degree of reporter gene activity demonstrated by the Novel# 1 clones 

was seemingly proportional to the length of the individual library inserts, with clone 4-1, 

the largest insert, tuming blue within two hours, while the shortest insen, clone 22-2, 

twk four hours to measun approxirnately the same degree of reporter gene activity. The 

cdc2kdc8-like kinase and STY kinase, clones 3-1 and 25*4 respectively, also maintained 

their ability to interact specifically with the bait protein, however, clathrin and norbin 

were dernonstrated to autoactivate the system. Sptenin, clk-1, zebnn II and the 

retrotransposon were incapable of activating the $-gaiactosidase reporter gene and were 

consequentiy dismissed as faise positives. 

III33 Characterisation of the Novel#l/~ZA37 Syotrophin Protein Interaction 

22 positives, consisting of seven independent clones, encoding the Novel#l 

protein fragment were identified in the brain two-h ybrid screen (see Figure III.3). The 

longest ORF was 234 basepairs in length and encoded a protein fragment of 78 amino 

acids and a predicted molecular weight of 8.6 ma.  The Novel#l sequence shand no 

homology or identity with any pubiished nucleotide or protein sequence save an EST 

expressed in mouse liver tissue. This EST was subsequently characterisexi in another 

laboratory as an apoptotic ion channe1 protein expresseci predominantly in the 

mitochondria and designateci Nix. The Nix cDNA was containeci in its enti~ty within the 

sequences of al1 of the NoveI#l library clones. This sequence, howevex, was in a different 



Interacting Rotein 1 Clone 1 Aione 1 +82A37 1 +p53 
D ystrophin 10-G - ++t). - 
Dystrophin 12-1 - ++++ - 
D ys tro brevin 2-G - ++$.f - 
Dystrobrevin 14-1 -- +tt+ - 

KIAA0107 (Novel#3) 24-2 -- -H-H 
CdcUcdc8-li ke kinase 3- 1 - +.H -- 
STY Kinase 25*4 - CH - 

S yntenin 5'3 - - - 
Clk- 1 3-2 - -- - 
Zebrin II 9- 1 - - - 
Retrotransposon 7- 1 - - - 

Table iII.3: Characterisath of the p-galactosidase reporter gene activity of 
individual iibrary clones. Individual library clones wen transformed into Y 190 cells 
alone, or Y N O  ceiIs expressing one of 82A37 or p53, and assayed for fbgalactosidase 
reporter gene activity. 



1 CAG A U  AGG GGG CGG GGG AAC TCG ACT TGT TGT GTT GCT GCT CGA GAG CCG GAT ACT (;TC - 60 
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Figure m.3: The Novel#l Protein. The DNA sequence and protein translation of the 
Novel#l clone, identified as a potential P2n111 sptrophin-interacting protein in the two- 
hybrid screen of the mouse brain cDNA library. The numbers denote the start site of the 
seven independent clones isolated comprising 22 positives: (l), clone 4* I; (2). clones 4- 
1, 15-1,27-1,30-1,30-2, 13*1, 16*1,25*5, and 29*2; (3), clones 10-1,22-1,224, and 
6* 1 ; (4), clone 14*2; (S) ,  clone 5*2; (6) ,  clones 1 l* 1, 16*2, 17*3, and 25*2; (7), clones 
22-2, and 17*4. Clones numbered with a "-*' denote colonies picked on day 5. Clones 
numbered with a "*" denote colonies picked on day 10. The arrow denotes the ATG start 
site of the Nix cDNA. while the blue letters denote its protein translation. 



reading hune to the expected GALA fusion protein encoded by Novel#l, whose 3' 

terminal overlapped with the 5' terminal of the Nix sequence. Consequently, the Nix 

protein should not have been translated as a GALAAD fusion pmtein thereby rendering 

it incapable of participating in the two hybrid screen. The relationship between Novel#l 

and Nix is represented in Figure m.3. 

iII3.3 Novel#l/Nix Expression in Y 190 

The presence of the complete Nix cDNA within the Novei#l library clones, albeit 

translated From a different reading frame, raised questions as to whether GAL4-ADiNix 

fusion proteins were king generated as a result of aberrations with the translational 

machinery. To determine whether the Novel#l protein sequence, the Nix protein 

sequence or both were king were king translated from the individual prey plasmids, a 

Western Blot was performed on protein lysate from Y 190 yeast cells expressing one of 

clones 4-1 or 22-2. The ce11 lysates were nin on a 4 - 12% polyacryiamide gradient gel 

and then transferred to a nitrocellulose membrane. The membrane was probed with an a- 

HA polyclonal antibody directed against the HA tag incorporateci within the G U A D  

fusion protein, and exposed to film. As can be seen from Figure III.4.A. after a five 

minute exposure a band of approximately 35 kDa is visible in the 4 1  lane. This band 

corresponds to the size of the expected protein generated by the hesion of the GALAAD 

(24 m a )  with the Novel#l protein encoded by clone 4-1 (-8.6 Da) .  Likewise, in the 

22-2 lane, a band of approximately 33 kDa is apparent, corresponding to the anticipateci 

size of the hision of the GALA-AD with the protein encoded by clone 22-2 (-6.2kDa). In 

addition, however, both lanes clearly show faint expression of a 55 kDa band that would 

correspond to the expected size of the fusion of the GALAAD with the NU( protein. 





After a twenty minute exposure (Figure IIL4.B). these 55 kDa bands are moE clearly 

visible. These results would suggest that proteins translated h m  both the Novel#l ORF 

and the Nix ORF were being mslated From the library plasmids and were capable of 

participating in the yeast two hybrid screen via thek comsponding GALA activation 

domains. 

As the Western blot seemed to suggest that both the Novel#l and the Nix ORFs 

were king translated as GALA-AD fusions. it was necessary to determine which protein. 

if not both, was interacting with the 82A37 syntrophin protein. PCR was used to ampli@ 

the individual ORFs, which were subsequently sub-cloned into the pGADT7 two hybnd 

expression vector. This is schematically represented in Figure III.5. Both pGADT7/4-1 

and pGADT7Mix were then transformed into Y190 alone, or Y 190 containing pVA3 or 

pGBT9/p2A111 and then plated onto the appropriate SDIagar selective media Only the 

yeast cells that were transformed by pGADT7/4-1 survived and went on to produce 

colonies. These colonies were streaked ont0 a Whatman paper filter, p w n  ovemight 

and assayed for $-galactosidase activity. Only the colonies expressing both the 4-1 and 

p2A37 GAL4 fusion proteins were capable of activating the fl-galactosidase reporter 

gene, thereby suggesting that $2A37 is interacting specifically with the protein encoded 

by the Novel#l open reading frame and not with Nix. 

Ill3.4 In Vlbo Af'fiity Pulldowns 

In order to confirm that the interaction between the library clones and 82A37 was 

genuine, it was necessary to demonstrate the efficacy of the binding under non-two- 

hybrid conditions utilking a biochemical assay such a s  afnnity chromatography. p2A111 

sptrophin was cloned into the pGEX4T-1 bacterial expression vector in order to 





transiently express a p2A37lGST fusion protein. The fusion protein was induced, 

following which the bacterial cells were lysed and incubated with Glutathione Sepharose 

4B beads. To ensure that protein induction was successful, the induced bacterial cells 

were lysed in both Buffer A and Cracking Buffer. Sarnples of the uninduced and induced 

cellular lysates, as well as the unbound fraction and eluted fraction were electrophoresed 

on 4 - 12% gradient polyacrylamide gels and Coomassie stained. As can be seen in 

Figure III.6.k p2A37lGST fusion protein production is evident when comparing the 

uninduced lane (U) with the Cracking Buffer-solubilised induced lane (IC) by the 

presence of the thick 78 kDa band. This band, however, is absent from the Buffer A- 

solubilised lane (IA) indicating that the syntrophin protein is insoluble in Buffer A. This 

is further demonstrated by the complete absence of any bound P2A37IGST fusion protein 

eluted h m  the sepharose beads (E). To determine whether minute quantities of the GST 

fusion were soluble in the Buffer A but below the threshold of detection by the 

Coomassie stain, induced cells expressing p2A371GST fusion protein, LZACTIGST 

fusion protein, or GST alone, and lysed in one of Buffer A or Cracking Buffer were 

subjected to a Western blot using a primary antiboây directed against GST. As can be 

seen in Figure m.6.B, GST protein (Lanes 3 and 4) and LZACTIGST fusion protein 

(Lanes 5 and 6) are both soluble in both BufTer A and Cracking BufKer. The P2A3 7/GST 

fusion protein, however, is only detectable in cells solubilised in Cracking Buffer (Lane 

2) and is completely absent from the Buffer A-solubilised ceils indicating that the 

syntrophin protein is completely insoluble in this solution. 



Figure m.6: Bacterial Expression of the P2û37 Protein, A) Coomassic stain analysis 
of a polyiicrylamide gel containing protein extracts of uninduceci DH5-a cells containing the pGEX4T- 
llP2Alll construct 0, IPTG-induced DH5-a cells expressing the GSTjp2~37 fusion protein in Buffer A 
(iA), lPTG-induced DH5-a celis expressing the GST1Ba37 fusion protein in Cracking Buffer (IC), the 
lysate of IPTG-induced DH5-a cells expressing the GS'ï/P2~37 fusion protein in Buffer A following 
centrifugation at 14000rpm for 20 minutes (L), unbound fraction following incubation of the lysate with 
Glutathione sepharose 4B beads (UB). and the bound fiaction of GST/f32~37 ftsion protein eluted h m  the 
Glutathione sepharose 4B beads (E). The 83 kDa GSTfp2a37 fusion protein is only evident i.e. sotubte 
when the bactcria is lysed in Cracking Buffer. The fusion protein is incapable of binding to the beads on 
account of the protein's insolubility in b&er A. (B) Western andysis of GST fusion proteins expressed in 
Bi2 1 ceUs and lysed in both Buffer A and Cracking Buffer. Probing the membrane with a-GST antibody 
revded an absence of any si@ corre~p~nding to GSTfpU37 in Buffet A (Lane 1). This is in direct 
contrast to the strong signai (-83 kDa) when the celb are lysed in Cracking Buffer (Lane 2). The 
GSTILZACT fusion protein (-55 kDa) is soluble in both Buffer A (Lane 3) and Cracking Buffer (Lane 4) 
as is the 28 kDa GST protein alone (Buffer k Lane 5 and Crackmg BufFér, Lane 6). 



tII.4 Discussion 

On account of their tissue-specific expression patterns and, more importantly, 

their recognised protein-binding motifs, the syntrophins are the most likely candidates to 

tailor specific protein complexes at the DGC. Within synaptic tissue, these protein 

complexes are thought to be essentiai for the formation of the synapses, and the 

maintenance of proper neurotransmission. The goal of this work was to identify new and 

novel rnembers of the DGC, and more specifically to isolate novel syntrophin-interacting 

proteins whose characterisation might lead to an understanding of the mechanism 

goveming the manifestation of the CNS phenotype of DMD. To this end, a yeast two 

hybrid screen was perforrned using the f32A37 syntrophin isoform (see Chapter II) as bait. 

The p2A37 isoform, which contains a deletion that removes 37 amino acids including the 

GLGI motif of the PD2 domain, was selected for the m n  for a number of reasons. 

Firstly, p2-syntrophin was selected on account of the suspected primacy of its role as a 

molecular scaffold at the synapse, a mie that consequently identifies the DGC-associated 

protein as a prime candidate for involvernent in the CNS manifestations of DMD. 

Secody, it was initiaiiy thought that the 82A37 protein was an altematively spliced 82 

isoform specific to the retina. interactions governed by this splice isoform would 

therefore represent an entirely novel order of protein partners, as their remitment would 

be mediated specifically by the other protein binding domains and motifs of syntrophin. 

These include two pleckstrin homology domains, the syntrophin unique domain, as well 

as other as yet uncharacteriseci protein-binding motifs that are thought to reside in the C- 

terminal portion of the PDZ domain. lx 106 clones of a mouse brain two h ybrid library 



were screened, and 70 his+ colonies were picked 53 of these his3+ clones were 

subsequently demonstrated to be fl-galactosidase positive. 

The library inserts encoding the putative syntrophin-interacting proteins were 

characterised by a combination of restriction digest and sequencing. The 53 positives 

were found to encode some 16 diffemt genes including known syntrophin-interacting 

proteins such as dystrophn and dystrobrevin, as well as novel proteins. These are listed 

in Table m.2. A number of these proteins were immediately eliminated from 

consideration on account of their possessing an expression pattern which made 

interaction with syntrophin under in vivo conditions highly improbable. The STY kinase 

(clone 25*4), for example, is expressed exclusively in the nucleus, while the expnssion 

of mlark (clone 13-1) has been demonstrated to be exclusive to the mitochondria. With 

the sptrophins wholly localised to the DGC at cellular membrane, associations with 

either of these potential interactors are highly unlikely under in vivo conditions. Other 

proteins, such as the cdc2kdc8-like protein (clone 3-1) or Novel#;! (clone 241) were 

eliminated from consideration on account of their being out of frame and encoding 

truncated proteins less than ten amino acids in length. Eight of the 13 novel proteins 

isolated were re-transformed into Y 190 containing one of 82M7, p53 or the dystrophin 

ACT4 construct in order to test for specificity of binding, as well as into Y 190 alone in 

order to test for autoactivation. These were assayed for ~gdactosidase activity (refer to 

Table III.3). Of these eight novel proteins, clathrin (clone 6-1) and norbin (clone 14*3) 

autoactivated the system and were consequently eliminated from further consideration. 

Sptenin (clone 5*3), clk- 1 (clone 3-2), zebrin (clone 9- 1) and the retrotransposon (clone 

7-1) demonstrated no reporter gene activity with any of the bait proteins, including the 



82A37 protein. These clones were resultingly dismissed as faix positives. Ody 

Novel#l and the MAAO 107 brain protein, Novel#3, were capable of selectively 

activating the expression of the $-gai actosidase =porter gene exclusivel y in the presence 

of the 82A37 protein. 

We decided to concentrate our efforts on the Novel#l protein, due to it k i n g  

represented by 22 positive colonies comprising seven independent clones. This level of 

representation minimises the chances that the interaction is a fdse positive as the 

likelihood of a spurious interaction occurring between the bait and seven independent 

clones is greatiy reduced. In addition to demonstrating that the Novelill pmtein was 

capable of B-galactosidase reporter gene activation following plasmid isolation and 

retransfonnation with pGBT9/f32A 1 I 1, it was necessary to demonstrate the interaction in 

an independent ssay such as affinity chromatography and/or co-localisation in COS 

cells. This verification is required on account of the high nurnber of false positives 

associated with the two-hybrid system. As such, the PZA111 construct was cloned into 

the bacterial expression vector pGEX4T-1 and induced in DH5-a. and BL21 bacterial 

cells in order to generate a p2A37/GST fusion protein for binding assays with in vitro- 

translateci, s3'-methionine labelled Novel#l protein. This expriment was never 

completed as  the $2A37 protein proved to be completely insoluble in anything Save 

buffers containing 6M una (Eiguns m.6.A and Iü.6.B). Under these harsh, denaturing 

conditions, binding assays were impossible. 

Shortly around this point in time, the sequence of a new member of the BCL 

family of apoptotic proteins, designated NU;, was submitted to GenBank. This gene 

shared 1 0 %  sequence homology with the Novel#l cDNA sequence. The Nix gene 



encodes an ion channel pmtein that, in the absence of B C U ,  with which it 

heterodimerises via their shared BH3 domains, inserts into lipid membranes and effecu 

celi death by apoptosis (Chen et al., 1999). While p2-syntrophin's ability to interact 

with an ion channel at the synaptic membrane would seem to correspond with the mode1 

of function we were proposing, a number of concems were apparent. First of dl, in the 

work descnbing its characterisation, Nix was shown to be exclusively localised to the 

mitochondrial plasma membrane (Chen et al., 1999). Thus, unless Nix is aiso inserted 

into the cellular membrane interactions with any of the syntrophin isofoms would be 

unli kely . More important1 y, the translational reading frame of the Novel# 1 fusion protein 

was not the same as the Nix gene reading frarne suggesting that proteins with entirely 

diffennt amino acid sequences may be generated h m  the single DNA sequence (refer to 

Figure m.3). This, however, is not uncornmon, as nontranlated gaps upstream of ORF 

inserts are often found in cDNA libraries due to the cloning of a portion of the 5' 

untranslated region of the rnRNA dong with the coding ngion. In these instances, 

translationai skippinghadthrough generates the appropriate GAL4 fusion (Yeast 

Rotocols Handbook, Clontech). Indeeà, the yeast two hybrid screen yielded clones of 

both dystrophin and dystrobrevin (clones 12-1 and 14-1 respectively) that were out of 

fime with the GALA-AD fusion, yet still produced dystrophin and dystrobrevin fusion 

proteins that were capable of selectively activating the ~galactosidase reporter gene. As 

such, it was necessary to determine which of the ORFs contained within the Novel#l 

iibrary clones were capable of interacting with 82A37 syntrophin. 

To investigate whether the Novel#l ORF or the Nix ORF was k i n g  translateci 

and fused with the GALA activation domain, yeast protein extracts of clones expressing 



clones 44  and 22-2 were transferred to a nitrocellulose membrane and probeci with a 

polyclonal a-HA antibody. This antibody is directeci against the HA tag containeci in the 

pACTIi vector and expressed in the GALA-AD fusion protein. This Western blot (see 

Figure m.4) demonstrated that the reading M e  of the Novel#l. which encodes a fusion 

protein of approximately 35 kDa, is the primarily expressed protein. However, a band of 

approximately 55 kDa, corresponding in size to the combination of the Nix protein and 

the G W A D ,  was also evident although only faintiy expressed. This result suggested 

that GALA fusions of the both the Novel#l and Nix proteins were being produced. The 

contrasting expression patterns of the two ORFs could be explained as occming as a 

result of the nature of Nix function. The Nix protein encodes an apoptotic protein that is 

repressed by heterodimerisation with its corresponding BCL partner that functions as an 

apoptotic inhibitor. Yeast cells over-expressing Nix protein from a high-level expression 

vector such as pACTII would have insufficient quantities of the corresponding BCL2 

protein and, as a direct result, die. Should Nix indeed bind with sptrophin. only clones 

expressing small quantities of the Nix protein would be capable of surviving. This 

hypothesis would explain the need for the expression of the Nix protein h m  an out-of- 

frame ORF in order to iirnit the quantity of Nix expression. 

In order to test this hypothesis, and determine whether the protein encoded by the 

Novel#l or NU< ORF was interacting with 82A37, the individual OMS were separateci by 

PCR and sub-cloned into inâependent pGADT7 expression vectors and transformeci into 

Y 190 containing the pGBT9/fl2A 1 1 I constnict. This process is represented 

schernatically in Figure IILS. As was expected, only the cells expressing the 4-1 Novel#l 

clone p w ;  clones expressing the Nix protein die& The clones expressing both the 



82A37 protein and the 4- 1 Novel# 1 protein were then assayed for pgalactosidase 

activity. The 82A3714-1 protein interaction strongly activated the reporter gene, 

confirming that the Novel#l ORF was capable of binding to fl2A37 syntrophin. 

Further work is merited in oder to characterise the nature of the interaction 

between 82A.37 and the Novet#l protein. It is possible that Novel#l and Nix are two 

separate, individual genes, and that the C-terminus of the Novel#l gene merely overlaps 

with the 5%TR of the Nix gene. If this is indeed the case, the Novel#l sequence could 

represent a gene of biological significance. Prior to confirming the interaction via 

biochemical means, however, a full-Iength characterisation of the ORF should be 

obtained to avoid conducting binding experiments on a nonsense translation of a 

biologically insignificant peptide sequence. 

While these experiments demonstrated that the Novel#l ORF interaction was 

sufficient for reporter gene activation, the possibility that the Nix protein interacts with 

the f32A37 protein has not been discounted. This interaction, however, will only be of 

biological significance if Nix expression can be shown at the cellular membrane, as 

opposed to its current localisation exclusively at the mitochondna in light of the 

protein's propensity for effecting ce11 death, the interaction will have to be verified by 

affinity chromatography as opposed to available in vivo systems. With the Nix ORF 

aiready present in the pGADT7 expression vector, generating a soluble B2-syntrophin 

GST fusion protein has become the priority. 

A number of possible solutions could be employed to overwme 82A37 

syntrophin's insolubility. One method that could be employed, is to cut d o m  the size of 

the PZ-syntrophin protein fused to GST, in the expectation that as the size of the insoluble 



82 protein decreases in relation to the size of the highly soluble GST protein, the 

solubility of the fusion protein will increase. The problem with this approach is that the 

site of interaction between 82A37 and the Novel#l protein is unlaiown, making reductive 

deletion of the construct impossible without m e r  characterisation of the interaction. A 

second possibility is to experiment with a mss-section of detergents until one is found 

that is strong enough to keep the f32A37 fusion protein soluble but not too harsh as to 

denature it. In spite of its potentially time-consuming nature, this approach has been 

selected in order that future experiments assaying binding with multiple portions of the 

PZ-syntrophin protein could be conducted. 

In conclusion, we have failed to conclusively demonstrate any novel protein 

interactions with the $2A37 syntrophin protein. This could suggest that the PH domains 

in PZ-syntrophin are solely responsible for membrane localisation and do not participate 

in mediating protein interactions. Alternatively, these results would suggest that the yeast 

two hybtid system is unsuitable for the isolation of PH domain binding proteins. 

Furthemore, the failure of the N-terminal deleted PDZ domain to bind any proteins 

previously reporteci to bind to motifs in its C-terminal (Gee et al., 1999; Lemung et al., 

2000) suggests that these interactions may be dependent on the tertiary architecture of the 

PDZ domain. Al ternaîivel y, it could indicate that the two-hybnd library screened was 

not representative of al1 proteins. Nonetheless, future experiments to identify syntrophin- 

interacting proteins shodd uglise the uuaitered PZ-syntrophin protein. 



Chapter IV: Discussion and Future Directions 



The goal of this project was determine which syntrophin isofoms were expressed 

in the retina, and fbrthermore to identify and characterise any novel syntrophin-rnediated 

protein interactions that occur within the CNS, and more specificaily the retina., in the 

hope that they would shed light on the nature of dystrophin's synaptic function and help 

explain the zetiology of the DMD CNS phenotype. 

IV.l Syntrophin Expression in the Retina 

The work in this project demonstrated that the three originally characterised 

isofomis of syntrophin, a, $1 and 82 are al1 expressed in the mouse retina. Due to the 

absence of isoform specific antibodies, however, precise data illustrating the cellular 

localisation of the individual isoforrns within the retina was unavailable. As fias been 

mentioned the dystrophin isoforms are expressed differentiaily in the retina, with both 

Dp427 and Dp260 localised at the synaptic outer plexiform layer (OPL) and Dp71 in the 

blood vessels and at the inner limiting membrane 0. Detemiining whether the 

individual syntrophin isoforms preferentially localise at the OPL or ILM would provide 

insight into the regulation of synaptic transmission in the retina, as well as aid in our 

understanding of the mot of DMD's CNS manifestation. In addition. CO-localisation 

studies at the OPL using isoform specific syntrophin and dystrophin antibodies would 

also clarify whether the individual dystrophin isoforms have different functional d e s  at 

the synapse, or if they are merely evolutionarily conserved redundancies. Finally, 

immunohistochemistry using isoform specific syntrophin antibodies on the retinae on the 

dystrophin C-terminus and alternative C-terminus laiock-out mice currently king 



generated in our lab, woutd demonstrate whether the alternative splicing of the 

dystrophin 's penultimate exon has an y impact on s yntrophin binding or localisation. 

The existence of a novel pair of syntrophin isoforms, y 1- and y 2-syntrophin, has 

recentiy ken reporteci. The expression of these syntmphin isoforms has been s h o w  to 

be brain-specific, and they are thought to represent CNS-specific members of the 

syntrophin family. The d e s  of dystrophin and syntmphin in the retina are thought to be 

fundamentally simila., both involved primarily in synaptic maintenance, and it is likely 

that CNS-specific y isoforms would fùnction in some capacity within the r e h  As such, 

an investigation as to whether the y-syntrophin isoforms are expressed in the retina 

should be undertaken. Furthemore, there is nothing to contradict the suggestion that 

other as yet undiscovered syntrophin isofoms rnight exist. With the ment creation of 

commercially available mouse retinal cDNA libraries, smens should be undertaken in 

order to determine if any other retinal or CNS-specific syntrophin genes remain to be 

found. 

IV.2 Characterising the Alternative Splicing of fl2Syntrophin 

The work described in Chapter II started optirnistically with the belief that the 

82A37 syntrophin protein represented an alternatively spliced syntrophin isofom. 

Library screens and in vitro transcription/translation assays, however, pointed more 

towards the protein representing a consistently generated PCR artefact than a novel 

regdatory rnechanism for syntmphin function. In spite of this, the possibility exists, 

however slight, that the 82A111 syntrophin isoform is a biologically signincant molecule. 

This assertion is based on the product's continued expression despite the most extreme of 

PCR conditions leading to the belief that under in vivo conditions some degree of 



transcriptional deletion may occur. This contention is supporteci by the continued 

demonstration of multiple transcripts and protein isoforms of PZ-syntrophin despite the 

absence of &ta detailing the characterisation of these products. Furthemore, the ment 

identification of y 1- and y2-syntrophin, both of which share a similar domain structure to 

the 82A111 syntrophin producf suggests that 82A111 syntrophin rnay represent an 

entirely novel member of the syntrophin family of proteins. In order to conclusively 

determine whether the 82A 1 1 1 a d o r  fi2A393 syntrophin products are represented by 

corresponding protein isoforms, antibodies directed specifically against the deleted 

portions should be generated. These could be used in conjunction with existing isoform 

specific antibodies to determine if the deletion is conserved in vivo. Altematively, 

antibodies could be generated against the protein sequence that spans the two deletion 

breakpoints. m i l e  these antibodies would prove more comprehensive should the 82A37 

or 82A 1 3 1 products be expressed in vivo, they would be functionall y useless in the event 

that they are merely PCR artefacts. 

Whether or not the 82 deletion products are functionally significant, the fact 

remains that both Northem and Western blotting have dernonstrated the existence of 

aiternatively spliced isoforms of both $1 - and p2-syntrophin. To date, however, no 

altematively spliced transcripts have been identifieci. Due to the prominence of the 

alternative splicing of both of these syntrophin isofom in br in  tissue, investigation 

should focus on this tissue. Due to the concems that we have raiseci with the fidelity of 

PCR amplification of the syntrophin sequence, efforts should be restricted to repeared 

cDNA l i b q  smeens until an altemaiively spliced or &le& product is isolatecl, or to 

f i n i t y  chromatography followed by extensive peptide sequencing. While both of these 



modes of investigation are labour intensive, products generated by the more practical 

PCR-based methods would have to be treated as suspect until verified by other methods. 

The identification and characterisation of altematively spliced syntrophin isoforms would 

represent an added level of complexity to the regulation of the assembly and maintenance 

of the DGC. 

IV3 Identifying Syneptic Protein Partners of $2-Syntrophin 

To date, no protein interactions have ken demonstrated to be mediated by the 

pleckstrin homology domains of any of the syntmphin isofoms. In spite of Our best 

efforts, this statement nmains tme. We performed a yeast two-hybrid experiment 

screening a C57BU6 mouse brain cDNA library with a p2-syntrophin consûuct missing 

37 amino acids. These 37 amino acids comprised 25 amino acids of the variable flanking 

region between the PHlA and PD2 domains, as well as the fint 12 amino acids of the 

PD2 domain including the first three amino acids of the GLGI motif. The effect of this 

deletion was to remove the portion of the PDZ domain that has been show to be 

responsible for the binding of the C-terminal tails of membrane-associated signalling and 

channel proteins. These interactions represent the bulk of the characterised syntrophin- 

associated proteins. We hypothesised that the removal of this motif would allow us to 

investigate protein interactions mediated specifically by the other protein binding 

domains of syntrophin including the pleckstrin homology and syntrophin unique 

domains, as well as uncharactensed motifs thought to reside in the unaltered C-terminal 

portion of the PDZ domain. The screen, however, identified only one candidate 

interacting clone designatecl Novel#l. This clone containeci two possible open reading 

frames, one of which was a membrane channel protein called Nix whose expression was 



restncted to the mitochondria, while the second was a completely novel protein whose C- 

terminus was encoded by an altemate reading fhme of Nix's S m .  Our investigation 

demonstrated to a limiteci extent that the novel protein sequence interacts with the 82 

constmct. This interaction was only illustrated in yeast and, should the novel protein be 

shown to have biological significance, needs to be demonstrated in independent 

biochemical assays such as affinity pulldowns or co-localisation studies. In contrast to 

the novel protein, we were unable to confirm the interaction between the Nix protein and 

the 82 construct on account of the apoptotic nature of the Nix protein. As such, in vitro 

binding assays such as affinity chromatography should be performed in order to 

determine if the two proteins interact. Should this interaction be confirme& it will be 

necessary to demonstrate Nix expression at the cellular membrane or identify a Nix 

homologue containing a TM domain specific to the cellular membrane in order to ascribe 

any biological significance to this interaction. 

With the exception of the Novel#l/Nix protein described above, the two hybrid 

screen failed to identify any novel protein partnen for the deleted 82 conshuct It could 

be inferred h m  this that the PH domains of the syntrophin isofoms are restricted in 

function to membrane localisation and do not mediate any independent protein 

interactions. While this is possible, the presence of two PH domains suggcsts that at Ieast 

one might participate in protein recniitment Instead, it is likely that the yeast two-hybrid 

is unsuitable for the detection of PH domain protein partnem. An altemate theory is that 

syntrophin's PH2 domain is rrsponsible for membrane localisation, while protein 

interactions are mediated by the PHI domain. The architecture of the tertiary structure of 

the PHI domain, however, may have been irrevocably altered on account of the deletion 



and therefore rendered incapable of recniiting its appropriate protein partnen. This 

hypothesis is supported in part by the failure of the constxuct to identify any of the 

previousl y c harac texised protein interactions, including the voltage-gated sodium 

channels and SAST proteins that have been shown to interact with $2-syntrophin 

independently of the GLGI motif. Altematively, the failure of the screen to duplicate 

previously demonstrated interactions might have arisen due to shortcomings with the 

Clontech library and could be overcorne by repeating the scnen with a different library. 

In any event, future attempts to isolate PH domain specific protein interactions should 

utilise a construct encoding the d t e r e d  PZ-syntrophin so as not to disrupt the delicate 

tertiary structure of any of the protein domains. 

The goal of this project, and in panicular the work contained in Chapter lII, was 

to identify synaptic protein Pamiers of the sptrophin proteins whose characterisation 

rnight shed light on the ætiology of the CNS phenotype of Duchenne muscular dystrophy. 

This objective was not achieved. It can be concludeci h m  this work that the recnlltment 

of criticai synaptic proteins to the DGC seems to be principally restncted to the PDZ 

domains of the synmphin proteins ador  dependent on the individual domains' tertiary 

architecture and the pmtein's global structure. As such, fume attempts to identity these 

protein partners should be restricted to undtered constructs, ideally containing the PDZ 

domain. This objective is cmnt ly  in progress, as the brain cDNA library has been 

screened using the PDZ domain of p2-syntrophin as bait. This screen has prelirninarily 

identified a number of cytoskeletal kinases and signalling proteins as well as membrane 

channel proteins. This work is ongoing and will be expanded to include protein 

interactions mediateci by the PDZ domains of the other three syntrophin isoforms. The 



identification of the individual isofom spezific PDZ mediated protein interactions of 

syntrophin, when combined with &ta showing their localisation within well-stnicaircd 

CNS tissue such as the retina, will broaden our understanding of the compiex 

mechanisms that govern synaptic maintenance and neurotransmission, and the mle that 

they play in Duchenne muscular dystrophy. 
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