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ABSTRACT
The Duchenne Muscular Dystrophy Like gene (DMDL (UTRN))
is an autosomal homologue of the X-linked Duchenne Muscular
Dystrophy gene (DMD) which encodes dystrophin. DMDL (UTRN)
maps to human chromosome 6q24 and mouse chromosome 10.
The pattern of the DMDL (UTRN) gene expression in human
and mouse was investigated by slot-blot and PCR analyses
using RNA from a wide range of foetal and adult tissues.
studies have shown, in contrast to dystrophin which is

These

expressed primarily in skeletal and cardiac muscle, DMDL
(UTRN) is ubiquitously expressed, with relatively higher levels
of expression in foetal than mature adult tissues.
This thesis describes the cloning of 5.2Kb of the DMDL
(UTRN) cDNA (full length 13Kb). Two unamplified cDNA
libraries have been prepared from human placental mRNA and
twelve independent overlapping cDNAs have been isolated.
Insert DNA varied in length from 2Kb to 3.2Kb and in total
spanned 5.2Kb. The cDNAs have been restriction mapped and
sequenced and the nature of an unstable region discussed with
reference to the nucleotide sequence of the DMDL (UTRN) gene.
The amino acid sequence for human DMDL (UTRN) protein,
utrophin, has been deduced and the protein structure compared
with that of dystrophin to which it shows considerable amino
acid sequence and structural homology. The homology between
the two proteins rises towards a highly conserved cysteine
rich region but declines towards the 5' end of the protein,
mirroring the pattern of the nucleic acid homology. Since
utrophin has a similar structure to dystrophin, it may perform
a similar function in the cell.
A restriction enzyme map of DMDL (UTRN) was generated
from Southern blot analysis of Hindlll/Pvull digested genomic
DNA. Using this information, the total genomic region spanned
by cDNA inserts isolated in this study was estimated to be in
excess of 58Kb and comprise at least 9 exons. The DMDL
(UTRN) locus is inferred to be large but not as large as the DMD
locus.
I X

Abbreviations (additional)
DMDL

Duchenne muscular dystrophy like (original

UTRN

working name of gene locus).
Utrophin gene locus name, as designated
recently by International Gene Mapping

DMDL (UTRN)

Nomenclature Committee.
The convention adopted for the name of the
utrophin gene locus, in this thesis, incorporating
both the old and new name in the interests of

Utrophin

c la rity .
This is the name of the protein encoded at the
DMDL (UTRN) locus.
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CHAPTER 1
INTRODUCTION
The first indication of the existence of a dystrophin
related protein came with the cloning of an unusual cDNA
fragment during the isolation of Duchenne muscular dystrophy
(DMD) gene cDNA clones. Sequence analysis showed that this
cDNA was clearly the product of a separate gene locus, a
homologue of DMD sometimes called DMD-like (DMDL) and most
recently designated UTRN by the International Gene Mapping
Nomenclature Committee. Much is now known about the DMD
locus and its protein product, dystrophin, where reduced levels
of this protein lead to Duchenne and Becker muscular
dystrophy. Less is known about the protein product of the
DMDL (UTRN) locus, referred to as dystrophin related protein
(DRP) and now designated utrophin [Blake et al., 1992]. Since a
comparative study between DMD and DMDL (UTRN), may provide
indications about the function and evolution of DMDL (UTRN),
the Duchenne muscular dystrophy locus and its protein product
dystrophin, are discussed in detail in this introduction.
1.1 THE DUCHENNE MUSCULAR DYSTROPHY GENE (DMD)
AND ITS PROTEIN PRODUCT DYSTROPHIN
The isolation of the gene defective in Duchenne muscular
dystrophy and the characterisation of the protein product,
dystrophin, was a triumph of modern molecular genetics.
Duchenne muscular dystrophy was recognised as X-linked since
only boys were affected and the disease was transmitted
through the female line. Various lines of evidence enabled a
precise chromosome location to be determined for DMD,
without knowledge of the biochemical defect. The rare
appearance of muscle disease in young girls was determined to
be due to translocations between an autosome and the Xchromosome: the translocation event always involved the
region Xp21. These females showed the muscular dystrophy
disease phenotype because their normal X-chromosome was
being preferentially inactivated in most cells [Greenstein e t
a!., 1977]. In addition, a number of boys were identified with
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Duchenne muscular dystrophy who had

visible cytogenetic

deletions at Xp21. Eventually genetic linkage studies also
placed the gene on the short arm of the X chromosome, at Xp21
[Davies et al., 1983] .
1.1.1 THE CLONING OF DMD
Two laboratories contributed to the successful cloning of
DMD in 1985. Ronald Wortons laboratory used fibroblasts from
a female patient with a 21 :Xp21 translocation and fused them
with mouse cells to make a hybrid cell-line with the
translocated human X chromosome against a mouse back
ground [Worton at a/.,1984]. A genomic library was prepared
from this hybrid.
Since the translocation breakpoint lay
within the set of genes encoding ribosomal RNA, the
translocation junction clone was identified using a specific
ribosomal RNA probe. This junction clone contained 620bp of
the ribosomal DNA and 11Kb of DNA from the DMD locus and
was designated DXS164 [Ray at a/.,1985]. Subclones from
DXS164 detected a restriction length polymorphism closely
linked to DMD [Thompson at a!., 1986]. The DMD genomic
fragments identified a cDNA clone complimentary to a 16Kb
transcript and comprising a minimum of 13 exons.
Subsequently it was shown that the dystrophic phenotype in
the female with the 21:Xp21 translocation could be entirely
accounted for by the loss of 5' exons from the DMD locus
[Burghes at a/., 1987].
At about the same time Kunkel at a!., took a different
approach in the cloning of the DMD gene and made use of DNA
from a young man with a large cytogenetically visible deletion
in Xp21.

This patient suffered from three X-linked disorders;

retinitis pigmentosa, chronic granulomatous disease and
Duchenne muscular dystrophy and had the McLeod rare blood
phenotype [Francke at a i, 1985]. A library was prepared using
DNA highly enriched for human Xp21 sequences, derived from
normal X-chromosomes, by using DNA from an XXXXY male. A
competitive hybridization reaction was carried out between
this X enriched DNA which was digested with Mbo I, and
sheared DNA from the patient carrying the X-chromosome
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deletion.

The reaction was enhanced using phenol and the

clones obtained were designated pERT (phenol enhanced
reassociation technique). The cloning procedure selected for
double stranded fragments with intact Mbo I ends. By this
method the library was greatly enriched for the sequences
missing in the patient [Monaco et al., 1985].
DNA from 57 patients was examined by Southern blotting
using eight of the pERT clones as probes. DNA from five
patients did not hybridize to one of the probes suggesting that
these were deleted for part of the DMD locus [Monaco at a!.,
1985]. One pERT clone, pERT87, corresponding to Wortons
clone DXS164, was tested in more than 20 laboratories on
1,346 DMD and Becker muscular dystrophy affected males in
order to determine the occurrence of deletions in this region
(Becker muscular dystrophy, or BMD is, a milder form of
Duchenne muscular dystrophy). They were able to build a
detailed map of the position of the clones and defined 137Kb of
contiguous sequence. From the data obtained on the
distribution and size of deletions giving rise to DMD and the
observation that recombination events occur between cloned
segments in the region, it became clear that the DMD locus
spanned a large segment of the X chromosome. The analysis of
the region also showed that Becker muscular dystrophy (BMD)
was allelic to Duchenne muscular dystrophy since some of the
deletions detected by the pERT clones were carried by BMD
patients [Kunkel at a!., 1986]. Two single copy sequences were
shown to hybridize to a large transcript, estimated as 16kb, in
foetal muscle RNA. Using these conserved fragments to screen
a foetal muscle cDNA library a Ik b clone was found which
mapped to the DMD region of the X-chromosome [Monaco at a!.,
1986].
During the next few years the entire DMD gene was cloned
and the gene structure determined. Koenig completed the cDNA
cloning of the DMD locus by screening an unamplified foetal
skeletal muscle cDNA library with probes from the 3' and 5'
ends of the known sequence and 'walking' out in both directions
until the limit of the cDNA was reached [Koenig at a!., 1987].
At about the same time, the mouse cDNA was cloned [Hoffman
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et al., 1987b], Both mouse and human mRNAs have now been
shown to be 14Kb in length.
1.1.2 THE GENE STRUCTURE
The DMD gene has a muscle type promoter and in view of the
fact that several other transcripts with different promoters
and tissue specificities have subsequently been identified
(sections 1.1.8 and 1.1.9) it will be refered to as muscle type
DMD for the sake of clarity. This promoter region is similar to
other muscle specific promoters, for example the skeletal
muscle actin promoter [Minty at a!., 1986, Miwa at a!., 1987,
Carroll at a!., 1988]. The muscle type DMD promoter,
comprising approximately 850bp of upsteam sequence,
contains a TATA box, a CArG box, two CArG like boxes and
several elements similar to A boxes [Nudel at a!., 1989a, Mar
at a!., 1990] and B boxes further upstream [Nudel at a!., 1989a,
Klamut at a!., 1990, Yaffe at a!., 1991, Gilgenkrantz at a!.,
1992].
This DMD gene transcript comprises 79 exons and the locus
spans a distance of approximately 2.4 megabases on the human
X chromosome with introns ranging in size from a few
basepairs (32bp) to 400Kb [Koenig at a!., 1989, Bar at a!.,
1990, den Dunnen at a/., 1989, Boyce at a/., 1991, Coffey at a!.,
1992, Monaco at a!., 1992, Roberts at a!., 1992, 1993]. The
brain promoter is over 90Kb upstream from the muscle
promoter [Boyce at a/., 1991, Monaco at a!., 1992, Rapaport a t
a!., 1992]. The first 600Kb encodes the muscle first exon and
the brain first exon and which are separated from the common
second exon by 250Kb and 400Kb respectively [Whittaker at a!.,
1993].

The muscle promoter first exon and the following 7

exons span a genomic region of 500Kb [Coffey at a!., 1992,
Monaco at a!., 1992, Whittaker at a!., 1993]. The rod domain
spans between 1.1 and 1.2 megabases encoding exons 5 to
54/55 [Coffey at a!., 1992, Monaco at a/., 1992, Roberts at a i,
1992, 1993]. The carboxy-terminal and the 3' untranslated
region spanning approximately 400Kb encodes the remaining
exons up to the 79^^ [Coffey at a i, 1992, Monaco at a i, 1992,
Roberts at a!., 1992, 1993]. The genomic locus is nearly 200
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times larger than the DMD cDNA and the human mitochondrial
genome and it contributes approximately 1/1000 of the human
genome [Koenig et al., 1987]. The gene may be this huge size
because it encodes many different transcripts from the same
locus [see sections 1.1.6, 1.1.8 and 1.1.9]. The size of this
locus means that it would take more than 24 hours for RNA
polymerase II to transcribe a single full length DMD mRNA
molecule [Ucker and Yamamoto, 1984]. This implies that full
length dystrophin will only be transcribed in mitotically
inactive cells e.g. muscle. The DMD genomic locus has been
cloned as a series of contiguous YAC clones [Coffey et a!.,
1992, Monaco et a!., 1992]. This has enabled the exon/intron
boundaries to be identified and deletions of the gene to be
fully characterised in terms of the relationship between the
position of the deletion and the severity of disease [Coffey e t
a!., 1992, Monaco et a!., 1992, Roberts et a!., 1992, 1993].
Such information will be helpful in prenatal diagnosis and
prognosis of the resulting muscular dystrophy.
1.1.3 THE DMD cDNA SEQUENCE AND THE PROTEIN
STRUCTURE
The DMD cDNA has a short 206bp 5' untranslated region, a
protein coding region which extends over 11Kb and 2.7Kb of S'
untranslated DNA. The open reading frame encodes a protein
3685 amino acids long with a predicted molecular weight of
427K [Koenig et a!., 1988a] and which has been designated
dystrophin [Hoffman et a/.,1987a].
Since low abundance of dystrophin and its large size have
meant that preparations of the protein suitable for high
resolution structural analysis are not available, structural
analysis of the amino acid sequence has provided most of the
present information.

Dysrophin is predicted to be a rod shaped

cytoskeietal protein comprising four domains showing
homology to other structural proteins. It has a globular 240
amino acid N-terminal region, which shows homology with the
filamentous actin binding domain of non-muscle alpha-actinin
[Koenig et a!., 1988a], chicken a-actinin [Hammonds et al.,
1987], Dictyostellium discoideum a-actinin and gelation
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factor [Noegel et al., 1989, Byers et al., 1989], D rosophila pspectrln [Byers et al., 1989] and pH-spectrin [Dubreull et al.,
1990]. These data led to speculation that the amino terminal
of dystrophin was an actin binding domain and it has now been
demonstrated to bind F-actin in vitro [Levine et al., 1990,
Hemmings et al., 1992, Way et al., 1992, Fabbrizio et al.,
1993a] A second domain is large and rod shaped consisting of
triple helical repeat segments originally thought to number 26
[Koenig et al., 1988a], then modified to 25 [Cross et al., 1990]
and most recently to 24, each averaging 109 amino acid
residues [Koenig et al., 1990]. These repeat regions are
structurally comparable to spectrin and probably form a
flexible rod domain where each domain is largely a -h e lic a l
with two proline rich turns allowing it to form a triple helix
[Speicher et al., 1984, Koenig et al., 1988a, Cross et al., 1990,
Koenig et al., 1990]. The rod domain also shows some
homology to the 4 repeats of myofibrillar a-actinin [Koenig e t
al., 1988a, Hoffman et al., 1989a]. This structural domain is
followed by a 280 amino acid cysteine-rich segment, of which
part is similar to the entire carboxy terminus of
Dyctyostelium discoideum a-actinin [Koenig et al., 1988a].
The proximal 150 amino acid residues of this region show
weak homology to the EF-hand calcium binding motif which is
found in calmodulin, a-actinin and p-spectrin [Koenig et al.,
1988a, Moncrief et al.,
dystrophin was thought
levels [Dubreull et al.,
region has been shown
[Milner et al., 1992].

1990, Nakayama et al., 1992]. Although
not to bind calcium at physiological
1991], a fusion protein comprising this
to bind radiolabelled calcium ions

The final domain is a 420bp C-terminus

for which, until recently, no homology to any known proteins
could be found (see discussion section 5.3) and appears to be
essential for correct localisation and function of dystrophin
[Koenig et al., 1988a, Ervasti et al., 1991, Suzuki et al., 1992,
Ahn et al., 1993 review.

Love et al., 1993 review , Matsu mura

et al., 1993c] (see section 1.1.14.)
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1.1.4 EVOLUTIONARY CONSERVATION ACROSS SPECIES
In early studies Monaco et al. showed by Southern blotting
that the DMD gene is highly conserved across species. The
human cDNA sequence detected homologous sequences in cow,
cebus monkey, hamster, mouse and chicken [Monaco et a!.,
1986]. Later DMD was also detected in dog and guinea pig
[Cooper et al, 1988, Masuda et al., 1992].
Nucleotide sequence comparisons show that the 14kb rat,
mouse and chicken DMD mRNA exhibit a high degree of
homology to human DMD [Hoffman

1987b, Koenig et al., 1987,

Lemaire et al., 1988, Nudel et al.,
1988, Freener et al., 1989,
Maconochie et al., 1992]. The first 200bp at the 5' end of the
mouse DMD sequence shows about 90% homology at the DNA
level and 95% homology at the amino acid level [Koenig et al.,
1987] and comparisons of other regions show similar levels of
homology [Maconochie et al., 1992]. Early studies also showed
that the mouse and human genes had similar patterns of tissue
expression [Hoffman et a i, 1987b, Chamberlain et a i, 1988]
suggesting that the dystrophin gene promoters and regulatory
mechanisms are also conserved between species (as
demonstrated throughout introduction).
The canine X-linked DMD product has been detected as a
14Kb transcript using human DMD RNA as a probe on Northern
blots and the 400KDa protein product of the dog DMD locus can
be detected on Western blots using anti-mouse dystrophin
antibodies. In the short region sequenced, 66bp and 22 amino
acids, (parts of exon 6, 7 and 8) the canine sequence shows
approximately 94% and 96% homology, respectively, to the
human sequence [Sharp et a i, 1992] .
Antibody studies have shown that dystrophin protein
structure is well conserved across species.

An example is

found in the chicken; using electronmicroscopy it is possible
to see that the chicken protein has the highly conserved large
central rod shaped domain with subdomains whose lengths are
compatible with repeat segments in triple-barrel a -h e lic e s
connected by short turn regions, as is predicted for human
dystrophin [Pons et a i, 1990] (as demonstrated throughout
in tro d u c tio n ).
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Furthermore, a protein homologous to human dystrophin has
been demonstrated to be present in the electric organ of the
Torpedo californica. This work utilised mouse dystrophin
anti-bodies which
Antibodies raised
detect dystrophin
with tissue from

identified a 400kDa and a 420kDa protein.
to the Torpedo proteins were then able to
in human tissue but gave a negative result
muscular dystrophy patients lacking

dystrophin. It was concluded that dystrophin and a dystrophin
isoform had been Identified [Chang et al., 1989]. In another
study, a 300kDa protein was also detected in the postsynaptic
membrane of the Torpedo electric organ and thought to be
dystrophin. It seems likely that it is, but has been
inaccurately sized, since SDS-PAGE analysis in this study
reports that murine dystrophin is also 300kDa in contradiction
to murine dystrophin identified by Chang et al., [1989], Dowdall
et a!., [1992] as 400kDa. This identification was corroborated
by partial sequence data obtained from the Torpedo dystro ph in
(amino-acid 2803 to C-terminus), which displays repeat units
that have 60% to 70% sequence identity with the rod domain
and a C-terminal with 90% identity to human dystrophin
[Davidson et al., 1988, Koenig et al., 1988,1990, Yeadon et al.,
1991]. In addition a cDNA probe derived from this sequence is
reported to identify a 14Kb transcript from Torpedo mRNA,
the same size as the human and mouse transcript [Hoffman e t
al., 1987b, Koenig et al., 1987, Yeadon et al., 1991].
Furthermore, recent work identified a protein considered to be
dystrophin in Torpedo mamorata electric organ and muscle
[Cartaud et al., 1992, Fabbrizio et al., 1993c], described as
420kDa and 400kDa respectively and similarly in skate (Raja
c la v a ta ) [Dowdall et al., 1992], described as 400kDa.
Interestingly, two alternatively spliced species of
dystrophin, detected in the postsynaptic membrane of the
Torpedo electric organ using specific monoclonal antibodies,
have been sequenced and found to correspond to human
isoforms identified by Feener et al., [1989] [Ravin et al.,
1991].
Torpedo

The presence of dystrophin and dystrophin isoforms in
indicates that differential usage of the DMD locus

was occurring at least 400 million years ago.
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1.1.5 THE CLINICAL PHENOTYPE OF MUTATIONS AT THE
DMD LOCUS
The diagnosis of a patient as being Duchenne or Becker
muscular dystrophy (DMD or BMD) depends on the severity of
presentation and there is a gradation of phenotype such that
some patients fall into neither category and are called
'intermediates' or 'outliers' [Hoffman et al., 1988a]. Duchenne
muscular dystrophy patients show onset at 3 to 5 years [Moser,
1984], are confined to a wheelchair by the time they are
between 9 and 12 years and die in their third decade, often due
to respiratory failure.
In contrast, more mildly affected
allelic Becker patients, which are much more variable in
presentation, are generally ambulatory until their second
decade with some able to walk in their 40's, 50's and 60's
[Ringel et al., 1977, Brooke 1986, Engel 1986, Bushby,1992].
both DMD and BMD proximal muscles are affected more than

In

distal ones, however, BMD patients have a more variable rate
and onset of progression. Some cases have been reported of
atypical presentations with severe muscle cramps and/or
cardiomyopathy in the absence of significant weakness [Kuhn
et al., 1979, Gospe et al., 1989, England et al., 1990]. Those
BMD patients who become unable to walk independently
between the age of 12 and 16 are classified as intermediates
or outliers [Hoffman et al., 1988a, Dubowitz 1978,1989, Emery
1987].
In one third of all cases of DMD, the mutation is not
detectable in the mother nor is there a family history and one
third of mutations seem to be new events [Zatz et al., 1977,
Emery, 1988]. The large size of the DMD gene may be the
explanation for the high mutation rate at this locus through
the mechanisms of recombination, inaccuracies in replication
and mutation for which it provides an extensive target. Only
one other gene reported has a higher mutation rate than
dystrophin and that is the steroid sulphatase locus which has a
mutation rate of greater than 75% [Yen et al., 1987, Gillard e t
al., 1987]. In 65% of cases, patients with DMD, or BMD, have
mutations which are deletions or duplications of exons within
the gene [den Dunnen et al., 1987, Forrest et al., 1988, Gillard
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et al., 1989, Koenig et al., 1989, den Dunnen et al., 1989]. The
large size of the DMD locus is not the only explanation for the
high rate of mutation however, since the distribution of the
mutations is not random [Simard et al., 1992]. The deletions in
the DMD locus are clustered in two hot spots, with 30% in the
proximal region of the gene around the first 20 exons and
approximately 70% at the distal region of the gene, around
exons 45-55 [Wapenaar et al., 1988, den Dunnen et al., 1989,
Lindlof et al., 1989, Gilgenkrantz et al., 1989, Cooke et al.,
1990, Covone et al., 1991, Chamberlain et al., 1992, Simard e t
al., 1992]. It has been observed that the mutations occurring
in proximal region of the DMD locus have a greater probability
of being familially inherited (an increased recurrence risk of
approximately 30%), with distal mutations being more likely
to occur sporadically (with a decreased risk of recurrence of
approximately 4%).
It is hypothesised that proximal deletions
occur early in embryonic development and distal mutations
occur later on [Neimann-Seyde et al., 1992, Passos-Bueno e t
al., 1992]. The molecular basis for the existence of mutation
hot spots is not known, however they may be due to
transposable elements which cause genomic rearrangements
[Kazazian et al., 1988]. A transposon mediated mechanism has
been proposed to explain the familiar occurrence of Duchenne
muscular dystrophy inherited through paternal lines [Zatz e t
al., 1991]. More recently, nucleotide sequences of two
deletion junction fragments from a DMD patients were
determined and the proximal breakpoint of the deletions in
intron 43 were found to lie in a transposon like element. This
element belongs to the THE-1 family of human transposable
elements and is usually present, in a complete form, in intron
43 of the DMD gene. The element has been called THE-43D and
is thought to cause deletions by excision and therefore give
rise to unstable hot spots [Pizzuti et al., 1992].
In muscle tissue from most severely affected DMD patients,
there is virtually no dystrophin present, although there are
some exceptions [Winnard et al., 1993]. In muscle from the
more mildly affected BMD patients, dystrophin is present at
reduced levels or of an altered size, however, there is no
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straightforward link between absolute abundance of dystrophin
and the clinical phenotype [Hoffman et al., 1988a, 1989c,
Bushby, 1992, Winnard et al., 1993]. In addition, at the DNA
level there appears to be no correlation between size of
deletion at the DMD locus with clinical severity [England et al.,
1990, Beggs et al., 1991]. England et al. [1990] reported a
family with a deletion that spanned 700Kb of genomic
sequence including 46% of the coding region. Members of the
family carrying this deletion were however, only very mildly
affected and these included a 61 year old, still ambulant,
needing only a walking stick. The largest deletion reported for
a BMD patient lacks exons 13-48 and although the patient is
more severely affected than the previous patient described, he
is still ambulant at 24 years [Winnard et al., 1993]. The reason
for such a mild phenotype appears to be due to the retention of
functional amino and carboxy termini even though the rodregion has been severely truncated [England et al., 1990,
Winnard et al., 1993] and in general, deletions of the rod region
between exons 45 and 57 tend to result in mild Becker
phenotypes [Beggs et al., 1991, Bushby, 1992]. The presence of
functional ends may be one important determinant of
phenotypic severity, however, equally important appears to be
the maintenance of an open reading frame. The 'frame shift
hypothesis' proposes that a mutation allowing the reading
frame to be maintained will result in a mild Becker type
phenotype and a mutation where the reading frame is shifted
will result in a truncated protein and therefore a severe
Duchenne phenotype [Monaco et al., 1988]. In most patients
where the deletions have been characterised this hypothesis
has proved to be correct. However, it does not explain fully
the wide range of severity within the 'mild' and 'severe' groups.
In addition there are also some patients described in the
literature where the deletion is known to give rise to a frame
shift but the individual has a mild or Becker type disease
[Gillard et al., 1989, Hodgson et al., 1989, Norman et al., 1990,
Gangopadhyay et al., 1992, Simard et al., 1992]. Some patients
with out of frame deletions who produce levels of dystrophin
at 10% of the normal and have a severe DMD phenotype, but, in
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the same study, some Intermediate patients and BMD patients
were also shown to produce approximately the same level of
dystrophin (10%-13%) [Beggs et al., 1991]. Another example of
this phenomenon is found in an out of frame deletion at exon
45 where clinical phenotypes ranging from BMD to DMD have
been reported [Gillard et al., 1989, Baumbach et al., 1989,
Hodgson et al., 1989, Love et al., 1990]. An explanation for
these cases must involve more complex mechanisms, such as
reinitiation of transcription or functional replacement of
dystrophin with alternative dystrophin isoforms [Gangopadhyay
et al., 1992, Winnard et al., 1993]. The persistence of
dystrophin associated proteins may also ameliorate symptoms
in patients with low levels of dystrophin [Campbell et al.,
1989, Ervasti et al., 1990,1991, Ibraghimov-Beskrovnaya e t
al., 1992, Winnard et al., 1993]. Finally, the occurrence of DMD
patients with in frame deletions where mRNA is present but
protein is absent, has been suggested to be due to the loss of
the ability of dystrophin to dimerize [Chelly et al., 1990b,
Winnard et al., 1993]. A precedent for observation this has
been set by findings relating to p-spectrin, in this case a point
mutation disrupts the conformation of the protein and prevents
ap-spectrin dimers combining to form tetramers [Tse et al.,
1990].
Diagnosis of female carriers with mutations at the DMD
locus is clearly important in terms of predicting the likelihood
of having affected children.
In addition, the study of affected
carriers may also shed light on how disruption of the DMD
locus confers a disease phenotype. The range of severity seen
in manifesting carriers is similar to the variation found in
males with DMD, although symptomatic BMD cases are rare and
relatively mild, as are cases of mental retardation [Moser e t
al., 1974, Boyd et al., 1986, Burn et al., 1986, Norman et al.
1989, Rapaport et al., 1991, Bushby, 1992]. The causes for
this variation may be related to the interaction between
normal and abnormal dystrophin molecules, the timing of Xinactivation in relation to the development of primitive
muscle cells and the possible mechanisms for the conversion
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of dystrophin-negative to dystrophin positive muscle fibres
[Bushby et a/.,1992, 1993].
Unusually, in some cases of monozygous twin carriers, only
one has presented with disease. In those cases where Xinactivation has been studied the symptomatic individual has
been shown to have non-random inactivation of the Xchromosome, although they are karyotypically normal [Gomez
et a i, 1977, Burn et a/., 1986, Chutkow et a i, 1987, Pena e t
a i, 1987, Bonilla et a i, 1990, Richards et a i, 1990]. However,
there is not a simple relationship between dystrophin and Xinactivation in these patients. An example of this is a patient
with a very mild phenotype, only 1-2% of muscle fibres not
showing a signal with an anti-dystrophin antibody and yet very
skewed X-inactivation [Bushby et a i, 1993]
One interesting feature of male DMD patients is that in
approximately 60% of cases, muscle tissue examined by
immunohistochemistry shows a few dystrophin positive fibres
(revertant fibres) [Shimizu et a i, 1988, Nicholson et a i,
1989b, 1990, Wakayama et a i, 1990, Arahata et a i, 1991,
Vainzof et a i, 1991, Voit et a i, 1991b, Nicholson et a i, 1992].
Some data show that in muscle tissue from DMD boys with a
characterised frame shift deletion at the DMD locus,
approximately 1% of muscle fibres appear to label strongly
with antibodies raised to domains which lie before and after
the deletion.
In some cases immunolabelling detects
dystrophin in over 20% of muscle fibres, but only weakly.
These patients most often show mild DMD or intermediate
DMD/BMD [Nicholson et a i, 1993]. These data suggest that a
reinitiation event is taking place to allow restoration of
transcription and translation through a mechanism such as
exon skipping or abnormal splicing [Klein et a i, 1992,
Nicholson et a i, 1992a,b, 1993]. Supporting this view, some
cases have been reported where exon skipping has occurred
[Chelly et a i, 1990, Roberts et a i, 1991]. In these strongly
labelled fibres, the DMD locus may be rescued by a second
mutation event, whereas, the weakly labelled fibres may be
rescued at the mRNA level. Importantly, these studies have
indicated a link between the abundance and distribution of
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dystrophin and the severity of clinical phenotype in DMD boys,
as judged by the age at which the patients loose the ability to
walk independently, where the patients with a larger number
of weakly labelled fibres have the better prognosis. There are
some exceptions to this rule, however, which may be
attributed to the misinterpretation of biopsy analysis due to
uneven distribution of dystrophin positive fibres leading to
data which is unrepresentative [Hoffman et a i, 1991, Voit e t
a!., 1991a, Nicholson et a i, 1990, 1993].
In the mouse model of DMD, designated mdx [Bulfield et a i,
1984, Sicinskl et a i, 1989], rare positively staining myofibres
and cardiocytes are also found [Miike et a i, 1989, Hoffman e t
a i, 1990, Miyatake et a i, 1989, 1991, Zhao et a i, 1993]. The
mechanisms by which this occurs have been suggested as;
normal developmentally regulated alternative splicing around
the mutated exon, illegitimate splicing, somatic reversion of
the mutation, or supression of the mutation via an unrelated
trans acting protein. Due to the rarity of positive fibres and
distribution pattern, the favoured proposal is somatic
reversion or supression events, similar to that proposed for
human DMD muscle [Hoffman et at., 1990, Zhao et a i, 1993].
1.1.6 PATTERNS OF DMD mRNA EXPRESSION
Table 1.1 is a summary of early studies showing that
dystrophin 14Kb mRNA expression was detected in a wide
range of tissues although at low levels in some cases. Levels
of expression have been evaluated relative to the amount of
dystrophin mRNA found in the skeletal muscle. The site of
highest expression in all the species tested (human, mouse, rat
and chicken), is skeletal muscle where it is estimated to
represent between 0.12% and 0.025% of the total mRNA [Chelly
et a i, 1988].

These initial studies suggest a relatively high

level of DMD mRNA in cardiac muscle and brain but the level of
transcription of dystrophin in smooth muscle appears to be
significantly lower than that occurring in skeletal muscle.
Other non-muscle tissues show extremely low levels of mRNA,
one thousand to ten thousand fold less than skeletal muscle
[Chelly et a i, 1988].
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Muscle cells in culture were used in order to determine the
levels of expression of the dystrophin transcript relative to
the stage of muscle differentiation. Since neither the DMD
transcript or protein were detectable in proliferating
myoblasts, only in multinucleated myotubes, it was suggested
that dystrophin was functionally important only after the
onset of terminal differentiation [Nudel et a i, 1988, OronziScott et a i, 1988, Klamut et a i, 1990]. However, using a very
sensitive quantitative PGR method, DMD transcription has been
detected in replicating muscle cells at levels of 10 to 40
times less than cultured myotubes and 100 to 200 times less
than in adult skeletal muscle [Chelly et a i, 1990].
Furthermore, in situ hybridisation experiments on mouse
embryo tissue sections, using a 5' DMD mRNA probe spanning
exons 16 to 20, transcripts have been detected when skeletal
myogenesis is initiated in the embryo. They begin to
accumulate at about the same time as the embryonic MHC and
this early activation reflects the importance of dystrophin in
the skeletal muscle. It must be noted that this probe will not
distinguish between the muscle and brain type of full length
dystrophin [Chamberlain et a i, 1988, Freener et a i, 1989,
Nudel et a i, 1989b] (see section 1.1.8). In the heart, in
contrast to skeletal muscle, myosin and the initiation of
contraction precede the first detectable DMD mRNA by at least
24 hours.
Interestingly, in specialised locations such as the
outflow tract, transcripts are more abundant and this may
reflect the greater contractile strain on the sarcolemma at
these sites [Houzelstein et a i, 1992]. These results correlate
with data from rat hearts where DMD mRNA was detected, by
reverse transcriptase PCR, from embryonic day 10, given that
rat develops more rapidly and PCR Is more sensitive than in
situ hybridisation [Tanaka et a i, 1991]. Protein, however,
was not detected until embryonic day 19 which may be due to
the fact that the 5' probe used in these studies does not
differentiate between species resulting from 3' splicing, (see
section 1.1.6, 1.1.8 and 1.1.9) [Houzelstein et a i, 1992].
Alternatively, translational control may be important as is the
case for the myogenic regulatory factor, myogenin [Cussella de
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Angeiis et a i, 1992, Houzelstein et a i, 1992]. DMD mRNA is
also activated in smooth muscle as it forms in the fore gut and
in the lung. In the hind gut transcripts are detected relatively
later. It is proposed that in Duchenne muscular dystrophy
respiratory failure may be due to absence of dystrophin in the
lung, however perturbations in the gut are not a major feature
in the disease [Houzelstein et a i, 1992].
About 30% of DMD patients have some degree of mental
retardation [Moser, 1984] and so in this light it is of interest
to look at DMD transcripts in the brain. In the mouse brain DMD
mRNA transcripts are detected in the cerebellum shortly after
its formation in embryogenesis [Houzelstein et a i, 1992], and
also in this study using PCR and a brain specific exon 1 probe
[Freener et a i, 1989]. The cerebellum is involved in
coordination of movements and notably older mdx mice have
been observed to have some lack of coordination and tremors
[Bulfield et a i, 1984]. Both protein and transcripts are
detected in the adult cerebellar cortex [Lidov et a i, 1990, Jung
et a i, 1991, Gorecki et a i, 1991] but not in immature tissue
[Houzelstein et a i, 1992]. In adult rat, using a 5' probe, DMD
transcripts were detected in cortex and hippocampus [Gorecki
et a i, 1991] and in this study using PCR and a brain specific
exon 1 probe [Freener et a i, 1989], but not detected in prenatal
tissue [Houzelstein et a i, 1992]. DMD mRNA transcripts are
detected in the forebrain in structures forming part of the
diencephalon. Signal is seen in the epithalamus, and the
habenula structures of this region assure contact between the
olfactory centres and the brain. In the forebrain, brain
specific DMD RNA [Freener et a i, 1989] can be detected in the
mature rat thalamus which is involved in all sensory pathways
except for the sense of smell (this study). High levels of the
DMD transcript are detected in the epiphysis which is the
embryonic pineal gland and is involved in the establishment of
circadian rhythms via perception of the dark/light cycles
[Houzelstein et a i, 1992]. In addition, DMD transcripts are
detected in precursor cells that will form the pituitary gland
and it is proposed that dystrophin may be playing a role in the
secretory processes essential for the function of the gland.
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TABLE 1.1 LEVELS OF DMD mRNA

Sp.

TISSUE

h, rt.
m

sk. muscle
(foetal and
adult)

h, rt.
m

cardiac
muscle

++++

N, RNase
P. PCR,

h, m

smooth muscle

+

N, RNase
P., PCR.

h, m.
rt

brain

+ + (

h, m

kidney

+

RNase
P., PCR

h, m

lung

( + )

N, RNase
P., PCR.

m
h, m

testis
liv e r

( + )

RNase P.
N, RNase
P.,PCR.

h, m

placenta

PCR

h, m

spleen

RNase P
PCR

m
m

neuronal cc
glial cc

h
h
h

lymphoblast cc
fibroblast cc
hepatoma cc
HeLacc

m

LEVEL OF
DMD RNA
+++++

+ +

+ + +
+

+

*

+)

* *

METHOD

REFERENCES

N,
RNaseP,
PCR S.

[Monaco '86,
Lev '87Hoffman
'87b,
Chamberlain '88,
Oronzi-Scott
'88, Freener '89,
Nudel '89b,
Chelly'88 '90]
[Hoffman '87b,
Oronzi Scott
■88, Chelly'88,
Freener '89,
Nudel '89b,
Tanaka '90}
[Hoffman '87b
'88, Chelly '88,
Nudel '89b,
Freener '89]
[Chelly '88, '90,
Hoffman '88,
Freener '89,
Nudel '89b,
Freener '89]
[Chelly '88,
Hoffman '87b;
'88b, Nudel89b]
[Chelly '88,
Hoffman '87b,
'88, Nudel '89b]
[Nudel '89b]

N.
RNaseP.,
PCR

PCR .
PCR
PCR
PCR
PCR
N

[Chelly '88,
Hoffman '87b,
'88, Nudel '89b]
[Hoffman '87b,
Chelly '88]
[Chelly '88,
Hoffman '88,
Nudel '89b]
[Chelly '90]
[Chelly '90,
Barnea '90]
[Chelly '88]
[Chelly '88,'90]
[Chelly '88]
[Monaco '86]

Sp.=species, h=human, m=mouse, rt=rat, * detected with probe specific for muscle
transcript, using probe specific for brain transcript no expression detected. * *
detected with a brain specific probe. cc=cultured cells. Method of detection
indicated by: N=Northern blot, RNaseP=RNase protection assay,
PCR=Polymerase chain reaction.
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Signal is detected in the hypothalamus, which is a region of
the diencephalon that affects pituitary function and it
seems likely that the function of the pituitary is disrupted
if dystrophin is not expressed correctly during the
formation of the gland [Houzelstein et a i, 1992]. Finally, in
this study, the brain specific transcript [Freener et a i,
1989] was detected in the spinal chord. If dystrophin plays
an important part in all these regions of the brain, DMD
patients would be expected to show a plethora of clinical
symptoms. Protein studies have suggested that dystrophin
is involved in neurotransmission [Miike et a i, 1989, Zhao e t
ai, 1991, Lidov et a i, 1990, Yeadon et a i, 1991] and there
is evidence in the m dx mouse for brain dysfunction in the
hippocampal pyramidal neurons which have increased
susceptibility to hypoxia induced loss of synaptic
transmission [Mehler et a i, 1992].
However, since the presence of mRNA is not always
coincident with the corresponding protein in terms of levels
or localisation, it is important from a functional point of
view to examine the levels of protein expression and
compare them to those of the DMD mRNA. Only 30% of
patients show mental retardation [Moser, 1984], so it must
be concluded that either the mRNA studies are detecting
signal that is not physiologically significant due to
illegitim ate transcription [Chelly et a i, 1990] or that the
brain expresses a dystrophin isoform or isoforms that are
not disrupted in many cases (see section 1.1.8).
Alternatively, it may be that dystrophin functions in some
brain regions are redundant, that is, they can be replaced by
other proteins such as utrophin (see discussion) or that
brain defects in DMD patients have not been sufficiently
clinically diagnosed. Careful comparison of DMD mRNA
levels and sub-cellular localisation with levels and
localisation of dystrophin protein may also provide valuable
information concerning such factors as rate of translation
and dependence on the presence of other cytoskeletal
proteins.
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EXPRESSION OF DYSTROPHIN IN MUSCLE

Using antibodies raised against the amino terminal of
dystrophin, protein expression has been detected in
predifferentiated myoblasts, with protein levels increasing
in early fusing myoblasts and during the differentiation and
maturation of myotubes [Klamut et a!., 1989]. Low levels of
dystrophin have been detected in human foetal muscle at 9
weeks [Patel et a i, 1988]. Dystrophin was thought to
change its localisation during human development with
expression being detected at the sarcoplasm near
myotendinous junctions between 8 and 12 weeks gestation
[Patel et a!., 1988, Ginjaar et a i, 1991a,b] and sarcolemmal
localisation in most muscle fibres has been observed at 17
weeks by Wessels et a i, [1991]. However, more recently
human dystrophin has been seen to be localised to the
sarcolemma in myotubes from at least 9 weeks of
gestation.
In this study five antibodies raised to different
regions of dystrophin (3 polyclonals and 2 monoclonals),
were utilised.
Differential staining of the myotubes was
seen with two of the antibodies and given that it was
generally the smaller ones that stained more weakly it was
suggested that there was more than one isoform of
dystrophin expressed in muscle and that they were
developmentally regulated. Furthermore one of the
monoclonal antibodies showed a significant increase in
staining between 9 and 20 weeks. Using Western blot
analysis a lower molecular weight protein was detected in
foetal tissue which persisted until switching to the adult
form by 9 months of age.

At 9 weeks of gestation two of

the antibodies detected dystrophin whereas, others
detected no dystrophin until 11 to 14 weeks although
overall levels appeared to increase. All these data together
point to the presence of several dystrophin isoforms which
are developmentally regulated [Clerk et a i, 1992].
A developmentally regulated isoform has also been
reported by Geng et a i, in mouse embryonic skeletal muscle
where the last 13 amino acids of the consensus muscle type
dystrophin (see section 1.1.9) are replaced with a novel 32
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amino acid sequence.
Interestingly, this isoform persists in
2 to 4 week old dystrophin deficient m dx mouse muscle,
this may reflect muscle regeneration which is seen in m dx
mouse muscle [Geng et a i, 1991] and implies that this
isoform has escaped the mutation that disrupted the muscle
type dystrophin.
Although, as yet, there are no antibodies specific for
particular characterised dystrophin isoforms [Love et a i,
1993, review \, the presence of such isoforms is implied by
the detection of dystrophin as a doublet or triplet on
Western blots in skeletal and cardiac muscle [Hoffman e t
a i, 1987a, Hoffman et a i, 1988a, Nicholson et a i, 1989a,b,
Patel et a i, 1988, Byers et a i, 1991, Clerk et a i, 1992]
together with the observation one of the lower molecular
weight proteins does not contain carboxy terminal epitopes
[Byers et a i, 1991]. Smooth muscle isoforms have also been
reported in mouse intestine, which are smaller than the
427kDa muscle dystrophin [Hoffman et a i, 1987a, Byers e t
a i, 1991], in addition isoforms have been detected in
vascular smooth muscle and sexual and visceral smooth
muscle [Nicholson et a i, 1989a].
The data in all these studies, suggests the existence
dystrophin isoforms in muscle and developmental regulation
of some of these.
1.1.8 EXPRESSION OF DYSTROPHIN IN THE BRAIN
Examining the expression levels of DMD mRNA and
dystrophin is complicated by the large number of
alternatively spliced transcripts and isoforms which are
continually being elucidated.
During the initial
investigations of the DMD transcript, comparison of DMD
cDNA isolated from rat brain and muscle was found to show
sequence divergence upstream of the 5' end of exon 2 [Nudel
et a i, 1989b]. Using PCR to compare RNA from human
skeletal muscle, cardiac muscle, smooth muscle and brain
an alternative first exon in human brain was identified
which showed 99% homology with the rat brain 5' sequence
[Freener et a i, 1989].

Further analysis showed that the
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brain type dystrophin and muscle type dystrophin are
transcribed from different promoters and that differential
splicing gives rise to mRNAs that differ in their first exon.
The brain isoform is transcribed from a promoter which is
over 90-300Kb upstream from the muscle promoter and
first exon and approximately 400Kb from exon 2 (this
interval represents the largest intron known) [Boyce et a/.,
1991, den Dunnen et a i, 1991, Monaco et a i, 1992, Coffey e t
a i, 1992]. This promoter does not contain typical
transcription elements and it has no TATA box at its
initiation site [Geng et a i, 1991, Makover et a i, 1991,
Boyce et a i, 1991].

That the brain type promoter is weaker

than the muscle promoter is evidenced by data that it drives
a reporter gene poorly and that the muscle promoter is
active in more tissue types [Chelly et a i, 1990, Makover e t
a i, 1991]
Although the brain transcript can be detected in skeletal
muscle and heart, in trace amounts, by PCR, [Chelly e t
a/.,1990, Bies et a i, 1992a] amongst brain cells, the
expression of this transcript is tightly confined to neuronal
cells [Bies et a i, 1992a]. These data confirm earlier
findings which suggested that dystrophin protein expression
in the brain is neuronal in origin [Hoffman et a i, 1988b] and
that dystrophin mRNA is expressed at higher levels in
neuronal cell cultures than in glial cell cultures [Barnea e t
a i, 1990, Chelly et a i, 1990]. Interestingly the muscle type
transcript can be detected in neuronal cells in trace
amounts but whereas the level of the brain transcript
increases steadily in cultured neuronal cells as they mature
in vivo, the muscle specific form remains at trace levels.
This evidence suggests that the brain type isoform of
dystrophin is the major functionally significant isoform in
the brain [Bies et a i, 1992a]. The pattern is, however, more
complex than it may seem. Four distinct transcripts have
been identified in the brain, with different localisations.
Transcripts named dystrophin-D, which is expressed in the
dendate gyrus, dystrophin-P, expressed in Purkinje cells
(both of which are discussed below and in table 1.4, and are
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possibly transcribed from alternative promoters), the brain
type dystrophin which is expressed in the neurons of the
cerebral cortex and CA1, 2 and 3 regions of the hippocampus
and the muscle type transcript also expressed in relative
abundance in these regions [Gorecki et a/., 1992].
1.1.9 ALTERNATIVE SPLICING AT THE C-TERMINAL
Table 1.2 describes a number of isoforms of dystrophin
that arise by differential splicing and are transcribed from
the brain and muscle type promoters and gives information
on the size of the resulting protein product and the position
TABLE 1.2 ALTERNATIVE TRANSCRIPTS PART I

Sp.

TISSUE

SIZE OF
PROTEIN
PRODUCT
(aa)
3680

STRUCTURAL
DIFFERENCEt
exon nos

REFS.

hm

ck

Sk. muscle,
brain
Sk. muscle,
brain
Sm muscle
Sk. muscle

71 D

3670

78 D

[Freener '89,
Bies '92a]
[Freener '89,
Kunkel '91]

3750

72 and 73 D

[Freener '89,

h

Sm. muscle

3410*

70 T

[Freener '89,

h

Sm. muscle

3280*

68 D

[Freener '89,

h

brain

3650*

71 D and 78 D

[Freener '89,

h

brain

3665*

71 and 72 D
78 D

[Freener '89,

h, m

brain,
retina,

3590*

71, 72, 73
and 74 D
78 D

[Freener '89,
Tamura, 93]

h

Table 1.2 t Comparison to the full length muscle oDNA, exon nos from Roberts et
a/., 1992. ^Possibly transcribed from a smooth muscle specific promoter. * =
transcript with brain first exon. Sp.=species, h=human, m=mouse, rt=rat,
ck=chicken Sk.=skeletal, Sm.=smooth, cc=cultured cells, D=deietion, Ds=two
deletions, position of largest described, T=termination position. Method of
detection indicated by: N=Northern blot, S=Southern blot, W=western blot,
RNaseP=RNase protection assay, PCR=Polymerase chain reaction.
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of internal splice sites relative to the 14kb muscle
transcript as described by Freener et a/., [1989].
The polymerase chain reaction technique was used to
amplify the DMD cDNA in 1Kb lengths and identied transcripts
which showed PCR amplification products different in size to
that expected from the consensus skeletal muscle cDNA. It
was demonstrated that the 3' end of dystrophin is capable of
being alternatively spliced to create isoforms differing at
their carboxy terminal domains.

Two C-terminal isoforms

were detected in skeletal muscle (transcribed from the muscle
promoter), three in brain (transcribed from the brain promoter)
and two in smooth muscle (possibly transcribed from another
promoter) [Freener et a/., 1989]. Existance of one of these
isoforms has been corroborated and many more discovered see
table 1.2 and 1.3 [Kunkel et a l, 1991, Tamura et a/., 1993].
Further to these studies, multiple novel spliced forms have
been identified in mouse brain, skeletal muscle, cardiac
muscle, diaphragm and Purkinje fibres [Bies et a!., 1992a], only
one brain specific isoform appearing identical to that
described by Freener et a/..
Interestingly, the greatest number
of isoforms have been found in non-skeletal muscle tissue.
Examination of the nucleotide sequence revealed that two of
these isoforms were observed in all tissues examined, with
several others specific to cardiac muscle and brain. The
human cardiac Purkinje fibres express an isoform that is
primarily expressed in the brain (mouse heart tissue, however,
does not express a significant amount of this isoform) [Bies e t
a!., 1992a]. Another study, examining RNA from mouse tissues
using the PCR technique, has shown a DMD transcript to be
present in the retina which also occurs in brain and muscle,
and has demonstrated two further alternatively spliced
species of DMD mRNA present in the brain and retina. Using
first exon PCR primers the brain type DMD transcript appears
to be more abundant in the retina than muscle type DMD
transcript. The isoforms detected were not tissue specific but
an Isoform expressed in the brain and retina, with exons 71,
72, 73 and 74 deleted, is not detectable in the muscle and
appears to be the same isoform detected by Freener et al., in
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the brain [Freener et al., 1989, Tamura et a!., 1993]. This lends
support to the suggestion that the main type of dystrophin in
the retina is the brain type DMD [Tamura et a!., 1993].
Further studies using human retina protein extract on
Western blots has shown that, using an amino-terminal
antibody, in addition to the 427kDa protein, two smaller major
species can be detected of 420kDa and 407kDa. Cross reactive
bands of 300kDa, 290kDa, 195kDa were also detected by this
antibody and using anti-bodies directed against the rod domain
and the C-terminal an additional 260kDa species was detected,
but these species were not further characterised [Tamura e t
a!., 1993].
Using the PCR technique transcripts of both the brain and
the muscle type, were detected in the retina. Transcripts
corresponding to the 420kDa and 407kDa dystrophins were
identified as lacking exons 71 and exons 71, 72, 73 and 74
respectively, with predicted sizes of 425kDa and 414kDa
[Fillers et al., 1993]. It is possible that the isoform lacking
exon 71 described by Tamura et al., and by Bies et al., is the
same as that identified by Fillers et al., and likewise the
isoform with exons 71 to 74 deleted may be the same as one
described by Bies, et al., [Bies et al., 1992a, Fillers et al.,
1993, Tamura et al., 1993], see table 1.3. Evidence from these
various studies also indicates that most of the isoforms
detected are conserved across species [Bies et al., 1992a,
Tamura et al., 1993]. Those isoforms not described by Freener
et al., are detailed in table 1.3.
Developmental and tissue specific alternative splicing
patterns appears to be very important in the regulation of
expression of DMD mRNA. Alternative splicing at the 3’ end of
the gene does not seem to be specific to the c is acting
promoter, for example; the cardiac Purkinje fibre isoform
[Bies et al., 1992a] has the muscle first exon (i.e. transcribed
from the muscle type promoter) but the same 3' deletion as the
brain and retina isoform transcribed from the brain type
promoter [Freener at al., 1989, Tamura et al., 1993] nor is
there is there an obvious correlation between promoter use in
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TABLE 1.3 ALTERNATIVE TRANSCRIPTS PART 2

Sp.

TISSUE

h

foetal; sk.
muscle
heart, brain.
brain,
retina
retina

m
h
m
h. m

m, ch
h

brain.
retina
brain.
muscle,
heart
heart, sk.
muscle
heart, brain

m

brain.
retina.
Sk.muscle
adult;
sk.muscle,
heart,
brain.
heart, brain.

m

heart, brain.

m

heart, brain.

m

not shown

m

heart

h,m

brain, heart

h

retina

m

m

POSITION of SPLICE SITE
exon no s
11,223-11,254 D
(78)

[Bies,
•92a]

11,223-11,254
(78)
10,431-10,471
(71)
10,431-10,471
(71)
10,432-10,471
(71)

[Tamura,
'93]
[P ilie rs,
' 93]
[Tamura,
' 93]
[Bies,
'92a]

D
D
D
D

REF.S

10,462-10,528
(72)
10,432-10,537
(71,72)
10,602-10,762
(74)

D

10,594-10,752
(74)

D

[Bies,
'92a]

10,423-10,462
10,594-10,762
(71,74 )
10,462-10,528
10,594-10,753
(7 2, 74 , )
10,528-10,753
( 7 3, 74 )
10, 423-10,462
10,528-10,753
(71, 73, 74)
10,462-10,753
( 72, 73, 74)
10,432-10,761
(71, 72, 73, 74)
10,432-10,761
(71, 72, 73, 74)

D
D

[Bies,
'92a]

D
D

[Bies,
'92a]

D

[Bies,
'92a]
[Bies,
'92a]

D
D

D
D
D
D
D

[Bies,
'92a]
[Bies,
'92a]
[Tamura,
' 93]

[Bies,
'92a]
[Bies,
'92a]
[Piliers,
' 93]

Table 1.3 Sp.=species, h=human, m=mouse, ch=chicken, sk=skeletal,
D=deletion position. Method of detection reverse transcription PCR and
Southern blotting. Neucleotide numbers refer to human when transcript
exists in mouse and human or to mouse where transcript exists in chicken
and mouse.
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development and 3’ splicing.

It seems that DMD mRNA splicing

is regulated by both c is acting promoters and tissue specific
and developmentally controlled tra n s acting factors [Bies e t
a!., 1992a].
Interestingly, there has only been one species of DMD
transcript detected which shows alternative splicing in the
rod domain, in the region between nucleotides 3600 and
4095, (although it has not been precisely located). It was
detected in the mouse and was neither tissue specific nor
developmentally regulated [Geng et a!., 1991]. (not described
in the table)
1.1.10 ALTERNATIVE PROMOTERS AT THE DMD LOCUS
At least five distinct promoters, which drive dystrophin
expression, have so far been identified, including the
muscle and brain type promoters; this is not surprising
considering the huge size of the DMD locus. Some of the
promoters are at the 5' end of the gene separated by large
distances and some are located much further downstream
and control the expression of smaller proteins lacking some
of the major domains of the muscle and brain type
dystrophins (see table 1.4).
Immunocytochemical and in situ hybridisation studies have
identified an isoform of dystrophin which is expressed
specifically in Purkinje neurons, named dystrophin-P [Lidov e t
a!., 1990, Gorecki et a!., 1992]. Using PCR the dystrophin-P
transcript was characterised and found to have a novel first
exon, with exons 2 and 3 identical to the consensus muscle
type dystrophin which implies that the transcription of
dystrophin-P Is controled by a third promoter [Koenig et al.,
1988, Gorecki et a!., 1992]. Purkinje cells are the major
output neurons of the cerebellar cortex and the fact that there
is a specific promoter controlling dystrophin expression in
these cells suggests an important role for the protein in brain
function [Gorecki et a!., 1992] (see table 1.4).
Using Northern blot analysis and RNase protection assays, a
major 6.5Kb mRNA transcript of the DMD locus was identified
in liver [Bar et al., 1990]. It was later named apo-dystrophin 1
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[Blake et al., 1992] or Dp71 [Lederfein et al., 1993] and the
mRNA has been variously described as being 6.5Kb [Bar et al.,
1990], 4.5Kb [Hugnot et al., 1992], 4.8kb [Blake et al., 1992] and
most recently has been determined as 5Kb [Lederfein et al.,
1993]. Apo-dystrophin 1 is expressed most highly in brain and
heart and many other non-muscle tissues [Bar et al., 1990,
Blake et al., 1992, Hugnot et al., 1992, Cox et al., 1993a,
Lederfein et al., 1993, Fabbrizio et al., 1993b] (see table 1.4).
The apo-dystrophin 1 has been described as an 80kDa
protein, [Blake et al., 1992], a 77kDa protein [Fabbrizio et al.,
1993b], a 75kDa protein [Hugnot et al., 1992] and as a 70.8kDa
protein [Rapaport et al., 1992, Leiderfein et al., 1992, 1993],
which lacks the actin binding domain and the rod region found
in the muscle and brain type DMD but has a contiguous cysteine
rich domain, C-terminal domain (although modified by an
alternative splicing event in which muscle type exons 71 and
78 are deleted) and 3' untranslated region [Bar et al., 1990,
Barnea et al., 1990, Blake et al., 1992, Hugnot et al., 1992,
Lederfein et al., 1992, Rapaport et al., 1992a]. The lack of an
actin binding region and rod region implies a very different
structure for apo-dystrophin 1 but the conservation of the
cysteine rich domain and the C-terminal domain suggest that
it is membrane associated and it has been found to be enriched
in membranous fractions [Arahata et al., 1988, Rapaport et al.,
1992a]. The 5' untranslated region, however, is unique as are
the first 7 codons. This sequence is located in the intron
between exons 62 and 63 of the consensus muscle DMD
transcript which suggests that this intron may also contain an
alternative promoter [Hugnot et al., 1992, Lederfein et al.,
1992, Rapaport et al., 1992a]. Recently the promoter region
was characterised. The 5' untranslated region is translated
from a single exon and flanked by a GC rich housekeeping
promoter region which has three possible S pl binding sites but
lacks TATA and CAAT motifs.
Interestingly, the distal
location of this promoter means that most dystrophin
mutations will not affect the apo-dystrophin 1 transcript or
protein. This is corroborated by apo-dystrophin 1 expression
being detected in the brain of m dx
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mutation has precluded the expression of full length
dystrophin [Sicinski et al., 1989, Bar et a!., 1990, Rapaport e t
a!., 1992a]. In early rat embryos apo-dystrophin 1 mRNA and
protein were assessed as being quantitively the main product
of the DMD gene. Using PCR, apo-dystrophin 1 mRNA has been
detected in undifferentiated ES (embryonic stem) cells
whereas the 14Kb transcript is undetectable, this result was
confirmed for the protein by Western analysis. In fact, in
undifferentiated ES cells the level of apo-dystrophin 1 mRNA
is greater than the level of dystrophin in muscle although it
decreases when cells are induced to differentiate [Rapaport e t
al., 1992b]: this is consistent with the observation that the
transcript is detected in foetal gut and muscle and placenta
but not adult skeletal muscle [Bar et al., 1990, Blake et al.,
1992]. Western blots on rat bain extracts show that there is
only a low level of apo-dystrophin 1 in 18 day embryos and
newborns and that this level gradually increases thereafter
[Jung et al., 1993].
These data suggest developmental
specificity for the muscle and apo-dystrophin 1 promoters
[Rapaport et al., 1992b], see table 1.4. At a subcellular level,
apo-dystrophin 1 is found mainly in synaptic plasma
membranes and microsomes. It was also faintly detected in
synaptic vesicles and mitochondria, thus suggesting that it has
different functions to dystrophin in the central nervous
system [Jung et al., 1993].
The fourth DMD gene product that has been described as
possibly transcribed from an alternative promoter has been
named Dpi 16 with an mRNA transcript of 5.2Kb in length
[Byers at al., 1993]. This seems likely to be the same
transcript as described by Blake et al., who identified a 5.8Kb
transcript in Schwannoma cells and glioma cells and named it
apo-dystrophin 2 [Blake et al., 1992, Tinsley et al., 1993]. The
D pi 16 transcript has a new exon which lies approximately
850bp upstream of the equivalent of muscle DMD exon 56 and
possibly a specific promoter upstream of this.

There is also

evidence for possible 3' splicing of the Dpi 16 mRNA.
Immunoblot assays detected the corresponding 116kDa protein
product which encodes the last 946 amino acids of dystrophin
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and contains the distal rod region from repeat 22, the cysteine
rich region and the C-terminal. The expression of this
transcript and protein product is found exclusively in adult
peripheral nerves and Schwann cells and its presence appears
to be mutually exclusive of the muscle and brain type
dystrophin and of apo-dystrophin 1 [Blake et al., 1992, Byers a t
a!., 1993]. Immunolocalisation showed expression of Dpi 16 to
be specific to the outside of myelinated peripheral nerve
fibres and the perimeter of the Schwann cell sheath. This
subcellular localisation may suggest that the protein has an
important role in peripheral nerve conduction but patients
with deletions in this region show no obvious peripheral
neuropathy [Ahn et a!., 1993 re w ie w , Byers et al., 1993] (see
table 1.4).
The most recent isoform described is apo-dystrophin 3
which has a 5' untranslated region and first 7 amino acids
identical to that of apo-dystrophin 1 and therefore is almost
certainly transcribed from the same promoter [Blake et al.,
1992, Hugnot et al., 1992, Lederfein et al., 1992, Rapaport e t
al., 1992a, Tinsley et al., 1993]. The protein encodes the end
of repeat 46 of the rod region, the cysteine rich region and the
first 48 amino acids of the C-terminus of dystrophin. The 3'
DMA sequence has an in frame stop codon and initial
untranslated region identical to to one of those described by
Freener et al., for a human foetal dystrophin truncated at the
proximal end of the C-terminal [Freener et al., 1989, Tinsley e t
al., 1993]. The transcript is 2.2kb, the protein product
predicted to be 341 amino acids long and 40kOa. Apodystrophin 3 appears to be less abundant in Schwannoma and
HeLa cells than apo-dystrophin 1. The mRNA transcript has
been detected by PCR in adult and foetal muscle, foetal liver,
foetal lung and foetal brain.

Mouse and human tissues showed

identical distributions.
Apo-dystrophin 3 was detected in
pluripotent mouse ES cells whereas, in this study, apodystrophin 1 was not. However, although Rapaport et al., did
find apo-dystrophin 1 in such cells, this probably due to the
Rapaport et al., primers not differentiating between apodystrophin 1 and 3 (Dp70) [Rapaport et al., 1992b, Tinsley e t
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Previously described dystrophin isoforms will have

to be reappraised in view of the characterisation of

TABLE 1.4 DYSTROPHIN iSOFORMS WITH ALTERNATIVE
PROMOTERS

DYSTROPHIN
TYPE

TISSUE

SIZE
mRNA
(Kb)

SIZE
PROTEIN
(kDa)

Brain type
dystrophin

cerebral cortex
neurons,
hippocampus
Purkinje neurons
(h,m)
Brain, sp cord,
pane, liver, testis,
lung, kidney, skin,
heart, diaph,
spleen, myom.
Foetal; brain,
heart, liver,
stomach, cc;
Schwannoma
glial, neuronal.

14

427

= 14
(nd)

= 400
(nd)

Dystrophin- P
Apo-dystrophlnl
or Dp71

STRUCTURAL
DIFFERENCE
to 14Kb muscle
transcript
Novel exon 1
Novel exon 1
Unique 5' UTR,
1st 7 codons+
promoter betw.
exon 62 and 63.
No actin
binding+rod
dom. Has cyst
rich dom+Cter (exons
71+78 del.)

Apo-dystrophin3
(same promoter
as apodystrophinl )

Adult/foetal;
muscle, liver,
lung, brain.
cc:schwannoma,
HeLa(h,m), ES
(foetal).

2.2Kb

40kDa

Apo-dystrophin2
or Dp116

cczSchwannoma,
glioma

5.8
( 5. 2)

116kDa

5' UTR + 1st 7
codons= to apodystrophinl.
Has pt of rpt 46
rod dom+cyst
rich dom+lst
48aa of C-ter
Starts 850bp
upstream of
exon 56. Has
distal rod dom
+cyst rich
dom+C-ter.

Table 1.4 h=human, m=mouse, rt=rat, Sk.=skeletal, Sm.=smooth, cc=cultured
cells, nd=not determined. cc= cultured cells, ES=embryonic stem cell, sp
cord=spinal cord, panc=pancreas, lymphobl=lymphoblastoid, diaph=diaphram,
myom=myometrium, skmu=skeletal muscle. aa=amino acids, UTR=untranslated
region, btw=between, pt=part, rpt=repeat, cyst=cysteine, C-ter=C-terminal,
dom=domain, del=deleted.
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apo-dystrophin1 and 3 and apo-dystrophin 2 (Dp116) [Tinsley
et al., 1993 and Blake et a!., unpublished]. For example,
immunologically related proteins of 400kDa, 120kDa, IIO kD a
and 70-80kDa have been identified at the postsynaptic density
of the cerebral cortex, cerebellum and olafactory bulb, these
proteins seem likely to be dystrophin isoforms since there is
reduction in their expression in the dystrophin deficient m dx
mouse [Kim et al., 1992] see table 1.4. The identification of
alternative promoters and the multitude of truncated and
alternatively spliced dystrophin isoforms has an important
impact on diagnosis and prognosis of DMD and BMD patients.
Although the amino-terminal and the rod domain show
homology to a-actinin and spectrin [Koenig et al., 1988], the 0terminal of dystrophin is the only domain that, until recently,
was not found to be homologous to any other known proteins
(see discussion). The conservation of nucleic acid sequence at
the carboxy terminal region amongst the various isoforms
discussed above, and amongst dystrophins from different
species, infers a functional significance for this region. This
function is not tissue specific since the tissue distribution of
the various DMD transcripts is very different.
1.1.11

IMPLICATIONS OF DIFFERENTIAL SPLICING
In eukaryotes, alternative splicing has an important role

in tissue specific and developmentally regulated gene
expression [Maniatis, 1991]. Other membrane skeleton
components produce multiple transcripts from single genes,
via alternative splicing and utilisation of alternative
promoters, which may reflect the multiple functions that
such proteins must perform in a vast number of cell types.
It has been suggested that dystrophin and spectrin are
part of a super family of cytoskeletal proteins [Davison e t
al., 1988, Koenig et al., 1988, Byers et al., 1989, Luna et al.,
1992 review , Love et al., 1993 review , Bennett et al., 1993
review ].

Dystrophin and spectrin have homologous amino

terminal actin binding regions [Byers et al., 1989, Dubreuil
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et a l, 1990], both proteins have central rod domain
comprising a structurally comparable series of repeat units
[Koenig et a/., 1988a, Cross et a l, 1990, Koenig et a l, 1990]
and both have a
terminus [Koenig
Nakayama et a l,
multigene family,

possible calcium binding site at the carboxy
et al., 1988a, Moncrief et a l, 1990,
1992]. Spectrin itself is part of a
an a-chain which is coded for by at least

two genes and a p-chain which is coded for by at least five
genes. The a-chain isoforms are of similar sizes and each
comprises 22 repeats of 106 amino acids, an src-homology
3 (SH3) domain and the predicted calcium binding site at the
carboxy terminus. The p-spectrins have an amino terminus
with actin and protein 4.1 binding sites and 17 repeat
segments in the rod domain, but vary in size and have
different carboxy termini [Bennett et a l, 1990, Kennedy e t
a l, 1991, Hu et a l, 1992].
Spectrin loci also demonstrate alternative splicing.
In fibroblasts, erythroid a-spectrin is expressed along with
alternatively spliced forms.
Relative to erythroid aspectrin, one of these isoforms has an insertion of SObp
between the SH3 motif and domain 11 and another form
involves the deletion of 18bp in domain 21 at the Cterminal [Moon et a l, 1990]. Erythrocyte p-spectrin (Pr ) is
expressed in cardiac muscle (along with non-erythroid Per
spectrin) and has several alternatively spliced isoforms in
this tissue which have different subcellular localisations
[Vybiral et a l, 1992].
Many other genes have also diversified by a combination
of gene duplications to give rise to mulitple loci and by
differential splicing to give rise to multiple products from
the same gene. For example, tropomyosin is a cytoskeletal
component that closely associates with actin filaments.

It

is a rod-shaped dimeric molecule that lies head to tail in
the groove of the actin filament [Smillie, 1979].
In muscle,
tropomyosin mediates muscle contraction via calcium,
troponin and actomyosin ATPase. It is also expressed in
non-muscle cells and may participate in regulation of cell
shape [Liu et a l, 1989].

32

At least five different isoforms

Chapter 1

Introduction

have been detected in nonmuscle cells named Tm1, Tm2,
Tm3, Tm4 and Tm5, which are encoded by a multigene
family [Matsumura et al., 1983, 1985, Lees-Miller et a!.,
1990]. In nonmuscle cells, four tropomyosin genes have
been characterised with the p-T m gene coding for Tm 1, aTmf encoding Tm2, 3, 5a and 5b, and the Tm 4 gene encoding
Tm 4 and hTmnm. in addition to aTms (which is also
transcribed in slow twitch muscle) which codes for Tm5
[Helfman et a!., 1986, Reinach et a!., 1986, MacLoed et al.,
1987, Yammawaki-Kataoka et al., 1987, Clayton et al.,
1988, Goodwin et al., 1991, Gunning et al., 1990, LeesMiller et al., 1990].
The p-tropomyosin gene is 10Kb in length, has 11 exons
and two isoforms transcribed from the same gene locus.
Differential splicing occurs in a tissue specific manner
such that exons 1 to 5, 8 and 9 are present in all species of
transcript, whereas exons 6 and 11 are present in the
fibroblast and smooth muscle specific forms, with exons 7
and 10 found only in skeletal muscle specific transcripts
[Guo et al., 1993].
Ankyrin gene products link the spectrin based membrane
skeleton to the plasma membrane and are encoded by
members of a large multigene family [Bennett et al., 1991,
review ]. The best characterised members of this family
are the erythroid and brain ankyrins which are coded for by
different genes, but each codes for a number of
alternatively spliced transcripts [Peters, et al., 1991b,
White et al., 1992]. The erythroid ankyrin has multiple
amino termini and therefore is likely to be regulated by
multiple promoters.
It also has alternative polyadenylation
sites, a variety of small insertions and deletions which
would produce proteins of identical size, but of different
functions and transcripts with large deletions identified in
the spleen, skeletal muscle and heart (although their
primary structure has not been determined) [Berkenmeier e t
al., 1993].
Protein 4.1 was initially detected in the erythrocyte
membrane skeleton and interacts with spectrin, f-actin and
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transmembrane proteins giycophorin and band 3. It is
thought to act as a linking molecule attaching the
cytoskeleton to the plasma membrane and so stabilizing it
[Bennet, 1985, Marchesi, 1985 reviews ]. The protein 4.1
gene locus spans over 90Kb and has at least 23 exons [Huang
et a!., 1993]. It also shows multiple isoforms generated by
differential splicing.

Isoforms have been identified in

human erythroid and nonerythroid cells [Tang et al., 1988,
1990, Conboy et al., 1991] which vary in size, subcellular
localization and levels of abundance. Recently, four
transcripts have been identified in human endothelial cells
and in mouse four mRNA species have been detected in the
embryo, five in adult brain and one in adult bone marrow,
some of which were the same as those identified in human
tissue.
It seems that the exons that are preferentially
utilised in some specific tissues are clustered into a
specific function domain and this may be related to
alteration of function in different tissues [Huang et al.,
1993].
Most of the genes coding for cytoskeletal proteins are
part of multigene families with related products being
transcribed from entirely seperate loci.
Gene duplication
allows for diversification of both the gene promoter and the
gene product, by mutation. In the case of dystrophin, the
DMD locus provides a great number of alternatively spliced
mRNAs and mRNAs transcribed from alternative promoters,
which may provide dystrophin proteins, with the functional
diversity required, without usage of a large number of
separate loci. Since it seems likely that members of
multigene families arise from gene duplication, it may be
that the DMD locus is too large to be successfully
duplicated very often and therefore has attained functional
diversity by utilisation of a number of promoters, within
the same locus, with different temporal and spatial
s p e c ific itie s .
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1.1.12 IMPLICATIONS FOR DISEASE PHENOTYPE
Since dystrophin has many isoforms with different patterns
of expression, some of which are controlled by distinct
promoters the relationship between clinical phenotype
variation may be attributed to mutations which affect one or
more of these isoforms or their promoters. For example it can
be proposed that a deletion in the C-terminal region causes
severe clinical symptoms not only because it truncates the
skeletal muscle transcript but also because it affects the
transcription or translation of non-muscle transcripts.
Conversely large deletions in the N-terminal and rod region
may leave these transcripts unaffected and so lead to a
functional skeletal muscle protein along with other normal
iso forms and a mild phenotype.
In particular this has reference to the occurrence of mental
retardation in 30% of DMD boys [Karagan, 1979, Moser, 1984,
Emery, 1988 re v ie w ]: interestingly, it is rare in BMD boys
[Dubowitz, 1978, Emery, 1987]. The mental retardation is not
progressive and does not seem to be correlated with the
severity of the muscle phenotype; the molecular basis for this
is not understood [den Dunnen et al., 1991, Rapaport et al.,
1992c]. The region of genomic DNA containing the brain
specific DMD promoter has been identified [Boyce et al., 1991,
den Dunnen et al., 1991] and it seemed tempting to suggest
that a deletion of the brain type promoter may be one of the
causes of X-linked mental retardation. The distance between
the two promoters (between 90Kb) is great enough to allow a
deletion to occur that would disrupt this promoter and leave
the muscle type promoter intact [Boyce et al., 1991, Monaco e t
al., 1992, Rapaport et al., 1992c]. Recent studies have shown,
however, that a deletion of the brain promoter DMD gene is
compatible with normal intellect [den Dunnen et al., 1991,
Rapaport et al., 1992c]. In one case the brain and muscle
promoters and the first exon of the DMD gene were found to be
deleted [den Dunnen et al., 1991] and in another case the brain
promoter and the first 18 exons were deleted [Rapaport et al,
1992c]. In the latter case, it seems unlikely that there was a
truncated dystrophin expressed in the brain which restored
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function, since there was no detectable dystrophin in the
skeletal muscle, although this does not preclude the existence
of an undetected isoform. Possible mechanisms for the
production of a reinitiated dystrophin molecule have been
suggested, such as; activation of a cryptic promoter,
intragenic enhancers or recruitment of another promoter
brought close to the DMD locus due to the deletion [Rapaport e t
al., 1992c].
Some data suggests that there may be a link between
mental retardation and deletions encompassing exon 52
[Rapaport et a!., 1991]. It is also possible that disruption of a
dystrophin isoform such as apo-dystrophin 1, which is
expressed most highly in brain and heart [Bar et a!., 1990,
Blake et al., 1992, Hugnot et al., 1992, Cox et al., 1993a,
Lederfein et al., 1993] adversely affects brain function.
Interestingly a single patient has been identified with a
deletion of the muscle specific promoter while retaining the
brain specific promoter. This patient, along with having a mild
Becker phenotype, shows normal mental capacity and a reduced
level of dystrophin in the muscle. Sequence analysis shows
that this dystrophin molecule has been transcribed from the
brain type promoter [Boyce et al., 1991].
Alternatively, lack of intact dystrophin may cause abnormal
embryonic brain development or a general drop in intelligence
resulting in borderline cases being identified as mentally
retarded [Rapaport et al., 1992c]. Furthermore DMD may also
result in educational difficulties and further lowering of
perceived IQ.
Dystrophin has been detected in the retina of man and
mouse [Miike et ai., 1989, Miyatake et al., 1991, Zhao et al.,
1991, Fillers et al., 1993, Tamura et al., 1993] and several
retinal isoforms identified [Fillers et al., 1993, Tamura et al.,
1993].
Immunohistochemical analysis of the human retina,
using anti dystrophin antibodies, shows punctate staining in
the outer plexiform layer [Fillers et al., 1993]. Experiments
were therefore carried out to examine eye function in patients
with DMD mutations. Electroretinograms (ERGs) of five BMD
and six DMD patients showed a reduced scotopic b-wave which
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represents responses to light stimulation by the middle and
inner retinal neurons as mediated by dark-adapted cones and
dark-adapted rods [Miller et al., 1970, Dick et a!., 1978, Kline
et a!., 1978, Fillers et al., 1993]. Interestingly, the ERG
findings with BMD/BMD patients are similar to those of a group
of disorders called "X-linked congenital stationary night
blindness" although linkage studies maps these loci to X p ll
and not Xp21 [Gal et al., 1989, Musarella et al., 1989, Weleber
et al., 1989, Bech-Hansen et al., 1990, Fillers et al., 1990a,b,
Alitalo et al., 1991, Fillers et al., 1993]. These data indicate
that dystrophin is involved in retinal electrophysiology.
However the precise function of dystrophin in the retina is yet
to be defined [Fillers et al., 1993].
1.1.13 SUBCELLULAR LOCALISATION OF DYSTROPHIN
Human and mouse dystrophin has been localised to the
sarcolemma by immunofluorescence using polyclonal
antibodies raised to the rod domain and the amino terminal
[Arahata et al., 1988, Bonilla et al., 1988, Zubrzycka-Gaarn e t
al., 1988]. Early biochemical studies of skeletal muscle
membranes also indicated that dystrophin might also
cofractionate with transverse tubule membranes, but this has
not been corroborated by immunocytochemistry [Hoffman et al.,
1987c, Knudson et al., 1988, Salviati et al., 1989, Byers et al.,
1991] and seem to be contradicted by more recent biochemical
fractionation studies which indicate that dystrophin is only
associated with the sarcolemmal fraction [Ohiendleck et al.,
1991a].
Immunogold labelled polyclonal antibodies, raised to
the rod domain, have localised dystrophin to the mouse muscle
plasma membrane (with periodicity of labelling of 125nm)
[Watkins et al., 1988].

Immunohistochemistry and

immunoelectron microscopy studies in human and
immunofluorescence studies in mouse, have also demonstrated
localisation of dystrophin to the plasma membrane (although
with no periodicity of labelling in longitudinal section)
[Carpenter et al., 1990, Samitt et al., 1990].

Using monoclonal

antibodies raised to the rod domain, immunogold labelling
experiments have shown that human dystrophin is closely
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associated with the cytoplasmic face of the plasma membrane,
localised 15nm beneath with periodicity of labelling on 125nm
[Cullen et a i, 1990]. More recently, Cullen at al., have used
both polyclonal and monoclonal antibodies, raised to the
carboxy terminus of human dystrophin, and detected the
protein 40nm either side of the plasma membrane with a
periodicity of labelling of 125nm in both longitudinal and
transverse sections [Cullen at a i, 1991].
Byers at a i , using mouse dystrophin specific polyclonal
antibodies, raised to the rod domain, have shown dystrophin to
be expressed in the sarcolemmal membrane and at higher
levels at the myotendinous junctions, confirming
immunoelectron microscopy studies [Samitt at a!., 1990, Byers
at a i, 1991, Zhao at a i, 1992].
Interestingly there appears to be a deficiency in the
attachment of actin filaments to myotendinous junctions in
dystrophin deficient (mdx) mice and it has been proposed that
dystrophin is an important element in the transmission of
tension from sarcomeric actin filaments through the plasma
membrane to the tendon [Samitt at a i, 1990, Tidball at a i,
1991].
Increased expression of dystrophin has also been detected
at neuromuscular junctions [Byers at a i, 1991], confirming and
refining earlier findings [Fardeau at a i, 1990, Huard at a i,
1991].
In the neuromuscular junction immunofluorescent
labelling has indicated that dystrophin maintains the folded
shape of the membrane in this region [Byers at a i, 1991].
In mature myogenic cell cultures, using antibodies, it has
been determined that dystrophin co-localises with the «spr
integrin in lattice and adhesion plaques. Evidence has also
been provided, using in vitro binding assays, that a-actinin.
addition to talin, can interact directly with integrin and the
homology between a-actinin and dystrophin suggests that
dystrophin may also function as an integrin binding protein
[Otey at a i 1990].

In myogenesis, dystrophin is present

relatively early but is diffusely distributed for several days
despite the presence of organised Integrin. Only when the
asP i-integrin-containing lattice forms, does dystrophin
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become organised. Taken together, these pieces of evidence
imply that integrin organises the dystrophin containing lattice
[Lakonishok et al., 1992] although in mouse myotubes Pi_
integrin and dystrophin have been shown to have distinct and
non-overlapping distributions [Dickson at a!., 1992].
In skeletal muscle, the subsarcolemmal cy to skeletal twodimensional lattice has been demonstrated to comprise p i integrin, a collagen receptor, y-actin, spectrin, ankyrin,
vinculin, talin and intermediate filament proteins which are
arranged as longitudinal strands and elements overlying the I
bands (costameres) [Repasky at a!., 1982, Craig at a!., 1983,
Nelson at al., 1983, Pardo at al., 1983a,b, Nelson at al., 1984,
Shear at al., 1985, Teracio at al., 1989, 1990]. Spectrin and
ankyrin have also been localised, at the sarcolemma, above the
M lines in addition to the two dimensional lattice of
costameres and longitudinal strands [Repasky at al., 1982,
Craig at al., 1983, Nelson at al., 1983, 1984].
Interestingly,
immunogold labelling studies have indicated that
subsarcolemmal distribution of dystrophin is regular and
punctate with an average distance of approximately 120nm
between dystrophin molecules in the longitudinal and
transverse orientation [Cullen at al., 1990,1991], suggesting
that it is part of a subsarcolemmal lattice. More recently,
dystrophin together with the major muscle isoform of pspectrin and probably vinculin and metavinculin have been
detected overlying M lines, in costameres, together with aactinin and in longitudinal strands.

Thus dystrophin, mediated

by filamentous actin, may be involved in the connection of
sarcomeres to the extracellular matrix (myotendinous
junctions) or to plasma membrane constituents such as ion
channels [Minetti at al., 1992, Porter at al., 1992, Straub at al.,
1992]. However, Masuda at al., have demonstrated that
vinculin and dystrophin are not exactly co-localised and North
at al., have suggested that this observation is consistent with
dystrophin being associated with caveolae (membrane
invaginations) [Masuda at al., 1992, North at al., 1993].
Dystrophin expression has been detected in mouse, and
human at neuromuscular junctions by immunogold labelling and
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by Immunofluorescence [Byers et al., 1991, Sealock at al.,
1991, Zhao at al., 1992]. The protein has been found to be
concentrated around acetylcholine receptors in acetylcholine
receptor rich membranes of Torpedo electric organ [Chang a t
al., 1989, Jasmin at al., 1990, Yeadon at al., 1991] and in rat
muscle [Bewick at al., 1992]. Using acetylcholine rich
membranes from cultured neonatal rat myotubes dystrophin
was immunolocalised
clusters, occasionally
contact domains rich
Dystrophin, although

most strongly to acetylcholine receptor
at focal contact domains and never at
in clathrin [Dmytrenko at al., 1993].
part of the spectrin rich network of

filaments associated with the cytoplasmic face of
acetylcholine receptor rich membranes, appears to be bound
firmly and distinctively compared to the other peripheral
proteins so far identified [Dmytrenko at al., 1993].
Studies in cardiac muscle indicate that dystrophin is
localised to the sarcolemma, papillary myofibres and Purkinje
fibres and the interior region of the myofibres where Ttubules are present [Byers at al., 1991, Klietsh at al., 1993].
However, it is not present at the intercalated discs which are
associated with anchoring of myofibrillar actin filaments and
transmembrane linkage to extracellular structures and
adjacent cells under tension. This is in contrast with the
possible role of dystrophin at myotendinous junctions,
whereby it may be involved in binding of the myofibrillar
apparatus to the membrane and tendon [Geiger at al., 1985
re v ie w , Samitt at al., 1990, Tidball at al., 1991, Byers at al.,
1991, Klietsh at al., 1993].
In smooth muscle, dystrophin does not appear to be
associated with adherens junctions and by implication vinculin
and integrin. Dystrophin and vinculin can be visualised by
immunofluorescent labelling, as alternating sets of
complimentary and non-overlapping ribs and are confined to
the infolded or caveolae rich regions between adhesion plaques
(identified by vinculin antibodies) [North at al., 1993]. The
fact that dystrophin is localised outside adherens junctions
also appears to contradict the suggestion that dystrophin is a
focal adhesion protein [Kramarcy at al., 1990, Byers at al..
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1991, North et al., 1993].

The suggested localisation of

dystrophin to costameres in skeletal muscle may be a
misinterpretation and dystrophin may in fact be localised to
caveolae and possibly interact with caveolin or caveolin like
molecules.

This would be consistent with the suggestion that

dystrophin is a tension sensing molecule and may indirectly
interact with stretch sensitive calcium channels [Lansman a t
al., 1991, Turner at a!., 1991, Zhao at a!., 1992, North at al.,
1993].
In mouse and human brain tissue, using immunofluorescence
and immunogold labelling, dystrophin has been localised just
below the plasma membrane in cerebellar Purkinje cells and
cerebellar cortical neurons.
In Purkinje cells, the pattern of
dystrophin distribution was punctate along the membrane of
the soma and dendrites but was not present along the axons or
in the cytoplasm. In the cerebral cortex dystrophin was
visualised as punctate aggregates along the soma and the
dendrites of pyramidal neurons. These data have been
interpreted to mean that dystrophin may have a role in
anchoring of receptors or other elements of the postsynaptic
apparatus to the neuronal membrane [Lidov at al., 1990]. This
is not inconsistent with the presence of dystrophin at
neuromuscular junctions [Byers at al., 1991, Sealock at al.,
1991, Yeadon at al., 1991, Bewick at al., 1992, Zhao at al.,
1992], in the acetylcholine receptor rich membranes of
Torpedo electric organ [Chang at al., 1989, Jasmin at al.,
1990, Yeadon at al., 1991] and in acetylcholine receptor
clusters of cultured myotubes [Dmytrenko at al., 1993].
However, differential localisation has been found between
Torpedo and skate electrocytes. Dystrophin is localised only
to the innervated membranes in Torpedo

but, in skate

electrocytes to both the innervated and non-innervated
membranes [Dowdall at al., 1992]. Therefore care must be
taken in interpreting data from a variety of species.
1.1.14 DYSTROPHIN AND THE GLYCOPROTEIN COMPLEX
It has been demonstrated that dystrophin Is linked to an
integral membrane glycoprotein In the sarcolemma as part of a
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large tightly associated oligomeric complex containing six
other proteins, in skeletal muscle.

The arrangement comprises

a 156kDa extracellular glycoprotein and a 25kDa
transmembrane protein, linked to dystrophin via three
transmembrane glycoproteins of 50kDa (recently named
adhalin [Roberds et al., 1993a]), 43kDa and 35kDa and 59kDa
cytoskeletal protein (identified as a 58 to 60kDa doublet in rat
skeletal muscle by Cartaud at al., )[Campbell at al., 1989,
Ervasti at al., 1990, Yoshida at al., 1990, Ohiendieck at al.,
1991a, Ervasti at al., 1991a, b, Ibraghimov-Beskrovnaya at al.,
1992, Cartaud at al., 1993, Matsumura at al., 1993a review ].
A single cDNA for the 43kDa and 156kDa (see Fig. 1.1)
glycoproteins has been sequenced and mapped to human
chromosome 3p21.1-p21.31, demonstrating that both these
proteins are translated from the same 5.8Kb mRNA sequence
and post-translational processing of a 97kDa precursor results
in the two proteins [Ibraghimov-Beskrovnaya at al.,
1992,1993]. Analysis of the primary sequence has
corroborated biochemical data [Ervasti at al., 1991] and
indicates that the 43DAG has three possible A /-g ly c o s y la tio n
sites, a putative transmembrane domain and a 120 amino acid
cytoplasmic tail [Ibraghimov-Beskrovnaya at al., 1992]. The
156DAG is transcribed from the amino-terminal of the
precursor protein and has a possible /V-glycosylation site in
the 56kDa core protein, along with many putative Oglycosylation sites [Ibraghimov-Beskrovnaya at al., 1992]. The
molecular weight of the 156DAG is nearly two thirds
carbohydrate and may be described as a proteoglycan. The
156DAG and 43DAG have been named a-dystroglycan and p dystro glyca n due to the presence of heavy glycosylation and
the association with dystrophin [Ibraghimov-Beskrovnaya a t
al., 1992,1993].
A model has been proposed with dystrophin as a bent anti
parallel dimer with the cysteine rich region and the first half
of the C-terminus linked to the transmembrane components of
the complex [Ervasti at al., 1991, Suzuki at al., 1992] and the
N-terminus possibly binding to a filamentous actin
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Binding to laminin and the
extracellular matrix

156Kd
156Kd

Sarcolemmal Membrane

50K I

43Kc
!5Kd

iOKc

59Kd

59Kd

Dystrophin
F-Aclin
F-Actin

Fig.1.1 A putative model of the Interaction between dystrophin
and the dystrophin-associated glycoprotein complex (DAP).
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cytoskeleton (see section 1.1.3 [Ervasti et al., 1991, Hemmings
at a!., 1992, Levine at a!., 1992, Way at al., 1992,
Ervasti at al., 1993a,b]. (Fig. 1 . 1 ). This structural
organisation, in terms of the association of dystrophin with a
glycoprotein complex, is very similar to that of cadherins
[Takeichi at al., 1991] and integrins [Rouslahti at al., 1987].
Interestingly, the 156kDa dystrophin associated glycoprotein
has been demonstrated to bind laminin [IbragnimovBeskrovnaya at
dystrophin has
cardiac muscle
[Dickson at al.,

al., 1992, Ervasti at al., 1993a], furthermore,
been shown to co-localise with laminin in
[Klietsch at al., 1993], cultured myotubes
1992] and in striated muscle the dystrophin-

glycoprotein complex has been demonstrated to bind both actin
and laminin [Ervasti at al., 1993a]. Therefore, it is suggested
that the function of dystrophin is to link the subsarcolemmal
cytoskeleton with laminin, a major component of the
extracellular matrix [Mecham at al., 1991] via a
transmembrane complex and an extracellular glycoprotein
[Ibrighim ov-Beskrovnaya at al., 1992, Ervasti at al., 1993a].
It is possible to infer that loss of dystrophin, which results
in the loss of other components of the glycoprotein complex
from the sarcolemma [Ervasti at al., 1990, Ohiendieck at al.,
1991c, Ohiendieck at al., 1993], and disrupting the linkage
between the actin-based cytoskeleton and the extracellular
matrix, may compromise the flexibility and integrity of the
sarcolemma and so may leave it open to mechanical damage
[Weller at al., 1990, Menke at al., 1991, Stedman at al., 1991,
Ervasti at al., 1993a] or alteration in specific calcium
regulatory mechanisms [Fong at al., 1990, Franco at al., 1990,
Lansman at al., 1991, Turner at al., 1991].

Hypo-osmotic shock

has been used to compare stress resistance between mdx
mouse muscle fibres and normal mouse muscle fibres and
between cultured myotubes from both normal and dystrophic
mice [Menke at al., 1991].
Substantial and irreversible force
drop in m dx fast twitch muscle has also been demonstrated
when muscles are subjected to eccentric contractions. This
seems to indicate a lower threshold for muscle damage in the
absence of dystrophin [Moens at al., 1993].
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reduction in the stability of the dystrophin free cells has been
demonstrated . It is very likely that this is due to lack of
dystrophin but it could be due to related factors such as the
loss of the associated glycoprotein complex or long term
calcium influx activating proteases which lead to the
breakdown of the cell.

This hypothesis is supported by

evidence that there is a significant reduction of dystrophin
associated glycoproteins in m dx muscle and in DMD patients
[Ervasti et al., 1990, Ohiendieck at a!., 1991c, 1993]. Although
dystrophin contributes only 0 .0 0 2 % of total muscle protein,
the observation that it makes up 2 % of the sarcolemmal
protein [Ohiendieck at a!., 1991a] and 5 % of the sarcolemmal
cytoskeleton [Ohiendieck at a!., 1991b] lends weight to the
idea that dystrophin and its glycoprotein complex have an
architectural function [Iwata at al., 1993b, Love at al., 1993].
Whereas the localisation and expression patterns of
dystrophin in skeletal muscle [Porter at al., 1992], seem to
indicate a role for stabilisation of the sarcolemma, the
distribution in cardiac muscle, smooth muscle, cortical
neurons and Torpedo electrocytes [Lidov at al., 1990, Byers a t
al., 1991, Sealock at al., 1991, Yeadon at al., 1991, Cartaud a t
al., 1993] suggests alternative roles for dystrophin in non
contract i le tissues [Ervasti at al., 1993a]. In non-muscle
tissues there is an identical or antigenically similar
dystrophin associated glycoprotein complex, including a
similar complex in Torpedo electrocytes [IbraghimovBeskrovnaya at al., 1992, Cartaud at al., 1993, Ervasti at al.,
1993a, Iwata at al., 1993b, Klietch at al., 1993]. In Torpedo
electrocytes the 59kDa protein appears to have a functional
homologue of 52kDa [Cartaud at al., 1993]. The 43kDa and
156kDa dystrophin associated glycoproteins are expressed in
non-muscle tissue [Ibraghimov-Beskronova at al., 1992] but
the 156kDa dystroglycan, although it binds laminin, does not
appear to form a complex with full length dystrophin [Ervasti
at al., 1993a]. It is suggested that dystroglycan in non-muscle
tissues may bind to dystrophin isoforms, although this may not
involve actin binding since some of the non-muscle isoforms
lack the putative actin binding domain of dystrophin, giving
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weight to the idea that dystrophin and its isoforms perform a
variety of functions [Blake et al., 1992, Lederfein at a!., 1992,
Rapaport at al., 1992a, Ervasti at al., 1993a, Byers at al.,
1993, Cartaud at al., 1993, Tinsley at al., 1993]. In rabbit, the
a-dystroglycan differs in molecular weight between muscle
and non-muscle tissues although, unlike dystrophin, this is
thought to be due to alteration of sugar moieties and not the
core protein structure [Ibraghimov-Beskronova at al., 1992,
1993]. The 50-DAG, in contrast to dystroglycan, is expressed
specifically in skeletal muscle, smooth muscle and cardiac
muscle [Roberds at al., 1993].
Clearly the C-terminal of dystrophin is very important for
normal function, however, four severely affected DMD patients
have been identified whose truncated dystrophin, lacking the
C-terminal, shows apparent correct localisation to the
sarcolemma [Hoffman at al., 1991, Bies at al., 1992b, Helliwell
at al., 1992a, Recan at al., 1992]. This evidence seems
contrary to previous data that indicated that the C-terminal
was essential for correct localisation and function of
dystrophin [Ervasti at al., 1991, Suzuki at al., 1992, Matsumura
at al., 1993c].
However, immunohistochemical studies of
muscle from such patients demonstrated drastically reduced
levels of the dystrophin associated protein complex and
suggested that the region of the C-terminal that binds to the
DAPs is disrupted or missing [Matsumura at al., 1993c].
Therefore, in terms of DMD, the important function of this
domain is the linkage of dystrophin to the dystrophin
associated glycoprotein complex and the status of the DAPs
has an important correlation with disease phenotype [Suzuki a t
al., 1992, Matsumura at al., 1993c]. In addition, data from BMD
patients shows less drastic reduction of dystrophin associated
proteins at the sarcolemma, which correlates well with the
milder phenotype of Becker patients [Matsumura at al., 1993d].
Dystrophin with a truncation at the C-terminal is probably
localised to the subsarcolemma via its actin-binding site at
the N-terminal [Samitt at al., 1990, Ervasti at al., 1991a,
Tidball at al., 1991, Matsumura at al., 1993a]
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Interestingly, some patients with severe DMD like
symptoms, but with normal dystrophin, have been
demonstrated to have reduced [Matsumura et al., 1993b] or
absent [Matsumura et al., 1992b] dystrophin associated
glycoproteins. In DMD muscle, although there is an 80-90%
reduction of 50-DAG in the sarcolemma, the mRNA levels are
only slightly decreased, indicating a postranslational event
[Olendieck et al., 1993, Roberds et al., 1993].

BIO 14.6

cardiopathie hamsters have a specific deficiency of 50-DAG in
skeletal and cardiac muscle and this is believed to be the
cause of the animal's muscular dystrophy and cardiomyopathy
[Iwata et al., 1993b, Roberds et al., 1993b].

Interestingly,

these animals show a 50% reduction of dystrophin in the
ventricular membrane but a four fold increase in the
microsomal fraction suggesting a weakening in the membrane
association of dystrophin, which may be due to a failure of the
DAGs to bind dystrophin to the sarcolemma [Iwata et al.,
1993a,b]. In human, patients with severe childhood autosomal
recessive muscular dystrophy (SCARMD) have normal levels of
dystrophin at the sarcolemma of skeletal muscle but show
greatly reduced levels of 50-DAG [Matsumura et al., 1992b].
Many SCARMD patients show a specific severe deficiency of
50-DAG in skeletal muscle [Matsumura et al., 1992b] a subset
of which are linked to chromosome 13q12 [Azibi et al., 1993,
Ben Othmane et al., 1993]. These data strongly implicate a
role for the 50-DAG in the pathogenesis of SCARMD and hence
an Important role in maintenance of muscle integrity, although
a mutation in the 50-DAG has not yet been directly linked to
the disease [Roberds et al., 1993a].
The dystroglycan gene has been proposed as the possible
locus of Fukuyama-type congenital muscular dystrophy (FCMD).
Patients with this disease have severe muscular dystrophy and
brain anomalies and there is some evidence to suggest an
interaction with the FCMD gene product and dystrophin [Nonaka
et al., 1979, Fukuyama et al., 1981, Arikawa et al., 1991, Beggs
et al., 1992]. Dystroglycan is expressed in both muscle and
brain, which are both affected tissues in FCMD, and, although
the expression of dystrophin is at near normal levels in these
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patients, dystroglycan is the most drastically reduced of the
dystrophin associated proteins [Ibraghimov-Beskrovanaya e t
al., 1993, Matsumura et al., 1993b]. FCMD muscle has also been
analysed for localisation of the laminin M sub-unit. This
protein is drastically reduced at the FCMD sarcolemma, as
compared to SCARMD or DMD muscle [Hayashi et al., 1993].
Contrary to other reports, one study suggested that dystrophin
associated glycoproteins were not reduced in FCMD and that
the dystrophy was caused by loss of the laminin subunit
[Arahata et al., 1993].
whether the primary defect lies with
laminin or whether it is caused by the loss of the ability of
dystroglycan to bind laminin, is yet to be determined [Hayashi
et al., 1993].
1.1.15 ANIMAL MODELS FOR DMD
A point mutation in the mouse Dmd locus gives rise to a
mouse model for Duchenne muscular dystrophy, designated mdx
[Bulfield et al., 1984, Cavanna et al., 1988, Ryder-Cook et al.,
1988, Sicinski et al., 1989]. The mutation gives rise to a stop
codon in the rod domain of the Dmd locus and there is an
almost total lack of dystrophin in muscle as detected by
immunoblotting, though immunofluorescence microscopy
reveals the presence of a very few strongly labelled revertant
fibres [Hoffman et al., 1987b, 1988b, Cooper et al., 1988,
Arahata et al., 1988, Bonilla et al., 1988, Sugita et al., 1988,
Carpenter et al., 1989, Sicinski et al., 1989, Hoffman et al.,
1990]. In contrast to the Duchenne muscular dystrophy
mutations in human, the limb muscles of adult mdx mice do
not seem to exhibit weakness nor progressive degeneration, as
is seen in humans with absence or reduction of dystrophin
[Moser 1984, Engel 1986, Anderson et al., 1988, DiMario et al.,
1989]. However, the mouse diaphragm exhibits a pattern of
degeneration, fibrosis and severe functional impairment which
is comparable to that in DMD limb muscle. One possible
explanation for this is that the discrepancy in work output
could account for the difference in degenerative change seen in
the limb and the diaphragm of the mouse compared to human
skeletal muscle. It has been proposed that dystrophin
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deficiency alters the threshold of work induced injury; in
contrast to obligatory respiratory work, the work output of the
limb, in a caged animal, is small [Steadman et al., 1991].
Another animal model for muscular dystrophy has been
identified in the dog, canine X-linked muscular dystrophy
(CXMD) or golden retriever muscular dystrophy (GRMD). Using
probes on Northern blots, a 14Kb DMD transcript could not be
detected in RNA samples from the CXMD/GRMD dogs and
Western blots on total muscle protein failed to detect a
400kDa protein in affected dogs, using antibodies raised to
dystrophin [Cooper at al., 1988, Kornegay at al., 1990].
The mutation has been identified as a point mutation which
changes the 3' consensus splice site of intron 6 , such that exon
7 is excluded and the dystrophin reading frame terminates
within the N-terminal domain of exon 8 . The truncation is
therefore due to a deletion of the seventh exon in the
transcript but not the gene. This mutation, which results in a
severe phenotype, is of particular interest since such splice
site mutations may account, in part, for the «30% of DMD
patients that do not have a detectable deletion in their
genomic DNA [Angelini at al, 1990, Sharpe at al, 1992].
CXMD/GRMD dogs are a better animal model for muscular
dystrophy than are mdx mice. The muscle, which appears to
have almost no dystrophin, shows early onset degenerative
myopathy with progressive necrosis, phagocytosis and
regeneration causing fibrosis. The degeneration results in
progressive muscle weakness which is first noticeable at 8 to
10 weeks of age. The phenotype of the disease is very similar
to that described in man [Cooper at al., 1988]. In contrast to
the mouse muscle, the dog, being a much larger animal, would
have more muscle stress, comparable to that in man and so the
work difference may account for the species specific
phenotypic

variability.
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1.2. THE DMDL (UTRN) GENE AND ITS PROTEIN PRODUCT,
UTROPHIN
DMDL (UTRN) and its protein product, utrophin are
examined in more detail in the discussion section, but what
follows is mainly a description of what was known about
this locus and its protein at the beginning of this study.
1.2.1 THE CLONING OF A DMDL (UTRN) cDNA AND
COMPARISON OF DMD TO DMDL (UTRN)
The DMDL (UTRN) cDNA was first identified in 1989 when a
human foetal muscle cDNA library was screened with DMD
cDNA probes in order to complete the cloning of the DMD cDNA.
A cDNA fragment was detected and sequenced which was not
identical to the known DMD sequence. The insert was 3.5Kb in
length and showed homology to the C-terminal end of
dystrophin. The sequence was designated BfmS and could be
restriction enzyme digested to give two fragments: a 1.9Kb
Hind III fragment, homologous to dystrophin coding sequence
and a 1.6Kb fragment showing no homology to dystrophin (Fig.
1 .2 ) [Love et al., 1989].
Digestion of the BfmS clone with Psti was informative
with regard to exon/intron structure. The intact 3.5Kb BfmS
cDNA clone contains no Psti sites but identifies six genomic
Psti fragments however, the isolated 1.9Kb and 1.6kb Hind 111
fragments show different profiles. The 5' 1.9Kb fragment
identifies all six genomic Psti fragments but the 1.6Kb
fragment only identifies one. This indicates that the 5'
fragment comprises a number of exons and the S' fragment
probably encodes a single exon. The DMD gene shows a similar
arrangement of exons in the comparable region of the Cterminal coding sequence and only two exons in the S'
untranslated region [Love et a!., 1989].
Approximately 1.5Kb of the BfmS clone was sequenced and
compared to DMD. The 5' 1.5Kb showed 65% homology at the
nucleotide level and «80% at the amino acid level, to the
corresponding C-terminal region of DMD. An open reading
frame was identified in this region. S' of this point the
homology between DMDL (UTRN) and DMD disappeared. The
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Fig. 1.2 The position of the DMDL (UTRN) Bfm3 cDNA
relative to DMD cDNA.
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point of divergence coincided with the translation stop codon
(UAA) in DMD and a potential stop, (UGG) in DMDL (UTRN) [Love
et ai., 1989]. It was assumed that the non-homologous region
represented the 3' untranslated sequence of DMDL (UTRN) [Love
at a!., 1989]. (Fig. 1.2).
1.2.2 DMDL (UTRN) mRNA AND UTROPHIN
RNA studies have shown that the 1.6Kb fragment of BfmS,
which is not homologous to dystrophin, does not identify the
DMD 14kb transcript on Northern blots of muscle mRNA, but
hybridises to a distinct 13Kb transcript [Love at a!., 1989]. A
490 amino acid sequence could be deduced from the open
reading frame of the BfmS clone, which shows 73% homology
with the C-terminal of dystrophin or 83% if conservative
amino acid substitutions are considered [Love at al., 1989].
Interestingly antibodies raised to the C-terminal of DMD had
been found to cross-react with utrophin indicating the
presence of shared epitopes in this region [Tanaka at al, 1989].
Antiserum specific for BfmS were raised using fusion
proteins derived from 646bp of the BfmS sequence in pATH
expression vectors. These antibodies were used as probes on
Western blots of protein extracts from muscle biopsies taken
from Duchenne muscular dystrophy patients, who were
deficient in normal dystrophin. A novel protein, utrophin, was
detected of approximately the same molecular mass as
dystrophin (400kDa) [Khurana at al., 1990, Love at al., 1991,
Nguyen thi Man at al., 1991, Voit at al., 1991a].
1.2.3 CHROMOSOMAL LOCALISATION
DMDL (UTRN), in contrast to DMD (localised to Xp21) was
initially localised to 6q21-qter by hybridisation to DNA from a
panel of human-rodent somatic cell hybrids. The probe used
was the 1.6Kb fragment from the Bfm3 cDNA and this
identified a 1.8Kb Pst 1 fragment on human chromosome 6 . The
exact location was determined as 6q24, by in situ
hybridisation of the labelled intact 3.5Kb Bfm3 fragment to
metaphase chromosomes [Buckle at al., 1990]
The mouse homologue of DMDL (UTRN) has been designated
Dmdl (Utrn).
Using DNA samples from a mouse interspecific
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backcross It was possible to identify a restriction fragment
polymorphism with Bfm3 and then to map Dm dl (U trn) by
linkage analysis, on to the mouse chromosome 1 0 , close to
dystrophia muscularis (dy) [Buckle et a!., 1990]. This raises
the possibility that Dmdl (Utrn) is a candidate locus for this
disease. Immunological studies have not given positive
evidence that the dy maps to the Dmdl (Utrn) locus, but have
not ruled it out [Love at al., 1991] (see discussion).
1.2.4 EVOLUTIONARY CONSERVATION
Sequences homologous to human DMDL (UTRN) can be
detected in other species.
Initial examination using the Bfm3
clone as a probe on Southern blots, has revealed that it
hybridises to DNA fragments from a wide range of vertebrate
animals such as mouse, rat, hamster, chicken and horse [Love
at al., 1989]. The high level of conservation implies functional
importance for the DMDL (UTRN) locus. Conservation at the
protein level has also been detected in chicken where utrophin
was identified using cross-reacting antibodies raised against
chicken dystrophin [Voit at al., 1991a].
1.3. RESEARCH AIMS
This introduction has discussed DMD and dystrophin in
detail because the DMD and DMDL (UTRN) loci appear to show
high sequence homology and the full length transcripts appear
to be of similar sizes.

The basis of this project is a

comparison of the two genes.
Determination of the functional role of DMDL (UTRN) could
be furthered by examination of expression patterns and
characterisation of the cDNA sequence and derived amino acid
sequence.

This would provide information needed to make

investigative tools such as cDNA probes and antibodies and
allow a better comparison with dystrophin . This information
may in turn lead to a clearer view of the role of dystrophin in
the cell. The general aims of this project were therefore as
fo llo w s ;
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(I)
To study the expression pattern of the DMDL (UTRN) gene in
human, adult and foetal tissues and to contrast, directly, DMDL
(UTRN) expression patterns with those of DMD.
(ii) To clone and sequence the human DMDL (UTRN) cDNA.
(ill) To compare the nucleotide sequence and deduced amino
acid sequence of DMDL (UTRN) with that for DMD and its protein
product, dystrophin.
Comparison of broad structural models of
DMD and DMDL (UTRN) were also considered to be informative,
(iv) To make a preliminary examination of the genomic
structure of the DMDL (UTRN) locus, in particular to establish
the number of introns and exons and to compare these data
with those for DMD.
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CHAPTER 2 MATERIALS AND METHODS
2.1. CHEMICALS, REAGENTS AND GENERAL TECHNIQUES
2.1.1 CHEMICALS AND REAGENTS
- Most laboratory chemicals were Analar or Aristar and
were purchased from BDH Chemicals, with the exception of the
fo llo w in g :
- Agarose from Sigma
- Nitrocellulose membrane and DEAE ion exchange paper
from Schleicher and Schuell
- Deoxyribonucleoside triphosphates (dNTPs) from
Pharmacia.
- Oligonucleotides from Oswell DNA services.
- T7Gene 6 exonuclease from USB.
- Radioactive a -3 2p dCTP and Hybond N+ charged nylon
membrane were purchased Amersham International pic.
2.1.2 BUFFERS AND MEDIA
Buffers and media were prepared using Analar or Aristar
grade reagents and were sterilised by autoclaving at 12 10 C
and 15 p.s i for 20 mins or by filtration through an Acrodisc™
filter (Gelman) of 0 .22 ^m pore size.

890mM TRIS
890m M boric acid
20m M
EDTA

1 X TE
lOmM
TRIS
Im M
EDTA
Adust to pH 8.0

pH 8.3

with HCI

AGAROSE GEL DNA

10 X TAE

LOADING BUFFER

400mM TRIS
200m M Na acetate

10 X TBE

20%
1%

Ficoll.
SDS

20 m M
0.05%

EDTA
bromophenol blue

20m M

pH 7.0
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10 X E BUFFER
360mM TRIS
390mM NaH2 P0 4 .2 H2 0
lOOmM EDTA
pH 8.0

NEUTRALISING
BUFFER
1M TRIS
1.5M NaCI
pH 8.0

20 X SBC

PSM

3.0M

lOOmM NaCI
8 mM
MgS04
50mM
TRIS
g e la tin
0 . 01 %
pH 7.2

NaCI

0.3M
Na citrate
Adust to pH 7.0
with

citric

acid

100 X DENHARTS
2%
F ic o ll
2%
p o ly v in y lp y rro lid o n e
2%
BSA (fraction V)
pH 8.0

1M NaP04 BUFFER
For 100ml
39m l
61 m l
pH 7.4

1 MNaH 2 P0 4
1 M Na 2 HP0 4

200m M NaH2 PO4
20m M EDTA

2 X TY BROTH ( II)
16g
try p to n e
10 g
yeast extract
5g
NaCI

pH 8.3

pH 7.0

20 X SSPE
3.6M
NaCI

LB-BROTH
10 g
5g

LM-BROTH

(II)

10 g

try p to n e
yeast extract

5g
NaCI
1g
glucose
(for LB-agar, omit glucose

(II)

5g

try p to n e
yeast extract

5g
2g

NaCI
MgS0 4 .7 H2 0

and add 15g agar)

(for LM-agar add 15g
agar or 7g agarose for

pH 7.0

LM-agarose)
pH 7.0
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(II)

H-TOP AGAR (11)

try p to n e
agar

10g
8g

try p to n e
agar

NaCI

8g

NaCI

pH 7.0

pH 7.0

2.1.3 SOLUTIONS FOR PLASMID DNA PREPARATIONS
Solution I :
50mM glucose, 10mM EDTA (pH 8.0), 25mM Tris-HCI (pH 8.0).
Solution

II :

0 .2 M NaOH, 1%SDS.

Solution

III

:

60ml 5M potassium acetate, 11.5ml glacial acetic acid, 28.5ml
H2 O, pH4.8.
2.1.4 EXTRACTION OF DNA AND RNA WITH PHENOLCHLOROFORM AND PRECIPITATION WITH ETHANOL
Protein contaminants were removed from DNA and RNA
solutions by extraction with an equal volume of
phenol/chloroform. The phenol was equilibrated to pH7.4 using
lOmM TE pH7.4 and the chloroform mixed with isoamyl alcohol
(lAA) in a ratio of 24;1(VA/). The phenol was thoroughly
mixed with the sample, the phases were separated by
centrifugation at 10K rpm for 5 mins and the aqueous phase
transferred to a clean tube. This step was repeated twice,
before a final extraction with chloroform/IAA, to remove
traces of phenol.
DNA and RNA were precipitated by the addition of 3M
sodium acetate pH5.2 to a final concentration of 0.3M and 2
volumes or 2.5 volumes of ethanol for the precipiation of DNA
and RNA respectively. The DNA solution was mixed well,
incubated overnight at - 20 °C or for 1 hour at -70°C for and
centrifuged at 10K rpm for 20 mins. RNA was precipitated by
incubation on ice for 1 hour.
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ethanol, dried briefly under vacuum and resuspended in H2 O or
10mM TE. For storage of RNA, 2 volumes of ethanol were
added and the RNA recovered by drying the required amount
under vacuum.
2.1.5 AGAROSE GEL ELECTROPHORESIS
Agarose gel electrophoresis was routinely used to size
fractionate DNA fragments of various sizes. Linear DNA,
which carries an overall negative charge, migrates at a rate
directly proportional to 1/logio X molecular weight, so the
size of linear molecules run on the gel can be determined by
inclusion of a series of DNA fragments of known size (for
example the 1Kb ladder which is X-bacteriophage DNA,
digested into fragments of known size). The size of DNA
fragments that can be resolved in conventional agarose gels,
ranges from approximately 100 bp to 20 kb, with different
agarose concentrations facilitating resolution of different
size ranges of molecules.
Agarose was dissolved in 1 X TBE buffer at 100%, cooled
to 50^0 and ethidium bromide added to a final concentration of
500ng/ml before pouring gels. Ethidium bromide, which
intercalates between the bases of the DNA molecules, is
fluorescent and therefore allows the DNA to be visualised
under UV illumination. Routinely, 0.8 to 2% gels were run
unless otherwise stated. Samples were loaded in DNA loading
buffer and gels were run in a horizontal gel tank until the
bromophenol blue dye was three quarters of the way through
the gel.

Following electrophoresis, DNA was visualised under

UV light and photographed.
2.1.6 QUANTITATION OF DNA AND RNA IN AQUEOUS
SOLUTION
The concentration of DNA and RNA in aqueous solutions was
assayed by measuring the UV absorbance of the solution over
the wavelength range of 260nm to 280nm. Pure solutions of
DNA have an absorbance peak at 258nm where 1 O.D .258 =
50^g/ml and the ratio of O.D.2 6 0 /O.D .280 «si.8 for pure DNA.
RNA can be assayed in the same way with 1 O.D.2 6 O = 40/ig/ml.
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Smaller amounts of DNA were quantified by spotting 2-5/yl
of sample onto parafilm stretched over a petri-dish and
visualised on a UV transilluminator. If the sample was then
mixed with an equal volume of TE buffer containing 2jL;g/ml
ethidium bromide, the intensity of the fluorescence could be
compared with an equal volume of a set of DNA standards (0.52 0 pg/ml) and concentration estimated.
2.2 BIOLOGICAL CONTAINMENT
Manipulation of recombinant bacteria was carried out in
accordance with GMP (good microbiological practice) as
recommended by the Genetic Manipulation Advisory Group and
the UGL genetic manipulation subcommittee.
2.3 GENERAL METHODS - DNA ANALYSIS
2.3.1 EXTRACTION AND PURIFICATION OF PLASMID DNA
SMALL SCALE PREPARATION, MINI-PREP S'
All plasmid clones were stored as glycerol stocks at -20°C
or -70^C. These were prepared by mixing 0.5ml of a 10 ml
overnight culture thoroughly with 0.5ml of sterile glycerol.
To grow bacteria from this stock, an inoculating loop was used
to transfer a small amount into 10 ml of LB media containing
the

appropriate antibiotic.
Small scale preparations were prepared using a method
based on that of Birnboim and Doly, 1979 and Ish-Horowicz and
Burke, 1981. 10ml overnight cultures of bacteria, grown in LB
broth containing an appropriate antibiotic, were collected by
centrifugation for 5 mins at 3000 rpm and resuspended in
200/il of ice-cold solution I containing lysozyme [ 2 mg/ml].
The cells were lysed at room temperature for 15 minutes, and
chromosomal DNA denatured by the addition of 400jL/l of
freshly prepared solution II. After 10 minutes on ice, the
denatured DNA was precipitated by the addition of 200/vl of
ice-cold solution III. After 30 mins on ice, the sample was
centrifuged at 6000 rpm for 15 mins in an Eppendorf
microfuge leaving the plasmid DNA in the supernatant which
was transferred to a fresh tube.

The DNA was precipitated

from the supernatant with 500^1 of isopropanol for lOmins at
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room temperature. The sample was then centrifuged for 10
mins at 6000 rpm and the pellet dissolved in 40jul of lOmM IE .
This DNA solution was treated with RNase [0.5^g/^l] for
SOmins at 37°C. This was then extracted with
phenol/chloroform as described in section 2 . 1.4 and the
aqueous phase transferred to a fresh tube. Plasmid DNA was
precipitated from solution with ethanol as described in
section 2.1.4.
LARGE SCALE PLASMID DNA PREPARATIONS
DNA was prepared using a scaled up version of the IshHorowicz and Burke method [1981]. 250ml of bacterial culture
were grown up overnight and the cells harvested by
centrifugation ( 8 K rpm, 10 min, 4°C) in 250ml polybottles.
The cells were resuspended in solution I (5ml/250ml culture),
and left for 10 min at room temperature; solution II was added
(10ml/250ml culture), mixed gently and left on ice for 10 min
and solution III was added (5ml/250ml culture), swirled
gently and left on ice for 30 min.
After centrifugation at for 20 min 10K rpm (In a Sorvall
GS3 or its equivalent) the supernatant was transferred to a
clean bottle, 0 .6 volumes of isopropanol were added and left
for 20 min at room temperature. The DNA was pelleted by
spinning at 10K rpm for 30 min and was resuspended in 4ml of
H2 O per litre of culture, with CsCI added to make a Ig/ml
solution.
lOmg/ml ethidium bromide was added at
0.8ml/10ml of CsCI solution and the sample spun at 8 K rpm
for 20 min. The supernatant was removed and transferred to a
Beckman crimp seal polyallomer ultracentrifugation tube and
topped up with paraffin oil. Plasmid DNA was isolated by
centrifugation at 45K rpm, 20^C for 16 hours in a Sorvall
u ltra c e n trifu g e .
The plasmid band was visualised under UV light (300nm)
and recovered by puncturing the tube with a disposable needle
and drawing into a 2.5ml syringe. Ethidium bromide was
removed from solution by several extractions with water
saturated butanol.

The plasmid DNA soultion was dialysed
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against 10mM TE overnight at 4°C and then precipitated as
described in section 2 . 1 .4 .
2.3.2 RESTRICTION ENZYME DIGESTS
Restriction enzyme digests were performed using buffers
supplied by the manufacturers. Genomic DNA was first heated
to 6500 and the digestion was performed in the presence of
spermidine (5mM). The restriction digests used approximately
1 unit of enzyme per fjg of DNA (but not exceeding 1/10
volume of the incubation) and samples were incubated at 370 C
overnight.
2.3.3 SOUTHERN BLOTTING AND HYBRIDISATION
Southern blotting [Southern, 1975] from agarose gels was
carried out using 0.4M NaOH as transfer buffer for 16 to 20
hours, onto Hybond'™' N+ membrane. Before blotting, agarose
gels containing DNA fragments greater than 10Kb were
depurinated for 20 minutes in 0.25M HCI, neutralised and
equilibrated in alkali transfer solution.
After blotting, the
membrane was washed in 2 X SSC, excess liquid removed and
stored in Whatman™ paper at room temperature if not used
im m e dia tely.
PREPARATION OF 3 2p_LABELLED PROBES
Probes were labelled by random priming [Feinberg and
Vogelstein, 1984], which uses the large fragment of E. coli
DNA polymerase 1 (Klenow fragment) to initiate second strand
synthesis from random hexamer oligonucleotide-primed
single-stranded DNA.
Radiolabelling of DNA probes was carried out using an
Amersham random priming oligolabelling kit (RPN 1601).
Water was added to between 25 and lOOng of DNA, to give a
total volume of 10^1, and boiled for 5 mins. After quenching
on ice for 5 mins, 5jL/l of primer, lOjul of oligolabelling buffer,
2^1 (5 - 6 units) of Klenow enzyme and 5^1 (50/iCi) of alpha3 2p dCTP were added, making up the volume to 50/vl with
water.

The labelling reaction was incubated for 1 hour at

37°C.
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Columns of sephadex G-50 were prepared In 1 ml syringe
with the barrels plugged with slllconlsed sterile glasswool
and were used to separate labelled probe from unincorporated
radlonucleotldes. The labelling was made up to 200iJ\ with
water, added to the top of the column and spun at 1500 rpm.
Percentage Incorporation was estimated by comparing the cpm
of the column and of the labelling. Labelling reactions were
usually used If there was an Incorporation of greater than 60%.
Before use, probes were rendered single-stranded, by boiling
for 5 mins, and quenching Immediately on Ice.
DNA

HYBRIDISATIONS

Hybridisations of Southern blots and library screening
filters were carried out In sealed plastic bags, in a 65°C
waterbath or In hybridisation bottles In a 65°C Incubator.
Filters were first pre-hybridised for at least 1 hour, before
adding the denatured probe and hybridising overnight.
HYBRIDISATION MIX FOR NITROCELLULOSE

Denharts 100 X

Final conc.
10 X

SSC 20 X
SDS 20%
Saturated PPI 1 M
herring sperm lOmg/ml

0.1 X
0.5%
40mM
0 .3 m g /m l

water _________________
Total volume

1 0 ml

0.5m l
2.5m l
4m 1
3m I
60ml
10 0 m

HYBRIDISATION MIX FOR HYBOND N+
Final conc.
Denharts 100

X

SSPE 20 X
SDS 20%
herring sperm

5X

5 ml

5 X

4m I
0.4m l

0.5%
lOmg/ml 0 .3 m g /m l

water _________________

_________

3m l
87.6ml
1 0 0 ml

Total volume
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After hybridisation, non-specifically bound probe was
removed from the filters by washing sequentially in solutions
of increasing stringency. Initial washes were in 2 X SSC, 0.1%
SDS for 15 mins at room temperature and then at 65°C. Higher
stringency washes were then carried out, usually up to 0.1 X
SSC, 65^0, unless otherwise stated. Excess water was
removed by blotting on Whatman™ paper, the filters were
wrapped in cling film and subjected to autoradiography with
Kodac X-ray film, in the presence of an intensifying screens at
- 7 O^C for as long as necessary.
In order to reuse the filter. Probes were removed from by
immersion of the membrane in boiling 0.1% SDS for 30mins
and rinsing in 2 X SSC . If necessary, the filter was checked
for complete removal of the probe by autoradiography.
2.3.4 PURIFICATION OF DMA FRAGMENTS FROM AGAROSE
GELS.
Plasmid, X-bacteriophage DNA fragments and PCR products
to be purified were separated by electrophoresis through LMP
Nuseive™ agarose gels in the presence of ethidium bromide.
After visualisation under UV light, the DNA band was excised
from the gel using a sterile scalpel blade. The DNA was
extracted from the agarose using one of three methods, most
often with a Geneclean™ kit (Stratech Scientific), a
commercially available purification system, as described
below:
4.5
volumes of sodium iodide (Nal) and 0.5 volumes of TBE
modifier™ were added to the weighed agarose slice, which
was placed at 55°C for 5 mins, or until the agarose had
completely melted.
Subsequently, 7^1 of Glassmilk™ silica
matrix was added, the solution mixed well and left on ice for
15 mins.

The DNA-silica complex was then pelleted by a brief

(30 secs) spin in a microfuge and all the Nal removed. The
pellet was washed 3 times with ice-cold 'NEW wash'(in kit)
solution (NaCI/Ethanol/Water), before elution into a suitable
volume of TE by incubation at 55°C for 5 mins. (This method
can additionally be used to purify DNA from solution)
The second method used was one of electroelution:
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The DNA fragment was cut out from a standard agarose gel
under long-wave UV light and placed inside a section of boiled
dialysis tubing, 2cm wide. 1 ml of TBE buffer was added and
the dialysis tubing sealed with a clip at both ends. This was
then electrophoresed in ethidium bromide free TBE for 1 hour
and the DNA ethanol precipitated as in section 2.1.4.
The third method used was electrophoresis of the required
DNA fragment onto ion exchange paper (NA 45 DEAE, Schleicher
and Schuell). The paper was cut into a small strip and placed
into a slit in front of the DNA band in the agarose gel. The DNA
was electrophoresed on to the paper in TAE buffer for 1 to 4
hours. After complete transfer of the DNA onto the paper the
strip was placed in 400/yl of 2 M NaCI at 70°C for 1 hour to
elute the DNA and then ethanol precipitated for 1 hour on iced
w a te r.
2.3.5 SUBCLONING:
BLUNT-ENDING OF DNA FOR LIGATION
Linearised DNA fragments for blunt-ending were end filled
using Klenow enzyme (this enzyme works as a polymerase in
the 5 ' to 3 ' direction with a primer and so the double stranded
S' ends are extended up to the termination of the single
stranded 5' overhangs). This was useful if there were no
convenient restriction enzyme sites in a required DNA
fragment or vector polylinker site. The reaction was set up as
fo llo w s :
0.25-1jug DNA
20 mM dNTP

14pl
2pl

10 X Klenow buffer

2(j \

(500mM TRIS pH7.5, 70mM MgCIa )
50m M DTT
5U/^I Klenow enzvme

_____________

to ta l

Ijw l
10 _
2 0 pl

This reaction was incubated at room temperature for 30
mins. The reaction was stopped with 2pl of 0.5 EDTA and the
DNA phenol/chloroform extracted and ethanol precipitated.
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PHOSPHATASING OF DNA
If linearised DNA has its terminal phosphate removed with
calf intestinal phosphatase (01P), it cannot religate to itself
and so increases the effeciency of formation of required
recombinant molecules. This can be carried out on 'stickyended' DNA and 'blunt-ended' DNA (linearised DNA with or
without 3'and 5’ overhangs). The restriction digested DNA was
not ethanol precipitated and was phosphatased in the buffer in
which it was digested, generally the digest for this
experiment was carried out in a volume of 30pl.
were set up as follows;
20jug
5mM
10 X
5U/pl

DNA (dissolved in water)
spermidine
GIF buffer
GIF enzyme

The reactions

86jUl
1p I
1 0^1
Ip !

This reaction mix was incubated for 15 mins at 37°G
followed by a 15 min incubation at 56°G. Another Ip! of GIF
enzyme was then added and the incubations repeated. To stop
the reaction, 20pl of STE (lOOmM NaGI, ImM EDTA, lOmM TRIS
pHS.O), 10/71 of SDS and 80//I of H2 O were added and heated to
6 5 0 G for 15 mins.
This was purified by phenol/chloroform
extraction and ethanol precipitation.
LIG A TIO N S
Ligations of
ended or 'sticky'

DNA inserts withvectors (whether 'blunt'
ended) were carried out as follows:

vector
insert

Final conc.
20 n g
1//1
200ng 4 //I

DTT
AT F

5mM
2mM

S perm idine
ligase (BRL)

0.05mM I/7I
5U
1/71

I / 7I
1/71

HpQ___________ _______ lu ï
to t a l
10/71
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This reaction was incubated overnight at 15°C.
COMPETENT CELLS
JM101 cells are suitable for transformation with M13
bacteriophage and RR1 cells are suitable for plasmids. The
host cells used were chosen to be suitable for the vector with
which they were to be transformed. JM101 cells were grown
in 2 X YT broth and RRI cells grown in LB broth. 40ml of
appropriate broth was inoculated with 1ml of an overnight
bacterial culture and grown («4 hours) untill it was at
O.D.55 0 nm 0.4 to 0.6. After centrifugation at 300rpm for 5
mins. gently resuspended in 1 volume of ice cold 50mM CaCl2
and incubated on ice for 15 mins. This was centrifuged at
1500rpm for 5 mins and gently resuspended in 1/10 volumes
of 50mM CaCl2 and stored at 4°C overnight before use.
TRANSFORMATION OF E . c o l i WITH M13
Approximately 50ng ligated DNA was added to 200^1 of
competent JM101 cells in a Gml S terilin^ tube, gently mixed
and incubated on ice for 40 mins, 25pl of 2% X-gal and 25pl of
lOOmM IPTG were added to the cells, followed by 3ml of LH
top agar which was poured rapidly onto LH plates (pre-warmed
at 370 c. These plates were incubated at 37°C overnight. The
colonies were blue when they contained ligated vector, but
white when they contained recombinant vector with ligated
in s e rt.
TRANSFORMATION OF E . c o l i WITH PLASMIDS
Transformations of RRI cells with plasmids were carried
out in the same way as described as above with some
modifications. The RRI cells were grown on L-plates with an
appropiate antibiotic and were plated using LH top agar
without X-gal or IPTG.
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2.4 GENERAL METHODS - RNA ANALYSIS
All chemicals used for RNA work were reserved for that
work only and solutions made up in DEPO treated water and
autoclaved, except for heat labile compounds such as urea.
The DERG treated water was prepared by addition of 100^1 of
DE PC/I distilled deionised H2O which was left standing in an
8Q0C oven over night and then autoclaved. All disposable
plasticware was DEPC treated by soaking overnight in DEPC
solution [ 100 ^ 1/ 1] and autoclaving, glass centrifuge tubes
were DEPC treated and siliconised using a rinse of silane
solution and laboratory plasticware was rinsed with
chloroform. The polytron homogeniser probe was washed in 10
X SDS twice, in DEPC treated water twice and then ethanol
immediately before use. Other pieces of equipment, such as
gel formers and gel tanks, were soaked in 10 X SDS overnight
and rinsed with DEPC treated water.
2.4.2 EXTRACTION OF RNA FROM TISSUE
LITHIUM CHLORIDE METHOD
Tissue samples, divided into small portions (no more than
5g), were preferably 'flash frozen' in liquid nitrogen as soon as
possible after removal from the donor. The tissue can then be
stored at -70°C until required. All subsequent manipulations
require the tissue to be kept as cold as possible.
The required amount of tissue was ground up in liquid
nitrogen with a pestle and mortar or crushed with a wooden
mallet and dropped immediately into cold 6 M urea/3M LiCI
solution (1:10 w/vol). Between 10 and 20mls of dénaturant
and tissue in a 30ml plastic centrifuge tube were homogenised
on ice for Im in and the samples were left to lyse overnight at
40c.

After lysis the samples were centrifuged at 10K rpm at 0°C
for 2 0 mins, the resulting supernatant carefully poured off and
the tube dried with a tissue. The pellet was dissolved in 8 ml
of 6 M urea/3M LiCI, vortexed, and centrifuged again at 10K
rpm at 0°C for 20 mins.
centrifugation

step.
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The pellet was dissolved in 6 ml of 10mM Ir is pH 7.510.5%
SDS with 15jj\ of proteinase K [50mg/ml] per tube. The
samples were incubated at 37°C for between 0.5 and 2 hours
and then centrifuged 10 K rpm and 10°C for 5 mins.
The supernatant was extracted three times with pH7.5 Tris
equilibrated phenol, in order to remove protein and three times
with chloroform to remove the phenol.
GUANIDINIUM THIOCYANATE METHOD
This method was based on that of Gilsen et al. [1974] and
Ullrich at ai. [1977]. Between 5 to
10 volumes of 4M
guanidinium thiocyanate/O.IM Tris-HCI pH7.5/1% pmercaptoethanol were added, quickly, to the tissue sample, in
a 30ml centrifuge tube and homogenised for 2 mins, while on
ice. Sodium lauryl sarcosinate was added to a final
concentration of 0.5% and the samples centrifuged at10K for
lOmins at room temperature, transferring the supernatant to a
clean tube.
8.7ml of 5.7M caesium chloride/1 mM EDTA solution (pH7.5)
was added to 17ml polyalomer ultracentrifuge tubes and 3ml
of homogenate layered on top of the CsCI cushion. The tubes
were carefully balanced with addition of guanidinium
thiocyanate solution so that the liquid was 1 mm below the rim
and centrifuged in a swing-out rotor at 32K rpm for 20 hours.
After centrifugation, the brown top layer was removed
carefully, along with most of the rest of the liquid and the
remaining liquid removed with a clean pastette. To recover
the pelleted RNA, the bottoms of the tubes were cut off with a
hot sterile scalpel blade.

The pellet was washed with 70%

ethanol, dissolved in 150^1 of lOmM TE/0.1% SDS and
transferred into an Eppendorf tube with a further 150^1
TE/SDS. To precipitate the RNA, 30pl of 3M sodium acetate
and 900/il of were ethanol added. The RNA was then incubated
for 30mins on ice, centrifuged at 4°C for 1 hour, washed in
70% ethanol and dissolved in lOmM TE.
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2.4.3 EXTRACTION OF POLY A+ RNA
In order to Isolate poly A+from total RNA, magnetic ollgo
dT Dynabeads™ were used. These beads bind 2^g of poly A+
RNA per mg and the recommended starting amount of total RNA
is 75pg which yields 2jug of poly A+ RNA. The beads were used
as per manufacturing Instructions.
200pl of Dynabeads™ were pipetted into a 1.5ml Eppendorf
tube and the beads separated from the storage buffer with a
magentic particle concentrator (MPC), taking care not to let
them dry out. Total RNA,
6 50c for 5 mins followed
buffer (supplied as; 20mM
EDTA). To allow the poly
Incubated with the beads

In a volume of 100//I, was heated to
by addition of 100pl of 2 X binding
TrIs-HCI, pH7.5, 1M LiCI, 2mM
A+ RNA to anneal, total RNA was
for 5 mins at room temperature.

Poly A+ RNA was e a s ily separated from ribosomal RNA, and
other contaminants, by placing the tube Into the MPC and
allowing removal of the supernatant to leave the beads
undisturbed. Following this, the beads were washed three
times with 200^1 of wash buffer (supplied as; lOmM Tris-HCI,
pH7.5, 0.15M LiCI, ImM EDTA) by removing the tube from the
MPC, mixing the beads thoroughly with wash buffer and then
removing the supernatant after pelleting of the beads with the
MPC. The purified poly A+ RNA was now ready to be eluted.
After addition of the required amount elution buffer (supplied
as 2mM EDTA) the tube was removed from the MPC, mixed well
and incubated at 65°C for 2 mins. If 20fj\ of elution buffer
was added this gave a final solution of *0.1/^l. The poly A+
RNA was stored at -70°C under 3 volumes of ethanol.
2.4.4 RNA ELECTROPHORESIS
RNA prepared by the lithium chloride method (see section
2.4.2) was electrophoresed on a vertical 1.2% agarose gel with
0.1% SDS. 5/ig of RNA in 27jL/l water was electrophoresed with
3^1 RNA loading dye (for 1ml loading dye: 1ml 10 X E buffer,
0.2g Ficoll 400 and 0.05g bromophenol blue). RNA was was
denatured at BO^C for 5 mins before electrophoresis for 1 hour
at 50v.

The gel was then washed with distilled water to
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remove the SDS and stained with ethidium bromide in order to
visualise the RNA.
RNA prepared by the guanidium thiocyanate method (see
section 2.4.2) was electrophoresed on a standard agarose gel,
but equipment cleaned in a way suitable for RNA work.
2.4.5 RNA SLOT BLOTTING
The slot blotting apparatus is a vacuum blotter with slots
for the application of samples. 16pg of RNA samples were
heated for 1 hour at 50°C in the following buffer:
RNA

3.7^1

phosphate buffer [0.1M] pH7.0
DMSO
glyoxal

1.6/yl
8.0^1
2.7^1

(deionised)

After incubation, the volume was adusted to 50p\ with 6 X
SSC and 25/vl, 10^1 and 5iJ\ aliquoted into three tubes with
100^1 of 6 X SSC (representing 10^g, 5^g and ^^Jg of RNA).
Subsequently, these samples were loaded onto the slot
blotting apparatus and vacuum blotted onto Biodyne™
membrane. This membrane was baked for 1 hour at 80°C,
prehybridised and hybridised at 42°C in the following buffer:
Final conc.
Denharts 100 X
Formamide (deionised)
SSPE20 X

5 X
50%
5 X

5m I
5 0 ml
2 5 ml

SDS 20%
Herring sperm

0.3%
0.03%

17ml
3m I

lOmg/ml

(denatured) ________________

.
10 0 m

2.5 PREPARATION OF cDNA LIBRARIES
FIRST STRAND SYNTHESIS
The libraries were synthesised using the Amersham cDNA
cloning kit. The first strand synthesis was carried out using
poly A+ RNA prepared from placenta and reverse transcriptase
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used to copy RNA, primed by a specific oligonucleotide. Two
reactions were set up, one with radiolabel to enable the
course of the reaction to be followed;
1

2

{u\)

iu\)

mRNA
(4^g per reaction)
DEPC HaO

5
19

5
20.5

Reaction Buffer

8

8

Sodium pyrophosphate
RNase inhibitor
dNTPs 4
Primer ( 2^g per reaction, »300pM)
3 2 p dCTP

2

2

2

2

Reverse transcriptase

4
4.5

4.5

1.5
4

4

50

50

-

The water and RNA was added to the bottom of the tube and
the rest of the reactants added to the sides and centrifuged to
mix. Finally the reverse transcriptase was added, again to the
side and centrifuged into the mixture. The manufacturers of
the kit recommended that this reaction was incubated for 45
minutes at 42°C, but to ensure long transcripts this incubation
time was increased to 1 hour. After incubation the reaction
was placed on ice and 2 X 1/vl removed from reaction 1 and
spotted onto ion exchange paper filters which were allowed to
air dry.

This was used to give a value for % incorporation.

SECOND STRAND SYNTHESIS
The remainder of the reaction was used for second strand
synthesis, using the following reaction mix:
1

HaO

70

2 (iUl)

68

First strand synthesis
Second strand synthesis

38
75

40
75

RNase
DNA Dolvmerase 1

3
14

3
14

200

202
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The enzyme additions were made at the side of the tube and
centrifuged into the reaction mixture. The second strand
synthesis was incubated for 60 mins at 12°C and the reaction
stopped by a 10 min incubation at TO^C.
2.5pl of T4 DNA polymerase were added and the samples
incubated at 37°C for 10 mins. This step removed any 3'
overhangs by utilising the exonuclease activity of this enzyme.
The reaction was stopped by the addition of 8^1 of 0.25M EDTA
which was centrifuged in to the reaction and gently mixed.
PURIFICATION OF cDNA
The reactions were phenol/chloroform extracted using an
equal volume of a 50:50 phenol/chloroform mix. The samples
were vortexed for 20 secs and centrifuged for 3 mins, twice.
The aqueous phase was removed into a clean tube, the organic
layer back extracted and this extraction added to the original
aqueous layer. This process was then repeated exactly and
followed by a final chloroform extraction, using an equal
volume of chloroform including back extractions.
After the
extractions the final volume was approximately 250^1 and at
this stage, a futher 2pl was removed and spotted on to a piece
of ion exchange paper, in order to monitor incorporation of 3 2p
into the double stranded DNA.
To precipitate the cDNA, an equal volume of ammonium
acetate was added followed by 2 volumes of ethanol. This was
mixed well, incubated on dry ice for 25 mins and then left to
warm up to room temperature and gently mixed in order to
redissolve any free nucleotides that had precipitated.
To pellet the cDNA, the reactions were centrifuged at 4°C
for 20 mins and the DNA dried for 2 mins in the freeze drier
after careful aspiration of the ethanol. The pellets were
combined and redissolved in 7/il by vortexing and
centrifugation to collect the sample. The cDNA was then
suitable to be stored overnight at -20°C.
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2.5.1 ESTIMATION OF cDNA SYNTHESISED
Filters with 1jj\ of the single stranded and ^|J\ of the
double stranded reaction were washed 6 times (5 mins per
wash) with 0.5M Na2HP0 4 and twice in water (for 1 min) and
dried under a lamp.

These filters, together with their

unwashed controls, were Cherenkov counted and comparison of
the measurements enabled an estimate of the amount of DNA
synthesised in the reactions.
used:

The following calculations were

3 = Cherenkov constant
15/;ci of 3 zpdCTp lapei were used and tSjUCi = 20nMoles dCTP
There are 2.22 X 10® cpm/^ci so If z is the decay factor then
15 X 2.2 X 106 X z X 3 = y cpm/nM dCTP

The washed and unwashed filters from the first strand
synthesis were counted and compared.
The control unwashed filter had A cpm
and the washed filter had the lower count, B cpm.
B cpm are counts in 1^1
B X total volume X Cherenkov factor (3) = total cpm/reaction
The total counts were used to determine the moles of dNTPs
present.
B X total volume X Cherenkov factor
Ycpm/nM

= nMoles dNTP/single
strand DNA

nMoles/single strand X 350 X 4 X 2 = ng
(350 = molecular weight of a base, multiplied by 4 since there
are 4 bases and multiplied by 2 because there are 2 reactions)
The total counts/20nMoles were calculated from the unwashed
filter and the actual counts added were compared to the
calculated counts added, which helped to indicate how likely
the estimated incorporation was. the calculation was as
fo llo w s :
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15/701 = 20nMoles 3 2pdCTP.
cpm from unwashed filter X total volume X Cherenkov constant
= cpm/20nMoles 3 zpdCTP
Estimation of the amount of double stranded cDNA
synthesised in the second strand synthesis reaction was done
in exactly the same way except that the final figure was
multiplied by 2 to account for the second strand.
These calculations were taken into account when
estimating how much cDNA was to be used in the cloning steps
of the library making procedure.
LIGATION OF EcoRI ADAPTORS TO cDNA
EcoRI adaptors were added to the newly synthesised cDNA
so that the cDNA fragments could be subcloned into EcoRI cut
Xgtll arms. The adaptors were in a ratio of 250pM per ^Jg of
DNA and were phosphatase treated to limit the amount of
adaptor to adaptor ligation. The ligation reaction was set up
as follows (reactions 1 and 2, see above, were pooled):
cDNA
7 jj I
LK buffer (in kit)
2 //I
adaptors (in
kit)
2/71
H2 O
7 /7 1
liaase (in kiti__________ 2/71
to t a l

20/71

The enzyme was added to the side of the tube and
centrifuged into the reaction. The ligation was incubated on
ice for 2 hours at 15°C and then overnight at 15°C. The
ligation was stopped by addition of 2/71 of 0.25 EDTA.
COLUMN PURIFICATION
A sephadex fractionation column (provided with the cloning
kit) was washed with 5ml of TE and the ligation mix made up
to 40/71 by addition of TE. The cDNA was applied to the column
followed by TE and 30 fractions, of approximately 120/71, were
collected.

The fractions were Cherenkov counted and the data
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plotted graphically against fraction number,

The following

diagram is representitive of such a graph.
fractions
9 to 15 (library I)

adaptors
(unlabelled so
not detected)

cpm

Free
nucleotides

Fraction number
large DNA fragments

small DNA fragments

The recovery of DNA was calculated as described previously.
KINASING OF DNA LIGATED WITH EcoRI ADAPTORS
To enable ligation of the modified cDNA fragments to EcoRI
cut Xgtll arms, a terminal phosphate was added to the adapted
cDNA using T4 polynucleotide kinase.
fo llo w s ;
pooled fractions
LK buffer

The reaction was as

900/vl
9 5p I

T4 polynucleotide
kinase (120Lh _______ 15pl
total

101 Op I
This reaction was incubated at 37°C for 45 mins.

The

kinased sample was then divided between two Eppendorf tubes
and phenol/chloroform extracted twice followed by extraction
with an equal volume of chloroform/IAA twice. This solvent
was then back extracted with water and added to the original
aqueous phase. Butanol extractions (using Aristar™ butanol)
were then carried out in order to reduce the volume of the
cDNA solution. 2.2 volumes of butanol were added to the cDNA
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solution (which was divided into several tubes) and then
shaken vigorously, this was repeated until the volume of the
cDNA solution was reduced by a factor of 5. The concentrated
cDNA was ethanol precipitated at -20°C overnight.
LIGATION OF KINASED cDNA TO VECTOR ARMS
The kinased cDNA was centrifuged for 30 mins at 4°C and
the supernatant carefully removed, washed with 70% ethanol,
briefly vortexed and repelleted by centrifugation at 4°C for 5
mins. Washes were repeated at 37°C to remove salt. After
drying for 5 mins in the freeze drier and resuspension in
water, the following ligation reactions were set up (including
reactions with different amounts of cDNA and a control with
only Xgtll arms (provided in the kit at 0.5^g/pl)):
cDNA

oDNA

Xgtll

27n g
cDNA
3.0^1
phosphatased Xgtl 1

54ng
6 .0 /;l

o n ly

arms
LK buffer
T4 DNA liaase

2 .0 p l
1.0^1
1.0ul

2.0/71
1.0/71

total

10^1

2 .0 p l
1.0/71
1.0ul
10/71

arms

-

I.Oul
1 0/7l

The recommendation of the Amersham™ kit is that between
25ng and 120ng which was suitable for most species and the
experiments were carried out within these limits.
ligations were incubated at 15^0 overnight.
IN

The

VITRO PACKAGING OF LIGATIONS
The cDNA inserts were ligated into Xgtll arms and

packaged into protein phage heads. The packaging extracts
were carefully thawed and two reactions set up as follows:
ligation

reaction

10^1

extract A

^Q^J\

extract B

15jul
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The reactions were incubated in an ice bucket at 20°C for 2
hours. In order to stop the reaction and to preserve the phage
heads 470/71 of PSM were added together with 10/71 of
chloroform (to prevent the growth of bacteria).
were titrated and plated as described below.
X g tll-D M D L

(UTRN)

LIBRARIES:

The libraries

CHARACTERISATION

AND SCREENING
X-bacteriophage stocks and libraries were all titrated to
determine the number of plaque forming units (pfu) per ml of
stock. 200/71 of Y1088 E. coli cells were mixed with 3mI of
top LM-agarose and poured over a plate of LM agar (7cm
diameter). The phage stock was spotted, in 10/71 aliquots,
around the plate as a range of dilutions, between
1 0 - 2 and 10" ^and incubated at 42°C (in order to facilitate
lysis) for «5 hours. The titre was estimated by choosing a
dilution where it was possible to count the number of pfus.
TRANSFECTION OF E .c o //W IT H Xgt 11-BACTERIOPHAGE
A Y1088 culture was grown overnight in LM broth with
maltose and ampicillin at 37°C in a shaking incubator (the
cells can be kept at 4°C for up to a week or used later the
same day). 2ml of cells were centrifuged for 5mins at 6K rpm
and room temperature, the supernatant poured off (although
not completely drained) and 10^ pfu phage added, gently mixed
and incubated at 37°C for 20mins.
The library (or packaged ligation) was plated by mixing the
transfected cells with 8ml of top-agarose and immediately
pouring this on top of a warm LM-agar plate. The plates were
incubated overnight at 420Q
X - g t ll PLAQUE LIFTS
The X -g tl 1 infected plates were placed at 4°C for 1-2
hours to firm up the top agarose before taking filter lifts.
Duplicate nitrocellulose filters were then prepared from each
plate by placing the first onto the agarose surface for 1.5
mins and the second for 3 mins. Asymmetric orientation
marks were made using a needle, to allow the subsequent
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identification of positive clones.

The filters were processed

by firstly floating them (DNA-side up) for 5 mins in denaturing
solution (0.5M NaOH, 1.5M TRIS). The filters were then
submerged for 5 mins in 1M Tris pH8.0, followed by
submergtion for 5 mins in neutralising solution (0.5M Tris,
1.5M NaCI pH7.5), and then rinsing twice in 2 X SSC.

Lastly,

the filters were air-dried, and baked for two hours at 80°C to
fix the DNA onto the membrane.
X-gt11

PLAQUE

PURIFICATION

Following hybridisation of X-bacteriophage

filters

with

radioactive probes, (section 2.3.3), positive plaques were
picked into 1ml of PSM buffer with 1 drop of chloroform added.
Since libraries were usually screened at high density,
individual plaques could not be picked, and so the wide end of a
glass Pasteur pipette was used to take a large plug of agar
which surrounded the region of the signal. This stock was
kept at 40c overnight to allow the phage particles to diffuse
out of the agar, before plating out a dilution which would give
single, isolated plaques. This process was repeated until a
pure stock of positive phage was obtained, by picking a single
plaque into PSM with chloroform, using the narrow end of a
Pasteur pipette.
2.5.12 LARGE SCALE PREPARATION (MAXI-PREP.)
To prepare DNA from X-bacteriophage, a single plaque was
taken from a fresh plate and added to 10^1 Y1088 cells in a
30ml Sterilin™.
After incubation at 37oC overnight, 1 X 1Q8
cells were added to 5 X 10^ pfu of phage in 200ml of
prewarmed LB-broth. The phage were allowed to adsorb to the
bacteria for 20mins at 37^0 without shaking. The cells were
then incubated with shaking for «4 hours until the culture
cleared and the appearance of stringy cell debris indicated
cell lysis.

The lysis was completed by the addition of 2ml of

chloroform and shaking for 20mins at 37°C.

Cell debris was

removed by centrifugation at 10K and 4^0 for lOmins and the
supernatant decanted into a clean tube. After which, 8g of
NaCI were added along with DNase and RNaseto a final
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concentration of 1pg/ml each, followed by a 1 hour incubation
at room temperature. The phage were then precipitated with
20g of PEG 6000 at a final concentration 10% w/v and
incubated at 4°C overnight. The following day, phage were
collected by centrifugation for lOmins at 10K and 4^0,
resuspended in 10ml of PSM and incubated on ice for 1 hour
with 10ml of chloroform. CsCI, at a concentration of
0.75g/ml, was added to the aqueous layer and this mixture
was centrifuged at 35K rpm, at 10°C for 24 hours.
The visible white phage band was collected using a 2.5ml
syringe and dialysed against 2 X II of sterile lOmM NaCI,
50Mm Tris pHS.O, lOmM MgCIa to remove the CsCI.
To release the DNA, the protein phage head was removed by
digestion with proteinase K [50/ig/ml], 20mM EDTA, 0.5% SDS
and a 1 hour incubation at 65°C. The phage DNA solution was
then phenol/chloroform extracted and ethanol precipitated.
2.6 POLYMERASE CHAIN REACTION (PCR)
Amplification reactions of DNA cloned into plasmids were
set up as described below: (The buffer used was that supplied
with the Taq polmerase enzyme).
Target DNA (alOOng)
l-IOjUl
10 X Taq polymerase buffer
[67mM]Mg2+
lOjLil
10 X dNTPs (15mM Deach)

4 x 10^1

Oligonucleotide primers (50pM)

10^1

Taq polvmerase ( 2 . 5 U ) _____________ 0.5u\
Sterile water to
lOOpI
Each reaction was overlaid with lOOjUl of paraffin oil to
prevent evaporation of the samples.
The reactions were initially heated to 95°C for 5 minutes
then 30 cycles of amplification were performed on a Hybaid
thermocycler machine using the following conditions:
Dénaturation

step

Annealing step
Extension step
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30 secs
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The annealing temperature was calculated based on the
sequence of the primers, using the following formula: (where
Tm=melting temperature or annealing temperature)
Tm = 69.3 + 0.41 (G% + 0%) - 650
length of oligo
Tm (first primerl +Tm (second primer)
2

- 5°C = annealing
temperature for

PCR
X-gtll bacteriophage stocks (at approximately lO'^Opfu/ml)
were amplified directly using commercially available 1 - g t l l
primers which flanked the EcoRI cloning site. 2jj\ of phage
stock were diluted with 79pl of water, frozen at 20°C for 30
mins and then boiled for 5 mins. This was then amplified with
a PCR mix as described above, with the following temperature
cycles:
Dénaturation step
Annealing step
Extension step

94°C
52°C
7 2°C

15 secs
30 secs
3 mins

The length of the extension step was increased to
fascilitate amplification of longer inserts, i.e. »2 to 3Kb.
cDNA AMPLIFICATION FROM RNA
PCR amplification from RNA was carried out using
between 1 and lOpg of RNA. The sample was firstly treated
with DNase [0.1/;g/^l] for 30 mins at 37°C, and then boiled for
10 mins to inactivate the enzyme. cDNA synthesis was carried
out at 37°C for 20 mins in the presence of 2/il (400U) m-mlv
reverse transcriptase (BRL) and the standard PCR mix
(described in section 2.6), with the exception that the reverse
transcriptase buffer was substituted for the standard Taq
polymerase buffer. The magnesium concentration of both
buffers lies in the optimal range of between 5mM and 6.7mM
(Anglian Taq polymerase requires 6.7mM and BRL m-mlv
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reverse transcriptase requires 5mM). The reactions were
incubated in a thermocycler as above.
2.7 SEQUENCING
2.7.1 SINGLE STRANDED DNA TEMPLATE PREPARED IN
M 13
The M13 filamentous bacteriophage has two phases, a
double stranded replicative phase and a single stranded lytic
phase where single stranded DNA is extruded through the host
cell wall and at the same time enclosed in a phage head. From
liquid culture, the double stranded DNA can be extracted in the
same way as in a standard plasmid preparation (see section
2.3.1) and the single stranded DNA can be isolated from
infected E. coli culture supernatant by denaturing and
removing the phage heads.
The JM101 cells were grown overnight in 2 X YT medium
and diluted 1/100, providing 2.5mls of broth per plaque picked
or per 20jwl of phage stock. Recombinant plaques were picked
using the small end of a glass Pasteur pipette and the
phage/cell mix grown for 5 hours in a 37°C shaking incubator.
After incubation, 1.2mls of culture was placed into an
Eppendorf tube, centrifuged for 3 mins and 800^1 of
supernatant removed to a fresh tube. The discarded tube was
topped up with the remaining culture and centrifuged again for
3 mins, 1ml of the supernatant was reserved a phage stock.
Single stranded DNA was prepared from 800/71 of supernatant
into which 200/71 of PEG/NaCI (2.4M NaCI and 20% PEG 6000)
was mixed gently and incubated at room temperature for 15
mins.

Subsequently, the sample was centrifuged for 8 mins

leaving a buff coloured pellet which was resuspended in 100/71
of TE after careful removal of excess PEG. The DNA solution
was purified by extraction with 50/71 of phenol at room
temperature for 5 mins, vortexing and centrifugation for 3
mins.

To 80/71 of the aqueous layer, 8/71 of sodium acetate

[3M] pH5.2 and 200/71 of ethanol were added. This was
incubated at -70^0 for 15 mins or at -20°C overnight. To
recover the DNA, the sample was centrifuged at room
temperature for 15 mins, washed with 70% ethanol, dried
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under vacuum and resuspended in 15pl of 10mM TE. After
dissolving overnight this was suitable for two sequencing
reactions (using 7/vl per reaction).
SINGLE STRANDED DNA TEMPLATE PREPARED USING T7
GENE 6 EXONUCLEASE
This process is described diagramatically in Fig. 4.13.
Double stranded DNA was generated by PCR amplification and
purified using Geneclean™ (see sections 2.6 and 2.3.4). 100/yl
PCR reactions were carried out and the whole reaction
electrophoresed on Nuseive ™ LMP (low melting point) agarose
gels. The PCR products were cut out of the gel, GeneCleaned^^
and eluted into 10^1 of water (with Ijt/I electrophoresed on a
standard agarose gel to check that there was adequate DNA,
i.e. at least l^ g of DNA in 7/vl). 7/il of the eluate was
incubated with 32U (0.5/il) of T7 gene 6 exonuclease (USB) and
2/i I of 5 X sequenase reaction buffer (supplied in the USB
sequenase kit-see below), at 37°C for 15 mins. The enzyme
was subsequently inactivated at BO^C for 15 mins and IpM of
the sequencing primer added allowing sequencing to be carried
out in the normal way (see below).
2.7.1 SEQUENCING REACTIONS
Sequencing using the dideoxy NTP termination method
developed by Sanger et al. [1977] was carried out using the
USB sequenase™ kit. DNA fragments were synthesised using
the Klenow fragment of DNA polmerase I, a single stranded
template (the DNA to be sequenced) and a short primer to
initiate the reaction. The reaction terminated when an 3 5g
labelled dideoxy base was incorporated and the ratios of
dideoxy nucleotides to deoxy nucleotides were balanced so
that there was a termination representing each base in the
sequence. The fragments were separated by size on a
denaturing polyacrylamide gel.
The gels used were 8% polyacrylamide/BM urea. They were
polymerised with 1.7% TEMED and 0.34% ammonium
persulphate, poured in a Biorad™ apparatus and left to set for
at least 1 hour before use.
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Each reaction was set up with 1pM of primer (1^1), 2^1 of
5 X reaction buffer and (1 - 2^g) 7/;l of single stranded DNA
template. The primers were annealed to the DNA template by
placing the reaction in a beaker of water at 65°C which was
allowed to cool for 30 mins or until it reached room
temperature.

During this time, the labelling mix was

prepared; Volumes for 4 reactions were 4.5pl [0.1 M] DTT, 9/71
of diluted 'G' mix {2fj\ 'G' mix (in kit) and 8/71 water) and 2.5/71
a - 3 50 dATP.
2.5/71 of the A,T,G and 0 termination mixes were
set out

in advance, in a 96 well microtitre plate which was

covered

in cling film and warmed to 37°C.

The sequenase™

enzyme
was diluted in a ratio of 1/7l
enzyme: 8/71 of enzyme
dilution
buffer and 2.25/71 was added
to the labelling mix. On
completion of the annealing reactions, 5.5/71 of labelling mix
was then added per tube and incubated for 2 to 5 mins. 3.5/71
of the reactions were then dispensed into the termination
mixes which were incubated at 37°C for 3 to 5 mins. The
reactions were then stopped with formamide/bromophenol
blue/xylene cyanol loading dye and stored on ice or at 20°C.
The gel was pre-run in order to warm it to 50°C and just
prior to loading, the samples were heated to 80^0 for 5 mins.
Approximately 7/71 of each sample was electrophoresed in
1 X TBE at 50W/1900V/19mA and at a temperature of between
4 5°C and 50°C for =2 hours, or until the bromophenol blue dye
reached the bottom of the gel. When the samples were run, the
gel was removed from the plates onto a strip of Whatman™
paper, covered in cling film and then dried, without fixing, in a
vacuum drier for 1 hour or in an S(PC oven for 30 mins. The
gel was autoradiographed at room temperature, overnight and
the sequence read.
The sequencing reactions can be modified to favour
synthesis and resolution of longer DNA fragments. The
following modifications were made:

The 'G’ mix was not

diluted and the labelling mix for 4 reactions was 3.3/71 0.1M
DTT, 8/71 of 'G' mix, 3.7/71 3 5g «- a t R and 2.25/71 of sequenase T M
enzyme diluted 1/6.

This reaction was incubated for 10 mins

and the reactions treated exactly as above. The gel was
electrophoresed for 8 hours with a change of warmed buffer
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executed quickly (keeping the gel warm at all times) after 4
hours. This prevented exhaustion of the 1 X TBE which has
been found to affect the resolution of the samples.
SEQUENCING FROM DOUBLE STRANDED DNA TEMPLATE
Double stranded DNA could also be used as a template for
sequencing. In this case DNA was prepared by PCR
amplification, electrophoresed on an Nuseive™ LMP agarose
gel, cut out from the gel and GeneCleaned™. This DNA could be
rendered single stranded for sequencing in a simple way by
addition of DMSO to the annealing reaction and to the
termination mixes. The double stranded DNA (7pl) was boiled
for 5 mins in the presence of DMSO (1/yl) in the presence of
1pM of sequencing primer (1^1) and 1 X reaction buffer (2pl)
(in kit). This was then immediately plunged on ice for 5 mins.
The sequencing reaction was then carried out as above except
that the termination reactions included 1% DMSO.
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CHAPTER 3
EXPRESSION OF DMDL (UTRN)
When these studies on the expression of the human DMDL
(UTRN) gene were initiated, utrophin had not been isolated and
antibodies were not available, thus these investigations have
focused on the tissue distribution of DMDL (UTRN) mRNA.
3.1 RNA PREPARATION
Two basic procedures were explored for the preparation of
RNA which involved either extraction in urea/lithium chloride
or guanidinium thiocyanate (see Materials and Methods). The
feasibility of using these procedures to extract good quality
RNA from adult post-mortem samples and human aborted
foetal material was examined.
Initially RNA was prepared using the lithium chloride
dénaturation method. This method of preparation was not
consistantly successful, since although estimated yields were
good (between 1.5mg and 0.2mg RNA/g tissue) the RNA was
sometimes degraded and there was variable contamination
with DNA. Fig. 3.1 shows human RNA samples prepared from
flash frozen placenta, adult liver, adult limb muscle, foetal
heart and rat striatum. The amount of RNA recovered depended
on the tissue, with tissues such as intestine, spleen and liver
yielding approximately 1.5mg RNA/g of tissue and tissues
with a large proportion of connective tissue such as heart,
skeletal muscle, lung and placenta yielding between 0.1 and
0.4mg RNA/g of tissue.

In general yields were somewhat

higher from foetal material. The integrity of the RNA was
judged by the visualisation of the 18S and 28S ribosomal RNA
bands and tissue that had been flash frozen in liquid nitrogen
immediately on collection and stored at -70°C, yielded better
quality RNA than material frozen and stored at -20°C. Later
preparations using guanidinium thiocyanate were consistently
more reliable in quality, in addition to gaving a range of yields
comparable to the lithium chloride method. Fig. 3.2 shows
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Fig. 3.1 Total RNA (lOpg) from a variety of human and rat tissues
prepared using the LiCI procedure. Samples were resolved on a 1.8%
agarose gel in the presence of 0.1% SDS. The band marked
is the
contaminating DNA band. r=rat, f=foetal and a=adult
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human adult muscle, term placenta and foetal lung prepared by
this method.
3.2 ANALYSIS USING THE PCR TECHNIQUE
In order to determine which human tissues expressed the
DMDL (UTRN) gene, the polymerase chain reaction (PCR)
technique was utilised. This involved using total RNA as a
template for reverse transcriptase and a sequence specific
oligonucleotide primer. The double stranded cDNA
complimentary to mRNA was used as the template in a PCR
amplification.
At the time these experiments were carried
out, the only DMDL (UTRN) sequence data available for the
design of oligonucleotides was 1.5Kb of sequence from the 5'
end of the partial cDNA BfmS (total length 3.5Kb) [Love et al,
1989].
It was possible to design primers that had relatively
low homology to DMD, as follows:
(457E sense)
5'

ggaaaaattagagtgcagagtctga
9783 gggaggatcccgtgtcctgtctttt

3'

dmdl

(UTRN) sequence

DMD sequence (48%

homologous to DMDL (UTRN))

(458E antisense)
5' bp 356 cgctgctgccactcgatgtaaaact 332 3' d m d l
10123 tgcagcagccactctgtgcaggacg

dmd

(UTRN) sequence

sequence (64%

homologous to DMDL (UTRN))

These primer sequences were expected to amplify a 338bp
product from DMDL (UTRN) mRNA and cDNA clones. Fig. 3.3
shows that the primers amplified the expected size product
using the Bfm3 cDNA as a template and did not amplify a
product using genomic DNA as a template. The failure of the
PCR to produce a product from genomic DNA is due to the
presence of introns which make the DNA physically too large
to be amplified under the conditions used in the PCR.
Preliminary evidence indicates

that the DMDL (UTRN) genomic

structure is essentially similar to that of DMD [Love et al.,
1989, Tinsley et a!., 1992]. In this case it can be deduced that
the sense primer lies in exon 66 and the antisense primer in
exon 69 allowing amplification of DMDL (UTRN) cDNA across
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Fig. 3.2 Total RNA from a variety of human
tissues, prepared using the guanidinium thiocyanate
method. Samples were resolved on 1.2% agarose gels.
f=foetal, a=adult, t=term.
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Fig. 3.3 A. PCR amplification of the Bfm3 (1pg) and genomic
DNA (G, 10pg) using 457E and 458E primers; a 338bp PCR
product is only amplified from the Bfm3 sample.
B. Amplification of placental RNA/cDNA without (-) and with
(+) RNase treatment (lOOng/pl) of the PCR product.
M=Marker (1Kb ladder, BRL). * band indicated by asterisk
is a non-specific PCR product.
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the short exons 67 and 68. The sizes of the introns 67 and 68
have not been established for the DMDL (UTRN) gene but in the
DMD gene are known to be greater than 2.5Kb [Roberts et al.,
1992]. Thus, primers 457E and 458E can be regarded as
specifically amplifying DMDL (UTRN) cDNA.
Various modifications of the basic protocol were tried in
order to optimise the RNA PCR. For example, it was found that
resolution of the PCR product was greatly improved by
treating the whole sample with RNase (100ng/^l) after
amplification and before electrophoresis.

A comparison of

PCR products with and without RNase treatment is shown in
Fig. 3.3 (B). In some cases resolution of bands was further
improved by treating the RNA samples with DNase I before
amplification, although this required the introduction of an
extra heat dénaturation step (100°C for lOmins) to inactivate
the enzyme. A DNase I titration experiment is shown in Fig.
3.4 (A), the amount chosen as optimal was O.S^g (50 units) of
enzyme added to a lOjug RNA sample.
The magnesium concentration was also varied to optimise
the amount of product amplified. Six aliquots of ^^JQ of cDNA
were amplified using the following concentrations of
magnesium, 1.2mM, 2.5Mm, 5.0mM, lOmM and 6.7mM shown in
Fig. 4 (B).

The optimal magnesium concentration lay between

2.5 and 5mM.
Using the optimised procedures, including both RNase and
DNase treatment, RNA from a variety of different adult and
foetal tissues was tested for DMDL (UTRN) expression. In
general the foetal tissues were between 15 and 20 weeks
gestation. The PCR results are shown in Fig. 3.5 (A). There
was some variation in the relative amount of specific product
amplified from different tissues and in the number and
intensities of non-specific products. The DMDL (UTRN) 338bp
product is arrowed in Fig. 3.5. The variation in the levels of
the DMDL (UTRN) specific product may reflect a real tissue to
tissue difference in expression but may also be due to some
differences in the integrity of the RNA sample: for example
compare results from two adult liver samples and two adult
kidney samples in Fig. 3.5(A). Fig. 3.5(B) shows that when
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Fig.3.4 PCR amplification of (A) placental RNA/cDNA with DNase I
treatment of the RNA prior to reverse transcription. Various
concentrations of DNase I were tested. The PCR products were not
subsequently treated with RNase. Control samples include a PCR without
DNase I treatment but with RNase treatment of PCR product (0+). (B) Bfm3
cDNA with a range of Mg2+ concentrations in the reaction mix. BI=without
template, C=Bfm3 cDNA (buffer [6.7mM] Mg2+).
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Fig. 3.5 PCR amplification of RNA/cDNA from various human tissues together
with a mouse testis sample, using optimised conditions. (A) Conventional 2%
agarose gel electrophoesis. (B) Electrophoresis of a similar set of PCR products
on a 6% Nuseive gel. The 250bp band was consistently seen and was not
affected by increasing the annealing temperature. mo=mouse, a=adult, f=foetal,
M=marker (1Kb ladder, BRL) Bl=minus RNA
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Nusieve (low melting point) agarose is used in place of Sigma
agarose Type 1 (used as a standard in the laboratory) better
resolution was achieved.
A number of different bands of varying size and Intensity
could be seen in addition to the expected product of 338bp.
Amongst these a band of 250bp was moderately prominent and
was seen in many tissues. Raising the annealing temperature
in the PCR reaction from 52°C to 65°C decreased the number of
non-specific bands but failed to remove the 250bp band,
although it was weaker in intensity. None of the additional
components appeared to be related to the DMDL (UTRN)
transcript since when the PCR products were transferred on to
a filter, only the 338bp band hybridised to the Bfm3 cDNA used
as a probe (Fig. 3.6). This was particularly evident when the
product of the PCR reaction was diluted 10 fold before
electrophoresis. The non-specific bands seem likely to
represent non-specific binding of primers to crossreacting
transcripts. (Fig. 3.6 B).
In summary, significant expression of DMDL (UTRN) was
detected in all the tissues analysed; adult and foetal heart,
adult and foetal intestine, adult and foetal kidney, adult and
foetal liver, foetal lung, adult and foetal muscle, term and
foetal placenta and adult testis.
These results indicate that
DMDL (UTRN) is ubiquitously expressed. It is difficult to make
a judgement about the relative levels of expression from the
various tissues, based on these PCR results. However,
analysis of several sets of samples suggests that DMDL (UTRN)
was somewhat more abundant in foetal tissue, for example,
skeletal muscle, than in adult.

However, this may reflect

integrity of RNA rather than a real difference in template
quantity.
3.2.1

QUANTITATIVE PCR
An attempt was made to use RNA PCR in a semiquantitative
manner using primers to amplify RNA from genes that are
ubiquitously expressed, as internal controls, in duplex PCR

with the DMDL (UTRN) primers.
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Fig. 3.6 Southern blots showing (A) VT(%N PCR product hybridises to BfmS
specifically despite the presence of several non-specific PCR products.(B)
UT*a n PCR product loaded on the gel at 0.1 X the amount shown in (A).
f=foetal, a=adult, C=control - PCR product from sucrase isomaltase cDNA.
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Two sets of primers were investigated, the first from
glucose- 6 -phosphate dehydrogenase (G 6 PD) [Perisco et al.,
1986].
(A=exon/intron boundary)
(sense)
5'
ccagat^aggctggaaccgcatcat 394 3 »
(antisense) 5' ^^4 tgaggataacgcaggcgatgttgt ^97 3 '
The
and 6 in
antisense
amplified

sense primer lies across the boundary between exons 5
the glucose-6 -phosphate dehydrogenase cDNA and the
primer lies in exon 7, thus a 205bp fragment is
from RNA, but not from genomic DNA.

The second set were from the aldolase B gene (ALD)[Paolella
at a!., 1984]:
(sense)
5'
'^^atgctttggtgggaagaagtagaggactgt ^ 3 9 3 »
(antisense) 5' bp4^gttcaggccatgaactcttgtggatccttt 404 3 »
The sense primer lies in exon 2 of the aldolase cDNA and
the antisense primer lies in exon 4. These primers amplify a
181 bp fragment from the aldolase mRNA and not from the
genomic DNA.
In both cases it was difficult to establish conditions which
gave a single strong PCR product, with either G 6 PD or ALD
primers, see Fig. 3.7. In the case of the glucose-6 -phosphate
dehydrogenase primers, (Fig. 3.7, A), their presence in a
reaction together with the Bfm3 primers consistently reduced
the level of DMDL (UTRN) product amplified. In the case of the
aldolase primers the co-migration of their product with non
specific bands made the duplex PCR impossible to interpret,
see Fig. 3.7, B. This approach was not persued.
3.2.2

EXPRESSION OF DYSTROPHIN IN THE BRAIN

During the course of these PCR studies on DMDL(UTRN)
mRNA, I also briefly investigated the expression of DMD in the
brain, since at this time little was known of pattern of
expression of the brain specific DMD transcript. One of the
first dystrophin isoforms identified,
having an alternative first exon.

it is characterised by

Both the human and rat

alternative exons had been sequenced and the rat sequence was
shown to be 90% homologous to the human sequence [Freener
at a!., 1989].

Since fresh rat brain was more readily available

than human, RNA was made from 8 week old animals. The
brain was dissected and then RNA made from cortex.
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cerebellum, hippo- campus, striatum, spinal cord and
thalamus. Oligonucleotide primers were designed so that they
were specific for the brain alternative transcript of DMD and
cDNA specific, with the antisense primer spanning the
exon1/intron1 boundary.

The sequence of primer pair,

designed to amplify a 182bp band from cDNA, was as follows;
(A=exon/intron boundary)
(sense primer)
5' ctttcaggaagatgacagaatcagga 3 ’

(antisense

primer)

5' ccaaACttagaaaattctgcattta 3'

These primers amplified the expected size band from all of
the brain tissues examined. The gel on which the PCR products
were electrophoresed is shown in Fig. 3.8. The gels were then
blotted and the filter hybridised with a 48 mer oligonucleotide
probe designed from the rat brain first exon sequence
(hybridisation temperature 50°C). This probe will therefore
detect brain type DMD transcript and not muscle type DMD
transcript [Freener et al., 1989]. The sequence of the probe
was as follows:
5' cagcagccaacttattggcatgatggagtgacaggaaaaacagctggc 3'
The 182bp band hybridised specifically to the probe and the
resulting autoradiograph is shown in Fig. 3.8. Expression of
the DMD transcript in all areas studied suggests an important
role for the dystrophin in the brain.
3.3 ANALYSIS USING SLOT BLOTS
Relative levels of abundance of DMDL(UTRN) mRNA in
various human and rodent tissues were examined. Total RNA
was loaded as slots (5, 2 and 1jjg of RNA per tissue) and
vacuum blotted on to filters.
In most experiments the filters
were hybridised with the 1.6Kb EcoRI/Hindlll B3 fragment,
which is not homologous to DMD cDNA, but occasionally the
1.9Kb EcoRI/Hindlll Bfm3 fragment, which is 65% homologous,
to DMD cDNA was used for comparison. The pattern of RNA
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Fig. 3.7 PCR amplification of human placental RNA/cDNA with
(A) BfmS primers (i), G6PD primers (ii), and both
sets of primers together (iii) and (B) BfmS primers (i),
aldolase primers (ii) and both sets of primers together (iii).
M=marker, 1Kb ladder (BRL), BI=DNA minus.
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Fig. 3.8 Using DMD mRNA specific primers, PCR amplification of
total RNA isolated from various regions of rat brain. Southern
blots were probed with a 48 mer oligonucleotide from the DMD
brain specific transcript, exon 1. ce=cerebellum, h=hippo-campus,
sc=spinal cord, t=thalamus, c=cerebral cortex, M=marker (1Kb
ladder, BRL).
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abundance with the 1.9Kb probe was not significantly
different than that detected with the 1.6Kb probe.
Some examples are presented In Figs. 3.9, 3.10, 3.11 and
3.12 and show that DMDL (UTRN) Is expressed In a wide range
of tissues and that RNA Is most abundant In placenta, both
during gestation and at term.

Expression levels are also high

In foetal Intestine, adult kidney, adult testis and foetal
cardiac and skeletal muscle. DMDL(UTRN) mRNA Is at notably
low levels In adult epithelial muscle, heart. Intestine and HeLa
(human epithelial cervical carcinoma cells).
In control experiments the filters were hybridised with a
skeletal muscle a-actin cDNA probe, pGF3 which contains
750bp of coding sequence and 251 bp of 3' untranslated DNA
[Gillespie et al, 1984]. This probe will detect both muscle and
non-muscle actlns (Fig s 3.9 to 3.12). As can be seen, the
pattern of abundance of actin mRNA Is considerably different
from that for DMDL(UTRN) mRNA. In contrast to DMDL (UTRN),
actIn mRNA Is abundant In adult and foetal skeletal muscle and
adult cardiac muscle along with being relatively low. In foetal
placenta and adult kidney.
The rodent tissues examined were; mouse kidney, liver and
muscle, and rat brain along with the mouse cultured
fibroblasts, 10 T1/2 and the myoblast lines; G8, C2C12 and
23A2 (Fig. 3.12 ) None of these cell lines showed RNA levels
significantly above back-ground.
The relative Intensities of the DMDL (UTRN) signals were
quantitated using a densitometer and the data were expressed
as Integrated peak areas (Fig. 3.13). Occasionally anomalous
signal on slot blots and shifts In baseline, that occurred due to
uneven exposure of autoradiographs, were Identified. In these
cases a subjective evaluation of all the data was used to
arrive at a sensible estimate of the value. Foetal placental
RNA consistently gave the highest value and after averaging
estimates from three experiments, this figure was set as
100%. The values estimated for all other tissue mRNA signals
on each slot blot were calculated relative to foetal placenta.
If a foetal placenta RNA sample was not present on the blot,
the percentage value of the sample with the strongest signal
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Fig. 3.9 Total RNA from human placenta and muscle was
hybridised with both the BfmS 1.6Kb cDNA probe and
subsequently with an actin cDNA as a control. a= adult,
f=foetal, m=muscle and t =term^p-placenfct^.
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Fig. 3.10 Total RNA from a variety of human tissues hybridised
with both a specific BfmS 1.6Kb cDNA probe and subsequently
with actin cDNA probe as control. a=adult, f=foetal, i=intestine,
h=heart, l=liver, m=muscle, t=testis and p=placenta.

101

C h a p te r 3

Results

Bfm3

actin

ai

am

81

am

fi

ak

fi

ak

al

at

al

at

i^g
2|ig

Fig. 3.11 Total RNA prepared from a variety of human
tissues, hybridised with both a u r u fi cDNA probe,
BfmS 1.6Kb, and subsequently an actin oDNA probe
as control.a=adult, i=intestine, k=kidney, l=liver,
m=muscle and t=testis.
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Fig. 3.12 Total RNA from a variety of human and mouse cultured cell
lines, together with mouse RNA from muscle and liver (Mom and Mol),
hybridised with BfmS and subsequently with actin. G8, 23A2,
C2C12=mouse myogenic cells, 10T1/2=mouse fibroblasts and
Hela=human epithelial cell line.
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Fig 3.13 Slot blot data quantitated as integrated peak areas by scanning
densitometry. fp=foetal placenta, ai=adult intestine, fi=foetal intestine.

lo 4

C h ap ter 3

Results

Bfm3

DMD

5pg
2|ig
ipg

at

at

al

al

am

am

tp

tp

Fig. 3.14 Total RNA was isolated from a variety of human
tissues and hybridised with the BfmS cDNA probe and the
DMD cDNA probe. a=adult, f=foetal, i=intestine,
l=liver, m=muscle, t=testis, tp= term placenta.
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was set from a comparable blot.

For example, In Fig. 3.14 the

integrated peak area calculated by the scanning densitometer
for the foetal intestine (fi) sample was set at 74%, as
calculated from Fig. 3.10. Thus making it possible to give all
the other samples values as if there were a foetal placenta
sample present (set at 100%). The values are represented as a
number of plus signs, " + ", where one plus represents a value
of between 1 and 20% (of the foetal placenta signal) and five
pluses represents 100%. (Table 3.1).
This system was adopted to take account of inaccuracies
inherent in the method and evident from the experimental data.
The results are intended to give an overall guide to the
expression pattern of the gene rather than a precise
quantitation of exact mRNA levels.
TABLE 3.1

TISSUE
P lacenta

INTEGRATED PEAK VALUE/^g TOTAL
RNA AS % FOETAL PLACENTA
Adult (Term)
Foetal
+++++
++++

In te s tin e

+

T e s tis

++++

Kidney

++++

Heart

+

++++

Muscle

+

+++

L iv e r

++

+++

Key: -* = not tested, 1 - 20% =
61 - 80% = ++++, 61 - 100% =

++++
*

*

21 - 40% = ++, 41 - 60% =

+++++
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If the levels of DMDL(UTRN) mRNA In adult and foetal
tissues are compared, it can be seen that they are
significantly higher in foetal tissues.This is particularly
striking in intestine and heart (where levels are
approximately 10 fold higher in the foetal tissue than in the
adult). Notably, in each case and in contrast to DMDL (UTRN),
the level of actin mRNA is higher in the adult than in the
foetal tissue (not shown in table).
For a direct comparison of DMDL (UTRN) and dystrophin
(DMD), the filters were deprobed and rehybridised with the
dystrophin cDNA probe 'cf27' which is a cDNA fragment 3.2Kb
in length and contains coding sequence and 400bp of 3'
untranslated DNA [Forrest et al, 1988]. A marked difference
between the expression pattern of dystrophin (DMD) and DMDL
(UTRN) is seen (Fig. 3.14). The highest levels of DMD mRNA are
found in the adult muscle, (at least three fold higher than in
the other tissues measured), there were also significant
amounts of RNA in the foetal intestine and low levels in the
adult testis.
The results of these experiments accord well with the
findings of others who described low levels of DMD mRNA in
liver, placenta and testis [Hoffman at a!., 1987b, Chelly at a!.,
1988, Nudel at al., 1989b]. The low level of DMD mRNA in
placenta is in sharp contrast to DMDL (UTRN) which shows the
highest levels of RNA in this foetal tissue. In fact DMDL mRNA
appears to be consistently higher in foetal tissue than in adult
(see discussion).
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CLONING OF DMDL (UTRN)
During the year following publication of the DMDL (UTRN)
Bfm3 DNA [Love et al., 1989], numerous attempts were made,
by Dr. Barbara Byth at Oxford, to extend the cDNA in a 5'
direction using conventional screening methods and some PCR
based technique. The efforts were largely unsuccessful except
for the isolation of a small cDNA, Bfm4, which represents a
266bp extension 5' of the original clone. During this period and
for a further six months, I also attempted to isolate DMDL
(UTRN) sequences using conventional screening methods.
4.1 SCREENING OF AMPLIFIED LIBRARIES
One rabbit and four human libraries were screened, they
are detailed in the following table.
DESCRIPTION OF LIBRARY

PROBE

Human cDNA library made from

3.5Kb BfmS, human cDNA

Intestinal RNA in X,gt11
[Green,

1987]

Rabbit cDNA library in Xgt11
[Brownson,

1988].

Human genomic cosmid library in
Lorist B
[Donated by Dr. Cachon and
Wolfe, unpublished].
Human genomic 72001 phage
library [Le Franc, 1986].
Human genomic library made using
f low
sorted chromosome 6 from a cell
line with human chromosome 6 on
a hamster background
[ATCC, LA06N501].

1.7Kb Bml 217, mouse cDNA
extends 450bp further 5' in DMDL
(UTRN) than BfmS .
1.6Kb EcoRI/Hindlll human cDNA
fragment derived from S.5Kb BfmS

1.6Kb EcoRI/Hindlll human cDNA
fragment derived from S.5Kb BfmS
1.6Kb EcoRI/Hindlll human cDNA
fragment and 1.9Kb EcoRI/Hindlll
fragment derived from S.5Kb BfmS
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Including the Oxford study, a total of 14 different libraries
were screened but no DMDL (UTRN) recombinants were
detected. These results indicate that the region of DMDL
(UTRN) up-stream from Bfm3/Bfm4 is either unclonable or
greatly under-represented in these libraries, due to loss of the
fragment during cloning or amplification.
It was therefore
decided to construct a new cDNA library which was not
a m p lifie d .
4.2 UNAMPLIFIED LIBRARY I
The approach chosen was designed to enrich for the DMDL
(UTRN) sequence by priming the first strand synthesis of the
cDNA with a specific oligonucleotide derived from a region of
the Bfm3 sequence.
4.2.1

cDNA LIBRARY SYNTHESIS
The library was synthesised from human foetal placental
poly A+ RNA because the expression studies indicated that
there was a relatively high level of transcription of DMDL
(UTRN) in this tissue. 15pg of poly A+ was isolated and an
aliquot examined by electrophoresis: the sample comprised
RNA ranging in size between 1Kb and 5Kb (Fig. 4.1). Sjjg was
used as a template for reverse transcriptase.
The antisense oligonucleotide used to prime the first
strand synthesis was derived from the 5' end of the Bfm3
sequence corresponding to base pair positions 39 to 15 of the
DMDL (UTRN) cDNA (and homologous to positions 9806 to 9782
of the DMD cDNA. [Love et al., 1989]). The sequence was as
fo llo w s ;
5' tcagactctgcactctaatttttcc 3'

d m d l (UTRN) sequence

The vector chosen was Xgtl 1 since it has a high
transfection efficiency and would allow for the recovery of
translated fusion proteins, if necessary. The library was made
using a combination of two kits, 'cDNA synthesis system plus’
and the ’cDNA cloning system - X g tIT , [Amersham
International]

with

some

modifications.
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foetal placenta
/---

\

mRNA

total

288
188

1

1

Fig. 4.1 Poly A+ mRNA ( 2.4pg) and total
RNA ( 2.0pg and I.Opg) prepared from
human foetal placenta resolved on a 1.2%
agarose gel.
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Fig. 4.2 Flow diagram of
the construction of the
Xgt11 libraries.

Chapter 4

Results

Fig.4.2 summarises the making of the library.

The first strand

synthesis was incubated at 42°C for one hour in order to
encourage the generation of long transcripts.
The second strand synthesis was carried out by the addition of
RNase H and E.coii DNA polymerase.
EcoRI adapters (which contain a small polylinker with
EcoRI, BamHI, Kpnl and Ncol sites) were added to blunt-ended
cDNA. Size selection was carried out using a sephadex column
which removed the free linkers, radioactive nucleotides and
the smallest cDNA fragments from the reaction mixture. The
addition of the linkers allowed ligation into EcoRI cut Xgt11
arms which was followed by packaging the vector/cDNA in
phage head protein. After packaging and transfection into the
E.coii strain Y1088, the recombinants were detected by
'blue/w hite' (p-galactosidase) selection.
As a precaution and to maximise the efficiency of the
ligation reaction, two different amounts of cDNA were used,
27ng and 54ng, to ligate with 1^g of vector. After packaging
and plating, these different amounts gave 15% and 35% white
plaques, respectively. A control ligation containing no cDNA
with 1^g vector gave 5% white plaques. The small number of
white plaques in the control ligation are probably due to loss
of nucleotides from the X ends during phosphatasing or to
rearrangements occurring within the vector.
The total number of recombinants was 0.35 x lO^pfu for the
27ng ligation and 0.5 x lO^pfu for the 54ng ligation. The large
number of recombinants in the libraries implies, not
surprisingly, that hybridisation conditions used in the first
strand synthesis, in buffered aqueous solution at 42°C, were
not highly specific, although even if the hybridisation were
specific, it is likely that a number of other transcripts will
contain the 25bps of sequence chosen as the library primer.
Therefore it is expected that synthesis was primed from a
large number of non-DMDL (UTRN) RNAs, but that the library
will be enriched for the target sequence.
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4.2.2 SCREENING LIBRARY I
The unamplified library from the 54ng ligation was
screened, as four plates with 1 x lO^pfu on each, using the
294bp Bfm4 fragment as a specific probe which lies just up
stream from the library primer sequence (Fig. 4.10). The
primary screen yielded 10 putative homologous sequences.
These were taken to homogeneity by repeated screening and
picking. At about this time, another more 5' cDNA, Bfm19, was
isolated in Oxford.

This cDNA overlaps with Bfm4 and extends

a further 1.8Kb up-stream from the Bfm3 primer (Fig. 4.10)
(used to make the unamplified library). Rehybridisation of the
10 clones identified from the primary screen with Bfm4,
showed that five of them contained sequences homologous to
Bfm19. For example Fig. 4.3 shows one of the Bfm4 positive
clones hybridised after tertiary screening with the Bfm19
probe, at this stage 90% of the plaques were Bfm19 positive.
The five recombinants were purified to homogeneity and
designated Bpl2, Bpl5, Bpl7, BpIS and BpIIO.

4.3 ANALYSIS OF cDNA INSERTS
Two approaches were taken in the analysis of the DMDL
(UTRN) recombinant clones, one involved amplification of the
inserts using the PGR technique and the other conventional
purification of recombinant DNA by the 'phage maxi
preparation procedure (see Materials and Methods).
4.3.1 POLYMERASE CHAIN REACTION ANALYSIS
The polymerase chain reaction was carried out directly
using amplified phage stock (see Materials and Methods) and
using X g tll oligonucleotide primers (1218 and 1222) lying
either side of the cloning site (Fig. 4.4). These primers
amplify an 86bp fragment of X g tll if there is no insert DNA
present. Fig. 4.5 (A) shows 10^1 of PGR product, after
amplification of DNA from each of the five DMDL (UTRN)
recombinants. Glones Bpl2 and 5 contain inserts of
approximately 3.2Kb, Bpl7 and Bpl8 have inserts of
approximately 2.4Kb and BpIIO of approximately 2.0Kb.
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DNA inserts hybridise to Bfm19 after Southern blotting (Fig.
4.5 (B)) although hybridisation to Bpl8 gives a relatively weak
signal.
4.3.2 PHAGE DNA PREPARATIONS
The second approach taken to analyse the clones was to
make large scale phage DNA preparations. The preparation for
BpHO, had an unusual appearance such that the phage band in
the caesium gradient was a doublet. Both bands were taken off
the gradient separately with the heaviest band designated 10^
and the lighter one 10^.

All the phage preparations were

digested with EcoRI, in order to release the inserts (Fig. 4.6).
The results were disappointing; there was only one clone from
which an insert could be excised, Bpl8. There are at least two
explanations for this result, firstly that the flanking EcoRI
sites had been modified during the cloning process. Secondly,
it is possible that the DNA inserts of the clones Bpl2, Bpl5,
Bpl7 and BpHO are unstable in Xgt11.
Diagnostic KpnI/SstI double digests were carried out (Fig.
4.7); the cutting sites for these enzymes lie in the vector
outside the EcoRI cloning sites (Fig. 4.4 (0)). Xgt11, without
insert cDNA, is cut into four bands of sizes; 35660bp, 4430bp,
2100bp and 1510bp by this double digest. If DNA has been
inserted at the EcoRI site then the 2100bp band will increase
by the size of the insert or a fragment of the insert if there
are KpnI/SstI sites within the insert.
Bpl5 and BpHO'* show the 2100bp band and no other bands
due to the insert DNA. Bpl2 does not show all the expected
vector bands, but has a weak band of approximately 5.5Kb.
However, Bpl8 shows a banding pattern corresponding to an
insert of approximately 2.5Kb, containing at least three
internal KpnI/SstI sites.
BpHO^ shows a banding pattern
corresponding to a vector containing approximately a 2.0Kb
insert, with at least one internal KpnI/SstI sites (Fig. 4.7). The
absence of an insert DNA in both Bpl5 and BpHO'' and its
possible presence as a weak band in the Bpl2 digest favours
the view that the inserts were being lost from some
recombinants either during amplification or large scale DNA
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Fig. 4.3 A Bfm4 positive clone hybridized at tertiary
screening level with Bfm19. Replica filters are shown.
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Fig. 4.4 (A) Position of ^ g tl 1 primers, (B) and sequence. (C) KpnI/SstI restriction sites
and EcoRI cioning site in Xgt11 arms.
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BpI clones

BpI clones

5

Kb

3.2
2.4
2.0

Fig, 4.5 PCR amplification of DNA from the À g til human
recombinants, Bpl2, BpIS, Bpl7, BpIS and BpIIO, resolved on
a 0.8% agarose gel (A). The gel was Southern blotted and
hybridized with the Bfm19 cDNA probe (B). M= 1Kb ladder (BDH)
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BpI clones
Kb

2

5

8

10 ^ 10 ^

M

Kb

3.0

2.4

2.0
1.6
1.0

Fig. 4.6 Xgt11 clones Bpl2. Bpl5, Bpl8, and two preparations
of BpIIO (Bp110^ and Bpl1(r) were digested with EcoRt to
release the DMDL cDNA inserts. Insert oDNA could only be
detected in Bpl8. The samples were resolved on a
0.8% agarose gel. M= 1Kb ladder (BDH).
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This idea was further investigated by replating a

sparse spread of the homologous amplified phage stock derived
from a single plaque of Bpl2 and BpHO. Filter lifts were
prepared and hybridised with Bfm19 as a probe.
This experiment revealed that a mixed population of plaques
were obtained after amplification, such that only
approximately 10% of phage retain the inserted cDNA.
One strategy to overcome loss of insert DNA by
recombination is to use a recombination deficient host strain
of bacteria, such as SURE cells ('Stops Unwanted
Recombination Events' Stratagene). Bpl5 was reamplified in
SURE cells from a single positive plaque and the large scale
DNA preparation of Bpl5 was repeated. Using the SURE cells
did not however prevent the loss of the insert, as determined
by EcoRI digestion of the phage DNA
4.3.3

RESTRICTION MAPPING
Using DNA amplified from the clones by the PCR technique,
Hindlll digests of the insert cDNA were compared (Fig. 4.8).
The digestion products of the clones Bpl2, 5, 7 and 10, (which
all have the same 3' ends), show that a number of Hindlllsites
in the longest cDNAs must lie at the 5' ends, since they do not
occur in the shorter inserts. All the insert DNAs are related by
their Hindlll fragment patterns, except BpIS, which has a
significantly different restriction pattern (Fig. 4.8). When the
PCR products of Bpl2 and Bpl5 are digested and
electrophoresed on a low melting point Nuseive gel, which
gives high resolution, it is possible to deduce which band is
nearest the 5' end (Fig. 4.9). The digestion products of Bpl2
comprise 5 bands which are; 1.3Kb, 700bp, 450bp, 400bp and
320bp. The digestion products of the smaller Bpl5 clone are as
follows; 1.3Kb, 700bp, 400bp, 320bp (doublet). Thus the 450bp
Hind III fragment is at the 5' end of Bpl2 and is reduced to a
320bp fragment in Bpl5. The most 3' Hindlll site in both Bpl2
and Bpl5 is likely to correspond to the single Hindlll site found
in Bfm19 at position 486bp and 1287bp upstream from the
Bfm3 oligonucleotide library primer.
This suggests that the
Bpl2 clone extends about 1.6Kb further 5' than Bfm19. Fig.4.10
shows a map of the cDNAs, their relationship to each other and
119
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BpI clones
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Fig. 4.7 X g tll clones Bpl2, Bpl5, Bpl8 and two preparations
of BpHO (BpIlO^ and BpHCf), digested with KpnI/SstI and
resolved on a 0.8% agarose gel. M=1Kb ladder (BDH)
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to the cDNAs from the Oxford laboratory; Bfm3, Bfm4 and
Bfm19, and to DMD. All the insert cDNAs are identical at their
3' end but extend to varying lengths at their 5' ends, such that
Bpl2 is the longest at 3.2Kb and BpHO is the shortest at 2.0Kb.
4.3.4. CHARACTERISATION OF BPL8
The insert of Bpl8 was further investigated by using PGR to
test for the presence of the Bfm3 oligonucleotide sequence,
(used as a primer in the library construction).

Bpl2 was

analysed in the same way for comparison. Using the forward
?^gt11 primer (1218) and the Bfm3 oligonucleotide with Bpl2
as a template, no product was obtained. However, with the
reverse XgX^^ primer (1222) and the Bfm3 oligonucleotide, it
was possible to amplify DNA of the correct size i.e. 3.2Kb.
This result is consistent with the occurrence of the Bfm3
oligonucleotide at one end of the Bpl2 insert cDNA. Using Bpl8
as a template, however, there was amplification with the
Bfm3 oligonucleotide in combination with both the forward and
reverse Xgtl 1 primers with products of 800bp and 1.6Kb
respectively (Fig. 4.11). This suggests that there has been
some rearrangement of this clone. It is interesting that both
the fragments amplified are smaller than the fragment
obtained by amplification of Bpl8 phage with the I g t l 1
primers alone. These results
oligonucleotide occurs twice;
forward Xgtl 1 primer, in the
downstream from the reverse
orientation (Fig. 4.12).

suggest that the Bfm3
800bp downstream from the
reverse orientation and 1.6Kb
Xgtl 1 primer, in the forward

A likely explanation is that two cDNAs

from Bfm3 primer have ligated back to back.

This view is

supported by the finding of a single Hind III site close to one
end (Fig. 4.12) which corresponds in position to the most 3'
Hindlll site in Bpl2 (Fig. 4.10). Bpl8 was not investigated
f ur t her .
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Fig. 4.8 Insert cDNAs Bpl2, Bpl5, Bpl7, BpIS and BpHO
digested with Hindlll and resolved on a 2.0% agarose
gel alongside its undigested control. H= Hindlll digested,
U=undigested, M= 1Kb ladder (BDH).
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Bpl2
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Fig. 4.9 Insert cDNAs from Bpl2 and BpIS digested
with Hindlll and resolved on a Nuseive gel. Note
that Bpl2 has an extra Hindlll fragment at 450bp
and that the 320bp band in BpIS is a doublet. M= 1Kb
ladder
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Fig. 4.10 The hatched boxes represent Bfm3, Bfm4 and Bfm19
as Indicated. The white boxes represent the new DMDL (UTRN)
sequence obtained from library 1. The fragments are aligned
with the corresponding region of DMD. The sizes of fragments
generated by Hindlll digestion are indicated under Bpl2.
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4.4 SUBCLONING OF THE BPL INSERTS
The PCR technique was used to prepare DNA from the Bpl2
phage stock and this was digested with both EcoRI, Hind III and
EcoRI/Hindlll and ligated into EcoRI, Hindlll and EcoRI/Hindlll
digested M13 phage. These subcloning attempts were repeated
several times but it was not possible to subclone the whole
3.2Kb EcoRI insert or the largest 1.3Kb Hindlll fragment,
although the other four Hindlll fragments of 700bp, 450bp,
400bp and 320bp, which lie towards the 5' end of the Bpl2
insert, were subcloned. Growing the M13 phage in SURE cells
did not facilitate the cloning of the larger Bpl2 fragments.
The fragments subcloned into M l3 were sequenced (see section
4.7).
Subcloning of Bpl2 DNA amplified by PCR (but not
restriction digested) into the vector pGEM was also attempted
using pGEM3Z+, modified by the addition of a thymidine
nucleotide to the 5' end. A PCR reaction characteristically
adds an additional adenine to the 3' end of the product and this
phenomenon can be made use of. The overhanging adenine base
on the PCR product and the overhanging thymidine base added
to the vector act as 'sticky ends' and ligation is facilitated
[Marchuk et al, 1990]). This was attempted several times but
the fragment could not be subcloned.
4.5 SEQUENCING THE ENDS OF BPL2
Since the DMDL (UTRN) DNA was apparently difficult to
clone or unstable in a variety of vectors, the next approach
taken was to sequence directly from purified PCR product. In
the chosen method T7 gene 6 exonuclease is used to render the
double stranded PCR product single stranded (Fig. 4.13). This
enzyme digests double stranded DNA in the 5' to 3' direction
and therefore yields two non-complementary pieces of single
stranded DNA half the length of the original double stranded
piece of DNA. Sequencing was carried out using Xgtl 1 primers
and DMDL (UTRN) specific primers along with a USB sequencing
kit which employs the dideoxy NTP chain termination technique
(see Materials and Methods).

This procedure was used to

sequence most of the insert cDNAs from Bpl2, Bpl5, Bpl7, and
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(a)

(b)

(c)
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B

M

Kb

Fig. 4.11 (a) and (c) are Bpl2 and Bpl8, respectively, amplified
with forward ?tgt11 and Bfm3 primers, (b) and (d) are Bpl2
and Bpl8, respectively, amplified with X g tll reverse and Bfm3
primers, (e) is Bpl2 amplified with forward and reverse X g tll
primers. B= DNA minus, M= 1Kb ladder (BDH).
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B p l2

Xgt11F

Bfm3

A.gt11R

3.2Kb

BfmS primer or Xgtl 1F + XgtllR = 3.2Kb product

Hind
B. Bpl8

0.3Kb

1.3Kb
Bfm3

Ig tllF

Bfm3

Ig tllR

mmm
2.4Kb
-0.8Kb

1.6Kb

Bfm3 primer + XgtllR = 1.6Kb product
Bfm3 primer + A.gt11F= 0.8Kb product

Fig. 4.12 This Is a schematic diagram of amplification of (A) Bpl2 with
Xgt11 primers in combination with the Bfm3 primer used to synthesise
library 1 and (B) amplification of the rearranged clone, Bpi8, with the
same combination of primers. Xgtl 1F= Xgt11 forward primer, 1218,
Xgt11R= X,gt reverse primer, 1222.
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BpHO (see section 4.7).

This extended the DMDL (UTRN)

sequence 3.2Kb up-stream from the original BfmS clone. Taken
together with the BfmS and Bfm4 sequence, approximately
7.0Kb of the 1SKb DMDL (UTRN) mRNA had been cloned at this
stage, leaving the remaining 6.0Kb of the mRNA to be cloned
and characterised.

To continue the cloning and sequencing of

DMDL (UTRN), sequence data derived from the 5' end of Bpl2,
was used to design a primer to synthesise a second library
(Fig. 4.14).
4.6 UNAMPLIFIED cDNA LIBRARY II
4.6.1 SYNTHESIS OF THE LIBRARY
A second mini-library was prepared by specific DMDL
(UTRN) primer extension. The primer used was a 25bp reverse
primer, corresponding to positions 107 to 82 in Bpl2 (Fig.
4.14). The cDNA for this library was synthesised, as before,
from human term placental tissue RNA. In this experiment,
47ng, 95ng and 150ng of cDNA were used in three ligations
which when packaged and plated, gave 10%, 17% and 1S%
recombinants (white plaques) respectively.
A control plating
where the ligation contained only X g tll arms, gave blue
plaques only.
The total number of recombinants was 1.75 x lO^pfu, 5 x
1 O^pfu and 2.5 x lO^pfu for ligation 1, 2 and S respectively.
The library, designated library II, made from the 95ng ligation
was plated as four plates with 1 x lO^pfu per plate and these
were screened, unamplified. The number of recombinants in
this library was the similar to that found in library I after it
had been corrected for false recombinants.
4.6.2 SCREENING UNAMPLIFIED LIBRARY II
Two probes were used to screen library II.

One of the

probes was a S78bp 5' terminal fragment derived from BpI2. In
order to remove flanking Xgtl 1 sequences from this fragment,
Bpl2 was digested both with EcoRI and Hindlll.

EcoRI digestion

reduced the size of the Hindlll fragment from 450bp to S78bp
so that it migrated in the gel as a doublet with another more S'
402bp Hindlll band (which would not hybridise to insert cDNAs
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This yields two single stranded,
non-complementary pieces of DNA
half the original size.

15mins, 80 C
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Fig. 4.13 A schematic diagram describing the treatment of double stranded
DNA with T7 gene 6 exonuciease. Digestion with this enzyme yields two
non-compiementary single strands of DNA, half the original length.
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5’Bpl2

I
agtcattcatgaaaaacagccagatgtcatccttgaagcctctggacctgaagccattcagatca

1
agatacacttactcagctgaatgcaaaatgggacagaattaatagaatgtacagtgatcggaaag
50
02
gacttacgttttaccctgtcttaa^y
^
Bpl2 primer
t t gtt............................

Fig. 4.14 Sequence and position of the Bpl2 primer relative to Bpl2
clone used to synthesise Library II.
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extended from the Bpl2 primer). These bands were recovered
together from a high resolution Nuseive gel and purified using
a ’Gene Clean' kit [Stratech] (Fig. 4.9 and 4.10 ). Library II was
also screened with a 1.9Kb cDNA, designated 'Box T which was
isolated in the Oxford laboratory during the course of this
work and which extends 1.7Kb upstream of Bfm 19. This probe
was shown to hybridise to the 5' small Hindlll fragments of
Bpl2, but not the larger 3' ones, suggesting that it contained
some sequence 5' to Bpl2.
The Bpl2 5' Hindlll probe detected four cDNA clones: the Box
1 probe hybridised to all of these and to four others not
detected with the 5' Hindlll probe from Bpl2.
4.6.3 ANALYSIS OF cDNA INSERTS: POLYMERASE CHAIN
REACTION ANALYSIS
The insert cDNAs of all eight clones were amplified using
the PCR technique and examined by electrophoresis (Fig. 4.15
(A)). The clones were designated Bpl24, BpISO, Bpl23, Bpl31,
Bpl22, Bpl33, Bpl21, Bpl32 and contained inserts of; SOObp,
800bp, 1.1Kb, 1.1Kb, 1.7Kb, 1.7Kb, 1.8Kb and 2.3Kb,
respectively. The gel was blotted onto a filter and hybridised
with Box 1. The autoradiograph is shown in Fig. 4.15 (B). As
expected, all the insert cDNAs hybridised to this probe,
however, Bpl22 and Bpl33 showed relatively weaker signals
which might suggest some divergence in their sequence (see
section 4.7.2).
The relationship between the BpI clones and an alignment
with the DMD mRNA is described schematically in Fig. 4.16
(Bpl22 and 33 not shown). It can be seen that the DMDL (UTRN)
BpI cDNAs lie almost entirely within the corresponding rod
region of dystrophin, only the clones from library I overlapping
the corresponding cysteine rich region by 267bp.

4.7 SEQUENCING OF BPL CLONES FROM LIBRARY I AND II
For clarity, when referring to the sequence, the numbers
used refer to the positions in the whole DMDL (UTRN) sequence.
All the clones isolated from libraries I and II were sequenced
directly from the double stranded PCR product using either T7
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/
32

\
21

33

22

31

23

30

24

M

Kb

2.3

1.8
1.7

1.1
0.8
0.6

BpI clones

B.

32

21

33

22

31

23

30

24

2.3

1.8
1.7

»

1.1
0.8
0.6

Fig. 4.15 cDNA inserts Bpl32, Bpl21, Bpl33, Bpl22, Bp!31,
Bpl23, Bpl30, Bpl24 (A) amplified by PCR and resolved on a
0.8% agarose gel; (B) the gel was Southern blotted and the
filter hybridized with
labelled Boxi cDNA fragment
of 1.9Kb. M= 1Kb ladder (BDH).
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DMD cDNA
Rod region

4,502

3,767

5,704
4,976

3'
C-terminus

Cysteine-rich

6,250

6,032

6,752

9,500

6,646

8,033

9,767

9,499

DMDL (UTRN) oDNA
Bfm 4
Bfm 19

BpI 32

2.3Kb

BpI 21

1.8Kb

BpI 23, 31

BpI 30

BpI 24

¥

1.1Kb

□
□

0.8Kb

0.6Kb

1Kb

Fig. 4.16 The hatched boxes represent Bfm3, Bfm4, Bfm19
and Bpl2 as Indicated. The white boxes represent the new
DMDL (UTRN) sequence obtained from library 11. The
fragments are aligned with the corresponding region of DMD.
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gene 6 exonuclease (see Fig. 4.13) or a DMSO and heat
denaturing procedure. Each of the twelve overlapping clones
were sequenced from both ends using the Xgt11 PCR
oligonucleotide primers and the sequence was completed using
specific internal oligonucleotides as primers (summarised
diagramatically in Appendix 1)
Using the T7 gene 6 exonuclease and the recommended 15
minute incubation time, it was possible to completely digest
double stranded DNA as long as 3.2Kb, yielding two 1.6Kb
single strands.

It was essential that this reaction went to

completion since the subsequent steps in the method rely on
the cDNA being single stranded and non-complementary.
Although the exonuclease procedure was very successful and
provided much of the DMDL (UTRN) sequence some difficulties
were encountered in obtaining data from the central region of
the clones. In most cases this sequence could be obtained
using a different size clone: for instance, BpI24 was sequenced
from either end with >^gt11 primers and it was possible to
complete the sequencing from the central region using the
Xgtl 1 forward primer but with Bpl32 and 21 as template.
However, this approach did not entirely solve the problem,
especially with the clones from library I which were all of a
similar size (Fig. 4.10). In order to overcome this difficulty a
second method of rendering the double stranded PCR product
single stranded was employed which involves carrying out both
dénaturation and the chain termination reactions in the
presence of DMSO (see Materials and Methods). This method
was utilised, for example, to complete the DMDL (UTRN)
sequence between positions 8191 bp and 8791 bp using primers
N13AF and N12R and Bpl2 and BpIIO as template. (Appendix 1)
Some sequence data was obtained from EcoRI/Hindlll
fragments, derived from Bpl2 and subcloned into M l3.
Approximately 300bp of sequence was derived from each of
four fragments; Bpl2i, 665bp in size (which corresponds to
base pair positions 7439 to 8104), Bpl2ii, 403bp in size
(corresponding to
(corresponding to

positions 7036 to 7439), Bpl2iii 378bp
positions 6326 to 6704) and Bpl2iv 333bp

(corresponding to

positions 6704 to 7037) (Appendix 1).
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4.7.1 TABLE OF INTERNAL SEQUENCING PRIMERS

N° OF
PRIMER

SEQUENCE
(S' to 3') (AND
ORIENTATION)

POSITION
IN DMDL
(UTRN)
SEQUENCE

BpI
TEMPLATE

N1F

agcactaaaccgaactggggat
(sense)
agatgctgaagtccaacattgtca
(sense)
gctgggtgccatcccactggttctt
(antisense)
ctcctctggcagtcctactctctgg
(antisense)
tggagtctctggaatctgttctgcg
(sense)
ttaaggacgcagagcctctc
(antisense)
atcactggattccaagtgtt
(antisense)
tggttgatgtaatagggcac
(antisense)
agatgcaggacatccaggcag
(sense)
attgatgcccacaatgacat
(sense)
acgtcatacagacgcacctg
(sense)
ctggataaatcattcaccg
(antisense)
caggttgctgatgtccttag
(sense)

6649 to 6670

2 and 5

7290 to 7313

7

7514 to 7490

7

4791 to 4766

32

4368 to 4392

32

5439 to 5420

32

5941 to 5922

30

9048 to 9029

2 and 10

8022 to 8042

2 and 10

8045 to 8064

2 and 10

4957 to 4975

21 and 32

8801 to 8820

2 and 10

8236 to 8255

2 and 10

N2F
N3R
N5R
N6F
N7R
N8R
N9R
N10F
N10aF
N11F
N12R
N13F
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4.7.2 TABLE OF SEQUENCING STRATEGY^
PRIMER

TEMPLATE

LENGTH AND POSITION
OF OVERLAP WITH
CONTIGUOUS SEQUENCE

DERIVATION
OF
TEMPLATE
DNA

X g t llF

Bpl2. 5, 7, 10.

9379 to 9419 (41 bp s)

PCR product

N9R
N12R
N13AF

Bpl5
BpIIO
Bpl2 and 10
BpIIO
Bpl2l

to
to
to
to
to
to

9021
8752
8658
8368
8102
7870

(16bp s)
(61 bp as)
(170bp as)
(104bp s)
(26bp as)
(111bp as)

PCR product
PCR product
PCR product

N10AF
M 13

9006
8792
8488
8265
8077
7760

Xgtn R

BpIIO

N3R
N2F

Bpl7
Bpl7

Xgtn R

Bpl7

M 13

BpI 2ii

M 13

BpI 2iv

7500
7760
7213
7326
7324
7227
7342
7052
6739
7042

to
to
to
to
to
to
to
to
to
to

7632
7888
7473
7471
7342
7359
7359
7058
7052
7066

(133bp s)
(129bp as)
(261 bp as)
(146bp as)
(19bp s)
(133bp as)
(18bp s)
(7bp as)
(314bp s)
(15bp as)

N1F
Xgtn R

Bpl2, 5
BpIS

M 13

Bpl2iii

X g tn

to
to
to
to
to
to
to

6946
6709
6445
6801
6709
6445
6445

(260bp s)
(281 bp as)
(17 as)
(73 bp s)
(289bp as)
(23 bp s)
(107bp as)

N8R
X g tllR

B p l2 1 .2 3 ,2 4 ,
3 1 ,3 2 .
Bpl30
Bpl24

6687
6429
6429
6729
6421
6423
6338

X g tllR
Xgt11R

PCR product
M 13
subclone
PCR product
PCR product
PCR product
PCR product
M 13
subclone
M 13
subclone
PCR product
PCR product

M 13
subclone
PCR product

5660 to 5899 (240bp as)
6102 to 6138 (37 bp as)

PCR product
PCR product

Bpl30

5676 to 5724 (49bp s)

PCR product

B p l31,23.
Bpl32
Bpl21
Bpl21

5396 to 5416 (21 bp as)

PCR product

N7R
N11F
N5R

PCR product
PCR product
PCR product

Xgt11F

Bpl21

N6F

Bpl32

X g tllR

Bpl32

5124
4979
4661
4478
4669
4989
4479
4416
4486

to
to
to
to
to
to
to
to
to

5291
5011
4755
4396
4763
5012
4586
4497
4404

(168bp as)
(23bp s)
(95bp as)
(19bp as)
(95bp as)
(24bp s)
(108bp as)
(82bp s)
(19bp as)

PCR product
PCR product
PCR product

^This table describes the sequencing strategy employed with the clones obtained from
the DMDL specific libraries I and II. Each length of cDNA sequence overlapped with
adjacent sequence (determined using a different primer) either on the same strand
as the primer, the sense strand (denoted 's') or on the antisense strand (denoted
'as'). Thus 30% of the sequence was determined in both directions.
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The sequencing strategy together with the positions of the
internal primers, and the EcoRI/Hindlll and Hindlll fragments
is shown in Appendix 1 and summarised in Table 4.7.2 and the
internal primers are described in table 4.7.1.

5.2Kb of cDNA

sequence was derived in total, 30% of which was sequenced on
both strands (Appendix II).
These sequence analyses confirmed that the two libraries
had yielded sets of nested clones. The largest clone from
library I was Bpl2 which contained 3092bp of DMDL (UTRN).
With the exception of the Bpl8 insert, all the other smaller
cDNAs from library I correspond to a region within the range
spanned by the Bpl2 insert. The largest DMDL (UTRN) clone
from library II was Bpl32 which contained 2242bp of human
DMDL (UTRN) and, with the exception of the Bpl22 and Bpl33,
all the smaller inserts lay within this sequence.
4.7.2 ANALYSIS OF BPL22/33
Bpl22 and Bpl33 were identical to each other in size
(1.7Kb) and sequence. Both showed some sequence which was
not contiguous with that of other DMDL (UTRN) cDNA clones.
The cDNA was partially sequenced, 408bp from the 5' end and
342bp from the 3' end (Fig. 4.17). At least 408bp of the 5' end
of the BpI22/33 is identical to DMDL (UTRN), corresponding to
positions 5645 to 6052. The 3' end is identical to DMDL (UTRN)
(from bp position 6282 to 6429) for 147 nucleotides, but is
divergent before this point such that at least 195bp shows no
homology to DMDL (UTRN) cDNA. At the point of divergence,
using the DMDL (UTRN) reading frame, there is a stop codon
encoded by TAG'. The presence of the in-frame stop codon
precludes the possibility that an alternative transcript is
encoded by an identical message with the addition of and
therefore alternative usage of intronic sequence.
However
computer analysis identifies a possible alternative open
reading frame which remains open across the point of
divergence and ends with 'TGA' at base pair position 6409 of
the DMDL (UTRN) sequence. This could represent a gene product
which has an identical 5' end to DMDL (UTRN) but a different 3'
end which arises from usage of intronic sequence and an
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s900bp
195bp

408bp

147bp
Bpl22/33
DMDL(UTRN)cDNA

785bp

Sequence of Bpl22/33
5645

gatgccaacctccaggttgaaaatgtccgcgatcaagcccttattttgatgaatgcccgtggaagctcaagcaggg
agcttgtagaaccaaagttagctgagctgaataggaactttgaaaaggtgtctcaacatatcaaaagtgccaaatt
gctaattgctcaggaaccattataccaatgtttggtcaccactgaaacatttgaaactggtgtgcctttctctgac
ttggaaaaattagaaaatgacatagaaaatatgttaaaatttgtggaaaaacacttggaatccagtgatgaagatg
aaaagatggatgaggagagtgcccagattgaggaagttctacaaagaggagaagaaatgttacatcaacctatgga
agataataaaaaagaaaagatccgtttg.
6052

.agtagctattccaacacactggtaataacaggattcaattaaaaaaaaagtttccagtttcca
tgaggtaaccaatgattatgttcctccattattatttcaaatgagtggttctacaatataaatatctggtcatct

6282

gtgattcctttttttgttactttgctggattttgttaatctatgtcaatatatttttagaatatcaaagaccaac

tggacaaacttggagagcagattgcagtcattcatgaaaaacagccagatgtcatccttgaagcctctggacctg
aagccattcagatcagagatacacttactcagctgaatgcaaaatgggacaga
6429
Key
Sequence in bold' type Is Identical to DMDL (UTRN) sequence.
Region for which sequence was obtained
Region for which sequence was not obtained

Fig. 4.17 Bpl22 and 33 sequence and schematic diagram
of the putative rearrangement in these clones.
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alternative open reading frame in the DMDL (UTRN) 3' cDNA.
However, perhaps a more likely explanation would be that the
cDNA clones Bpl22 and Bpl33 represent a rearrangement. The
sequence at the point of divergence does not correspond to the
acceptor splice site consensus sequence 0 7 8 % Aioo%Gioo%
(intron) Gs5 % (exon) [Padgett et al, 1986] and so the cDNAs
seem unlikely have arisen by alternative usage of intron
sequence. In addition, although the intron/exon boundaries of
DMDL (UTRN) have not yet been defined, when DMD and DMDL
(UTRN) are aligned, the point of divergence in the DMDL (UTRN)
sequence (at bp position 6282) corresponds to a position in
DMD (6630) which is 17bp downstream from DMD intron/exon
splice site junction (position 6647) [Koenig et a!., 1987].
Taken together, these observations suggests that sequence of
unknown origin has been spliced into the middle of a DMDL
(UTRN) exon and the Bpl22/33 clones are unlikely to represent
an alternative transcript. This unidentified sequence shows no
significant homology to any other region of DMDL (UTRN) or any
other sequence in the EMBL database.
4.8 ANALYSIS OF THE SEQUENCE AND THE DEDUCED
AMINO-ACID SEQUENCE
4.8.1 NUCLEIC ACID ANALYSIS
The entire sequence of DMDL (UTRN) cDNA is shown in
Appendix II. The 5.2Kb of sequence determined during the
course of this study is underlined. Computer comparisons
(using UWGCG 'FastA') show that the 3’ end of the human DMDL
(UTRN) sequence is highly homologous to dystrophin; Torpedo
californica dystrophin (64%) chicken and mouse dystrophin
(61%) and human dystrophin (60%). The alignment is most
significant between nucleotide numbers 7231 to 9420 which
correspond to positions 7620 to 9806 in the human DMD cDNA
(Appendix III). If the sequence 5’ to this region, (DMDL (UTRN)
positions 4191 to 7241) is compared to dystrophin separately,
59% homology is found to a region considerably further
upstream, corresponding to DMD base pair positions 1534 to
2785.

This seems to suggest that there are parts of the DMD

rod sequence which do not have a corresponding sequence in
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DMDL (UTRN). This is not unexpected since the DMDL (UTRN)
transcript is 1Kb shorter than the DMD transcript. However,
the interval between this region of homology and the next (DMD
positions 7621 to 9799 and DMDL (UTRN) positions 7231 to
9393) appears to be too long to directly account for the 1Kb
difference in length between DMD and DMDL (UTRN) transcripts
and detection of this homology level further upstream may
also reflect the somewhat repetitive nature of the rod region
in dystrophin.
In searching for related genes using nucleic acid sequence
homology, DMD appears to be the only gene in the 'genEMBL'
database which is related to the region of DMDL (UTRN) cloned
and sequenced in this study (positions 4,502 to 9767 in DMD).
The DMDL (UTRN) cDNA sequence obtained from the placental
libraries described in this thesis differed by only one basepair
from the sequence obtained in this region by the Oxford
laboratory. This mutation of guanine to adenine, does not
create a restriction enzyme difference for a commercially
available enzyme and it is not yet clear whether this
represents a useful polymorphism.
4.8.1.1 ANALYSIS OF THE UNSTABLE REGION OF DMDL
(U T R N )
As discussed in section 4.1 early attempts to clone DMDL
(UTRN) cDNAs indicated that part of the sequence was
unstable/unclonable. The BpI X g tll recombinants from library
I described in section 4.3 were unstable and insert cDNA could
not be subcloned. When Bpl2 was restriction digested with
Hindi 11, it was possible to subclone four of five fragments
generated (378bp, 333bp, 402bp and 665bp in size) but not the
3' 1.3Kb Hindlll fragment.
In order to suggest possible reasons for the instability of
the 3' end of DMDL (UTRN) in cloning vectors the sequence was
examined for internal repeats.

This was done by comparing the

partial nucleic acid sequence to itself using UWGCG 'repeat'.
No long or unusual repeat regions were identified in the DMDL
(UTRN) sequence. It is also possible to look for inverted
repeats using 'UWGCG STEMLOOP'. The results of this search
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Hindlll
4.2Kb

5.2Kb

Bpl32

6.2Kb

Hindlll

Hindlll

O
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Hindlll

9.2Kb

8.2Kb

7.2Kb

Blp2

m

Key

4.18 The position of possibie stemioop forming sequences in the regions
encompassed by ciones Bpi2 and Bpi32. Bpi2 was unstable in cloning
vectors and under-represented in amplified cDNA libraries. Unusual
secondaiy structure may be the cause of this. Loops identified using
the program 'StemLoop' UWGCG and are depicted as j .

Y //A

The shaded box represents
a region between positions
7887 and 8690 where there
are 9 non-overlapping possible
stemioop forming regions.
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are plotted in Fig. 4.18 and indicate a cluster of possible loop
forming sites around the region considered to be unstable. The
computer identified 21 non-overlapping sequences with which
stem-loop formation was possible.

There appears to be a

cluster of such sequences around the 3' end of Bpl2 near the
region which could not be subcloned either as a 3.2Kb fragment
or as a 1.3Kb Hindlll fragment in M13 or pGEM3ZF+ with a
variety of host cells. There are nine consecutive sequences
capable of forming stem loops in the region between basepair
positions 7887 and 8690, this may lead to some difficulty in
maintaining the Bpl2 sequence in a vector.
4.8.2 AMINO ACID ANALYSIS
The 5229bp portion of the DMDL (UTRN) cDNA, cloned during
the course of this study and which lies entirely within the
13Kb coding region of DMDL (UTRN) (see Appendix IV), shows a
single continuous open reading frame comprising 1742 amino
acids. At the amino-acid level, the highest levels of homology
detected to dystrophin, using UWGCG 'FastA', correspond to the
5' end of the cysteine rich region of dystrophin. From utrophin
amino acid number 2838 to 2958 the level of identity is 77%
and the level of similarity (i.e. with conservative
substitutions) 87% (Fig. 4.19 (A)). Homology declines towards
the 5' end of the protein, mirroring the pattern of the nucleic
acid homology. The 3' 742 amino-acids of utrophin show 52%
identity and 71% similarity with dystrophin (Appendix VA)
whereas the entire 1742 peptide sequence shows 46% identity
and 67% similarity with dystrophin (Appendix VB).
A comparison of human, chicken and Torpedo californica
dystrophin with the partial human utrophin peptide sequence
identifies a highly conserved region which covers 399 aminoacid residues (extending to the end of the peptide sequence
obtained) Fig. 4.20. This region corresponds to the cysteine
rich region of dystrophin and represents an amino acid
sequence conserved across species and across genes (Fig.
4.20).
The cysteine rich region in the human dystrophin protein
comprises 5.3% cysteine which compared to other proteins, is

142

Chapter 4

Results

1994
Human
FKWSLLRKKS LNIRSHLEAS
T.cal..................... S
Chick
FRWSELRKKS LNIRSHLEAS
DMDL
QRWNDLKAKS ASIRAHLEAS
(pn^lO) 2538

SDQWKRLHLS
GEQWKRLQIS
TDQWKRLHLS
AEKWNRLLMS

LQELLVWLQL
LQDFLTWMNL
LQELLAWLQL
LEELIKWLNM

2025
KDDELSRQAP
KNDELRRQMP
KEDELKQQAP
KDEELKKQMP
2587
2076
TEQPLEGLE.
ADPAIRAPE.
ADQPVEGLE.
ADQPIEAPEE
2637

2026
IGGDFPAVQK
IGGDAPTVCQ
IGGDIPTVQK
IGGDVPALQL
2588

QNDVHRAFKR
QNDVHRIFKR
QNDVHRTFKR
QYDHCKALRR

ELKTKEPVIM
ELKAKEPWM
ELKTKEPVIM
ELKEKEYSVL

STLETVRIFL
SALDTVHLFL
NALETVRLFL
NAVDQARVFL

2078
..KLYQEPRE
..SLLTGPRE
..KVYPEPRD
PRRNLQSKTE
2 63 8

LPPEERAQNV
KIPEENIQNV
LSPEERAQNV
LTPEERAQKI

TRLLRKQAEE
AKRIRKYAEE
TKVLRRQADD
AKAMRKQSSE

VNTEWEKLNL
VKVEWDKLSN
VRTEWDKLNL
VKEKWESLNA

2030
Human
ETLERLQELQ
T.cal.
EALKRLLELQ
Chick
DALERLQGLQ
DMDD
KALEKLRDLQ
iUrtZ-M) 2688

EATDELDLKL
DSMDELNLKL
EAMDELDLKL
GAMDDLDADM

RQAEVIKGSW
RQAEAIKDTW
RQAEAFKGSW
KEAESVRNGW

2079
QPVGDLLIDS LQDHLEKVKA
QPVGDLLIDS LQDHIEKVKV
QPVGDLLIDS LQDHLEKVKV
KPVGDLLIDS LQDHIEKIMA
*
2737

2080
LRGEIAPLKE
FRAEIAPMKE
YRAEMVPLKE
FREEIAPINF
273 8

NVSHVNDLAR
NVTHMNDLAS
KVHQVNELAH
KVKTVNDLSS

QLTTLGIQLS
QFTPPDIQLS
RFAPPDIQLS
QLSPLDLHPS

PYNLSTLEDL
PYNLNQLEDL
PYTLSCLEDL
LKMSRQLDDL

2129
NTRWKLLQVA
NTRWKLLQVS
NTRWKVLQVA
NMRWKLLQVS

3030
Human VEDRVRQLHE AHRDFGPASQ HFLSTSVQGP WERAISPNKV
T.cal. IDELLKQLHE AHRDFGPTSQ HFLSTSVQGP WERAISPNKV
Chick IDERIRQLHE AHRDFGPTSQ HFLTTSVQGP WERAISPNKV
DMDLv VDDRLKQLQE AHRDFGPSSQ HFLSTSVQLP WQRSISHNKV
2788

3079
PYYINHETQT
PYYINHQTQT
PYYINHETQT
PYYINHQTQT
2837

Human
T.cal.
Chick
DMDL

Human
T.cal.
Chick
DMDL
(UTTUJ)

Human
T.cal.
Chick
DMDL
(urW

Human
T.cal.
Chick
DMDL

3080
TCWDHPKMTE LYQSLADLNN
TCWDHPKMTE LYQSLADLNN
TCWDHPKMTE LYQSLADLNN
TCWDHPKMTE LFQSLADLNN
283 8

VRFSAYRTAM
VRFSAYRTAM
VRFSAYRTAM
VRFSAYRTAI

KLRRLQKALC
KLRRLQKALC
KLRRLQKALC
KIRRLQKALC

2029
HSADWQRKID
RSVDWQKRID
RSADWQKKID
VTSNWQKQID

3129
LDLLSLSAAC
LDLLSLPSAC
LDLLNLSAAC
LDLLELSTTN
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Human
T.cal.
Chick
DMDL
Ctmz-W

3130
3179
DALDQHNLKQ NDQPMDILQI INCLTTIYDR LEQEHNNLVN VPLCVDMCLN
EAFDQHNLKQ NDQLLDILEI INCLTSIYDR LEQEHSNLVN VPLCVDMCLN
DALDQHNLKQ
NDQPMDILQI INCLTTIYDR LEQEHNNLVN VPLCVDMCLN
EIFKQHKLNQ NDQLLSVPDV INCLTTTYDG LEQMHKDLVN VPLCVDMCLN
2888
2937

3180
Human
WLLNVYDTGR
T.cal.
WLLNVYDTGR
Chick
WLLNVYDTGR
DMDL
WLLNVYDTGR
CuiutJ) 2938

3229
TGRIRVLSFK TGIISLCKAH LEDKYRYLFK QVASSTGFCD
TGRIRVLSFK SGIMSMCKAH LEDKYRYLFK QVASPTGFCD
TGRIRVLSFK T G W S L C K A H LEDKYRYLFK QVASSTGFCD
TGKIRVQSL...............................
2957

^Fig. 4.20 A comparison of the cysteine rich domain and flanking 5'
^region of dystrophin from human, Torpedo californica and chick
iWith the uTfUO amino acid sequence. Dystrophin is highly
[conserved across species and the homology in this region between
.human dystrophin and DMDL protein (utrophin) is 87%. Compiled
lUsing the UWGCG program'PiieUp'.
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(a) 2838 TTCWDHPKMTELFQSLADLNNVRFSAYRTAIKIRRLQKALCLDLLELSTT 2887
I I I I I I I I I I I I ; I I I I I I I I I I I I I I I I I : I : I I I I I I I I I I I I . I I . .

(b) 3 080 TTCWDHPKMTELYQSLADLNNVRFSAYRTAMKLRRLQKALCLDLLSLSAA 3129
(a) 2 888 NEIFKQHKLNQNDQLLSVPDVINCLTTTYDGLEQMHKDLVNVPLCVDMCL 2937
:

: . I I . I . I I I I

: . :

: : I I I I I I . I I

I I I

I . : I I I I I I I I I I I I

(b) 313 0 CDALDQHNLKQNDQPMDILQIINCLTTIYDRLEQEHNNLVNVPLCVDMCL 3179
(a) 293 8 NWLLNVYDTGRTGKIRVQSL
I I I I I I I I I I I I I : I I I

2957

I :

(b) 3180 NWLLNVYDTGRTGRIRVLSFKTGIISLCKAHLEDKYRYLFKQVASSTGFC 3229

Fig. 4.19 Human UTi^io sequence at the 5' end of the cysteine rich
region (a) compared to human DMD sequence (b) in the same region
using the UWGCG program FastA'. A similarity of 87% and an identity
of 77% were estimated.
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Fig. 4.21 ÜTP.NJ protein between residues 1214 and 2956 compared to
itself using Staden comparison program 'algorithm identities' (span
length 35 and proportional scores 380).
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above the average 3.4% [Dayhoff MO and Hunt LT, 1972].
However, the percentage of cysteine In the full length
dystrophin protein sequence is 0.9%, therefore, internally
there is an approximately 6 fold increase in cysteine content
between amino acid 3080 and 3360. In the equivalent region of
utrophin (of which only part of the cDNA was cloned in this
study) the level of cysteine is 4%, but only 1.2% in the whole
of the region cloned: this represents a 3.3 fold increase in
cysteine content which although lower than dystrophin is still
s ig n ific a n t.
The utrophin amino acid sequence (between 1214 and 2956)
was compared to itself using Staden's 'algorithm identities'
(span length 35 and proportional scores 380). This type of
comparison should detect degenerate direct repeats like the
'spectrin like' repeat regions detected in DMD. These data were
plotted graphically and short lines parallel to the main plot
demonstrate the existence of weak repeats in the region of
utrophin corresponding to the rod domain of dystrophin (Fig.
4.21). For comparison, the full length dystrophin sequence
aligned with itself is shown in Fig. 5.2 (span length and
proportional scores as for DMDL (UTRN)). There is a marked
similarity between the pattern of weak repeat units in the
utrophin and in dystrophin. The comparison of utrophin and
dystrophin in the rod region corroborates the data obtained
from sequence alignments showing higher homology at the 3'
and 5' ends and highlights an apparently truncated region in the
middle of the utrophin (5.4).
4.9 GENOMIC STRUCTURE
Preliminary studies on the exon intron structure of the 3'
end of the DMDL (UTRN) gene were carried out. DMDL (UTRN)
cDNAs were used as probes on Southern blots of Hindlll and
Pvull digested human genomic DNA.
The results from the Hindlll digested DNA, using Bpl2, Bpl7,
BpHO, Bpl31, Bpl21 and Bpl32 as probes, indicate that 5.2Kb of
DMDL (UTRN) cDNA between basepair positions 4191 and 9419
identifies at least 48Kb of genomic sequence (Figs. 4.22, 4.23,
4.24 and 4.25). A preliminary map can be devised since the
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cDNAs identified from the same library (Bpl2, Bpl5, Bpl7 and
BpHO from library I and Bpl21, Bpl22, Bpl23, Bpl24, Bpl30,
Bpl31, Bpl32, Bpl33 from library II) are identical to each other
at their respective 3' ends: thus BpHO identifies 13.9Kb of
genomic DNA as four Hindlll fragments; 5.0Kb, 4.0Kb, 2.7Kb and
2.2Kb where as Bpl7, which is identical to BpHO at the 3' end
but 0.4Kb longer at the 5' end, identifies an additional 8Kb
fragment (Fig. 4.22 and 4.26).
The number of exons represented by the region of cDNA
examined (4191 to 9491) can be estimated since it is known
that there are four Hindlll sites in the cDNA which lie in the
region spanned by Bpl2, but no sites in the region spanned by
Bpl32. There are two Hindlll sites in the cDNA spanned by Bpl7
and BpHO therefore the detection of 5 genomic fragments
indicates the presence of at least 2 exons. In addition 7
genomic fragments are detected by Bpl21, Bpl31 and Bpl32
indicating the presence of 7 exons.
Some indication of the order of the genomic fragments can
be obtained from examination of the signal intensities on the
autoradiographs. Comparison of the signal detected by Bpl7
and BpHO indicates that the 2.2Kb fragment, which is weak
with BpHO and relatively stronger with Bpl7, (Fig. 4.22) is the
most 5' fragment hybridising to BpHO. Clearly the 5' terminal
fragment detected by Bpl7 is 8Kb, but this cannot be linked to
Bpl32 data due to lack of information from Bpl2. Data from
Bpl32 or Bpl21 indicates that the 7.5Kb band, which is
relatively weak, is probably the terminal 5' fragment (Fig.
4.23) covered by these probes. In summary, the information
from Hindlll digests indicates, along with an approximate
fragment order, that the DMDL (UTRN) cDNA, between positions
4191 and 9491, spans 48.2Kb of genomic DNA and comprises at
least 9 exons.
Similar experiments were carried out using the enzyme
Pvull from which the genomic region was estimated to span
49.7Kb (or 53.8Kb see Fig.4.26). Using Pvull digested human
genomic DNA the region spanned by the BpI inserts appeared to
be slightly smaller at the 5' end in comparison to Hindlll
digests, but larger at the 3' end.

BpHO and Bpl7 detect
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2.7

2.7

2.2

2.2

Fig. 4.22 Genomic human DNA digested with Hindlll,
Southern blotted and hybridised with UTI^N cDNA;
(A) Bpl7, 2.4Kb and (B) BpHO, 2.0Kb.
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Fig. 4.23 Genomic human DNA digested with Hindlll,
Southern blotted and hybridised with in’M cDNA;
(A) Bpl31 and (B) Bpl21 or Bpl32.
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Fig. 4.24 Genomic human DNA digested with Pvull, Southern
blotted and hybridised with iHTlW cDNA; (A) Bpl7, 2.4Kb and (B)
BpHO, 2.0Kb.
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A.

C.

B.
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mm a
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1.0

Fig. 4.25 Genomic human DNA digested with Pvull,
Southern blotted and hybridised with UTRN oDNA;
(A) Bp!31 and (B) Bpl21 and (C) Bpl32.
* =either partial digestion product or genomic DNA
with very little coding material.
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(A) Hindlll and (B) Pvull
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identical Pvull genomic fragments of; 9.0Kb, 7Kb, 4.8Kb, 4.2Kb
and 4.0Kb. BpHO contains two Pvull sites and therefore the
29Kb of genomic DNA detected comprises at least 2 exons.
Careful comparison of banding intensities between Pvull
digested genomic DNA hybridised with Bpl7 or BpHO (Fig.
4.24), shows that the 4.0Kb signal is stronger with Bpl7. This
implies that the 4.0Kb band is a 5' terminal Pvull fragment
encompased by BpHO, since it hybridises more strongly to
Bpl7 which extends 400bp further up-stream than BpHO.
Comparison of the Hindlll data and Pvull data makes it possible
to deduce that the 4.0Kb terminal Pvull fragment contains a
Hindlll site. In addition to those fragments detected by Bpl7
and 10, Bpl2 detects a further 2.8Kb fragment therefore
representing a region of 31.8Kb in comparison with 21.9Kb
spanned by Hindlll fragments.
BpISI identifies two fragments,
7.5Kb and 2.2Kb (Fig. 4.25(A)). There is one Pvull site at the S'
end of BplSI, Bpl21 and Bpl32 but it cuts 20bp upstream from
the terminus and so would not be detected in this type of
analysis. The 9.7Kb of genomic DNA detected by BpISI
therefore probably represents 2 exons. Bpl21 has one Pvull
site and clearly identifies a further two bands, spanning 3.7Kb
of genomic DNA. However, it also identifies two other bands
very weakly, a 2.4Kb band and a 1.7Kb band. These bands may
represent partial digestion products, but they may represent
genomic DNA with very little exonic material present and are
too weak to be detected when hybridised with Bpl32 due to
deterioration of the filter through sucessive washing and
deprobing.
If these weakly detected fragments represent
exonic material then Bpl21 identifies 7.8Kb of genomic DNA.
Bpl32 identifies an additional 4.5Kb 5' terminal fragment and
indicates the presence of at least one more exon thus using the
Pvull enzyme indicates that there are at least 5 exons (or
possibly 7) in the region studied (Fig.4.25(B) and 4.26).
In conclusion, using the information from both enzymes, the
total genomic region spanned by the Bpl cDNA inserts (covering
the second half of the rod domain) is in excess of 58Kb and
spans at least 9 exons (Fig. 4.26). Pearce et at., [1993]
recently estimated there to be at least 20 exons encoding the

154

Chapter 4

Results

complete rod domain spanning 320Kb.

The implication from

these data is that the density of exons at the genomic locus
increases towards the 3' end of the rod domain. The rod
domain of the DMD gene shows lower homology to the DMDL
(UTRN) gene than the other domains at both the nucleic acid
level and the amino-acid level (see discussion and Fig. 5.1) and
this is reflected in their genomic structures. At the DMD locus
the rod domain is encoded by 50 exons spanning, a huge, 1.1 to
1.2 megabases.

[Pearce et al., 1993].
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CHAPTER 5 DISCUSSION
5.1 EXPRESSION PATTERNS OF UTROPHIN
The first studies investigating the expression patterns of
utrophin were carried out using polyclonal antibodies raised to
fusion proteins derived from the original partial cDNA, Bfm3
(3.5Kb). These antibodies were shown to cross-react with
dystrophin and so were only informative in dystrophin
deficient tissues.
However, they were used to demonstrate, at
a cellular level, that utrophin could be detected in several
tissues: in human and mouse dystrophin deficient skeletal
muscle and in m dx and normal mouse brain and spinal cord
[Hoffman et al., 1989b, Tanaka at a!., 1989, Fardeau et al.,
1990, Ishiura et al., 1990, Samitt et al., 1990, Pons et al.,
1991, Voit et al., 1991a, Augier et al., 1992, Yoshioka et al.,
1992].
TABLE 5.1 EXPRESSION PATTERNS OF UTROPHIN
(using utrophin specific antibodies)
SPECIES

AGE

TISSUE

m, r

adult

brain, heart, intestine, kidney, liver,
lung, sk ms

m

adult

uterine ms, nervous ts, spleen, testis,
vascular ts,

m dx

adult

lung, sk ms

dy

adult

sk ms

h

adult

uterine ms, nervous ts, Schwann cells,
vascular ts

h

kidney, liver, lung, peripheral nerves,

foetal

placenta, sk ms, vascular ts
BMD/DMD

adult

sk ms

h=human, BMD/DMD=BMD/DMD patient, m=mouse, mdx=:mdx mouse, d y = d y mouse,
ts=tlssue, ms=muscle, r=rabbit, sk=skeletal. [Khurana et al., 1990, Love e t al., 1991,
Nguyen thl Man et al., 1991, Khurana et al., 1991, Ohlendieck e t al., 1991d, Tanaka e t
a l., 1991, Takemitsu et al., 1991, Voit et al., 1991a, Blake e t al., 1992, Helliwell e t
a l., 1992b, Clerk et al., 1993, Fabbrizio et al., 1993b, Karpati et al., 1993a,
Matsumura et al., 1993e]
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antibodies have allowed the analysis of utrophin in
(i.e. in the presence of dystrophin) and have
demonstrate utrophin expression in a wide range
described in table 5.1.

It appears, for example, that utrophin, in sharp contrast to
dystrophin, is most abundant in lung and relatively low
abundance in skeletal muscle [Love et al., 1991, Matsumura e t
al., 1993e]. This study has demonstrated that the human DMDL
(UTRN) mRNA also shows a widespread distribution. Using RNA
slot blot hybridisation and RNA PCR analysis, significant
levels of mRNA have been detected in all mature and foetal
tissues examined [Love et al., 1991].
It has been observed that DMDL (UTRN) mRNA (this study) is
more abundant in foetal than in adult tissues, this is also
observed at the protein level [Khurana et al., 1990, Love et al.,
1991, Takimitsu et al., 1991]. More detailed experiments with
human muscle have demonstrated that utrophin is expressed at
higher levels in the sarcolemma than adult between 10-17
weeks gestation but by 23 weeks levels are negligible at the
sarcolemma. Labelling of the capillaries was strong and
remained unchanged throughout gestation.
Peripheral nerves
were also labelled at 9 weeks and became more strongly
labelled in older foetuses. By 41 weeks gestation sheaths
surrounding peripheral nerves and spindle fibres were strongly
labelled. These data indicate that, in muscle, utrophin is a
developmentally regulated protein and suggest that it
performs a specific role in foetal development.
In this study,
unlike dystrophin (see section 1.1.7), there was no evidence of
the presence of foetal isoforms of utrophin being expressed at
different stages of development [Clerk et al., 1993].
It has been estimated that transcription of the 14Kb
dystrophin mRNA would take around 24 hours implying that the
full length mRNA will only be transcribed in mitotically
inactive cells [Ucker and Yamamoto, 1984]. The DMDL (UTRN)
gene is also large, with a genomic locus of approximately 1.25
megabases and a 13Kb mRNA, thus utrophin expression may
similarly be confined to non dividing cells [Tinsley et al.,
1992, Pearce et al., 1993] . This idea is not inconsistent with
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the localisation of utrophin to nerve tissue, vascular smooth
muscle and skeletal muscle (table 5.1).
5.1.1 SUBCELLULAR DISTRIBUTION OF UTROPHIN IN
SKELETAL MUSCLE
Despite the relatively low expression of utrophin in muscle
compared to most other tissues, studies of subcellular
localisation have been focused on skeletal muscle tissue.
Muscle is of particular interest since it is the major site of
dystrophin expression and the structural similarities between
utrophin and dystrophin have made it a particularly important
objective to understand whether these two proteins have a
similar function in the muscle cell.
During the analysis of dystrophin in m dx mice and DMD
patients, dystrophin antibodies detected a cross-reacting
protein located at neuromuscular junctions in m dx mouse
tissue. This activity was attributed to utrophin [Fardeau e t
al., 1990]. In more comprehensive studies using antibodies
specific for utrophin, localisation at the neuromuscular
junction was confirmed and refined, in addition to detecting
utrophin at the myotendinous junctions. These specific
antibodies were used to localise the protein near to the
acetylcholine receptors in post junctional membrane at the
neuromuscular junctions in both normal and m dx mouse
skeletal muscle and normal and DMD human muscle [Khurana a t
a!., 1991, Nguyen thi Man et al, 1991, Ohlendieck et al., 1991d,
Pons et al., 1991, Takemitsu et al., 1991, Bewick et al., 1992,
Helliwell et al., 1992b, Khurana et al., 1992, Zhao et al., 1992,
Fabbrizio et al., 1993b,c, Karpati et al., 1993a, Matsumura e t
al., 1992a, 1993e, Phillips et al., 1993, Takemitsu et al., 1993,
Zhao et al., 1993]. Although signal in the sarcolemma was also
observed, in some cases, in normal muscle [Khurana et al.,
1991, Tanaka et al., 1991], which may be due to the antibodies
cross reacting with dystrophin or to the presence of utrophin
in regenerating fibres [Helliwell et al., 1992b]).

Thus, utrophin

has been suggested to contribute to the anchorage of the
acetylcholine receptor to the membrane [Nguyen thi Man et al.,
1991, Ohlendieck et al., 1991d, Takemitsu et al., 1991, 1993].
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Confirmation of localisation to the crowns of the postsynaptic
folds would further support this hypothesis [Karpati et a!.,
1993a].
In contrast, dystrophin antibodies showed signal
throughout the sarcolemma which was more intense at the
neuromuscular junctions in normal human and mouse muscle
[Arahata et a!., 1988, Bonilla et a i, 1988, Zubrzycka-Gaarn e t
a i, 1988, Watkins et a i, 1988, Miike et a i, 1989, Carpenter e t
a i, 1990, Samitt et a i, 1990, Lidov et a i, 1990, Cullen et a i,
1990,1991, Byers et a i, 1991, Bewick et a i, 1992]. Further
studies utilising a variety of fluorescent labelled monoclonal
antibodies against muscle fibre fragments suggested that
utrophin is more intimately associated with junctional
acetylcholine receptors than either dystrophin or p -s p e c trin
[Bewick et a i, 1992].
In mouse embryos, immunofluorescent
staining for utrophin detected the protein at the earliest
stages of acetylcholine receptor clustering at the
neuromuscular synapse. However, in mouse derived cultured
myotubes, utrophin was only detected at the large
acetylcholine receptor clusters, but not the small ones
(myotubes of the mouse cell line C2 occasionally have
spontaneously occurring acetylcholine receptor rich domains)
and this suggests that utrophin may have a role in the
development of large stable acetylcholine rich membrane
domains found in the mature NMJ [Phillips et a i, 1993].
Analysis of electric eel (Torpedo memorata ) has indicated
that, as in mammals, utrophin has a broader distribution than
dystrophin i.e. it is found in vessels and connective tissue, in
addition to the electric organ and white skeletal muscle, and
is found concentrated at the NMJs but that the presence of
utrophin in Torpedo memorata and in skate (Raja clavata )
electrocytes is much lower, or non-existant, at the synaptic
membranes [Cartaud et a i, 1992, Dowdall et a i, 1992, Khurana
et a i, 1992, Fabbrizio et a i, 1993c]. Whatever utrophin's role
at the NMJ, the identification of both dystrophin and utrophin
in Torpedo memorata

indicates that they diverged at least 400

million years ago and have been conserved since that time
which suggests that there has been strong selective pressure
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for specific functions for the two proteins [Cartaud et a/.,
1992].
5.1.2 EXPRESSION OF UTROPHIN IN SMOOTH MUSCLE
AND NON-MUSCLE TISSUES
The ubiquitous expression of DMDL (UTRN) is reflected in
the widespread distribution of utrophin in a large variety of
cultured cell lines.
For example, studies using specific
monoclonal antibodies have detected utrophin expression in
rabbit pulmonary artery endothelial cells, HeLa cells (human
epithelial cells), COS monkey kidney cells, P388Di macrophage
like cells, human skin fibroblasts, rat C6 glioma cells and
Schwannoma cells, none of these express detectable amounts
of dystrophin [Nguyen thi Man et a i, 1991,1992, Matsumura e t
a i, 1993e]. Expression of utrophin in human skin fibroblasts
may be useful for studying normal and pathological variation in
utrophin in human populations since they are an easy cell line
to establish [Nguyen thi Man et a i, 1992].
However, not all cell lines express utrophin for example, it
is barely detectable in cultured myoblasts and could not be
detected in mouse Sp2/0 myeloma cells or a hybridoma cell
line derived from the fusion of Sp2/0 and mouse spleen cells
[Nguyen thi Man et a i, 1992]. In this study, DMDL (UTRN) mRNA
levels were low in mouse myogenic cells, mouse fibroblasts
and human HeLa cells, although protein expression has been
detected in HeLa cells and
levels and protein levels is
of utrophin from some cell
for cell growth and division

the relationship between mRNA
not straightforward. The absence
lines infers that it is not essential
[Nguyen thi Man et a i, 1992].

The expression of utrophin in endothelial cells appears to
account for the high level of the protein detected in the highly
vascularised lung [Matsumura et a i, 1993e], placenta (this
study) and other tissues (table 5.1). Various endothelial cell
lines were examined; pulmonary artery endothelial cells,
umbilical vein endothelial cells and microvascular cells, and
all expressed utrophin [Matsumura et a i, 1993e]. In mouse
brain the level of utrophin was greatest in vascular tissue and
in the highly vascularised choroid plexus [Khurana et a i, 1992].
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Similarly, developing foetal tissues which show higher DMDL
(UTRN) mRNA levels than adult (this study) and higher protein
levels, are more highly vascularised than their adult
counterpart [Khurana et al., 1990, Love et a!., 1991, Takemitsu
et al., 1991].

Alternatively, utrophin has been detected in

smooth muscle and this has been suggested to account for the
high levels of expression in lung and placenta [Love et a!.,
1991, Nguyen thi Man et a!., 1991, Fabbrizio et a!., 1993b].
Nevertheless, the localisation to neuromuscular junctions
in skeletal muscle (see section 5.1.1) and expression of
utrophin in cultured glial and Schwann cell lines established
from foetal brain cells and in peripheral nerves cannot be
accounted for by vascularisation [Nguyen thi Man et al., 1991,
Clerk et a!., 1993].
Detailed analysis of utrophin expression, using
immunoblotting, immunohistochemistry and immunoelectron
microscopy, in mdx mouse brain has been carried out and has
been detected in all areas of the brain studied including;
cerebral vasculature, choroid plexus, ependyma, neuroglial
cells, spinal cord and pia mater. This is in contrast with the
distribution of dystrophin which appears to be confined to the
postsynaptic regions of the cortical neurons and cerebellar
Purkinje cells [Miike et a!., 1989, Lidov et a!., 1990, Khurana e t
al., 1992] (although, reverse transcriptase PCR experiments, in
addition, can detect a largely brain specific DMD mRNA species
[Freener et al., 1989], in rat thalamus and spinal cord (this
study). This however, may not mean that the protein is
expressed in these regions at a physiologically functional
level).
5.1.3 SUBCELLULAR LOCALISATION OF UTROPHIN IN
NON-MUSCLE TISSUES
In order to gain a clearer understanding of the role of
utrophin, it is important that its subcellular localisation be
examined in the full range of tissues, particularly in tissues
with the highest levels of mRNA and protein such as in
placenta, intestine and lung [Love et al., 1991, Matsumura e t
al., 1993e]. Evidence for utrophin associating with the
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membrane has been found in skeletal muscle (section 5 . 1.1 and
5.3) and there is some evidence that this may also be the case
in smooth muscle and glioma cells. After subcellular
fractionation of BC3 HI (smooth muscle like cells derived from
a mouse brain tumour) and glioma cells nearly all the utrophin
was found in the Triton X-100 (a non-ionic detergent) soluble
fraction [Nguyen thi Man et al., 1992]. Further evidence shows
that utrophin can be extracted from lung by p H II treatment in
the same way that both dystrophin and utrophin are extracted
from skeletal muscle [Ohlendieck et a!., 1991d, Matsumura e t
a!., 1993e]. It has been suggested that if utrophin is a
membrane cytoskeletal protein like dystrophin, it could be
playing a role in the mechanical stress mechanisms of
endothelial cells in an analogous manner to dystrophin [Davies
et al., 1993, Ervasti et al., 1991a, Ohlendieck et al., 1991c,
Ibraghimov-Beskrovanya et al., 1992, Matsumura et al., 1993e].
Since utrophin is expressed in the brain [Khurana et al.,
1992] and disruption of dystrophin in the brain can lead to
mental retardation [Karagan, 1979, Moser, 1984, Emery, 1988
re v ie w ], it seems possible that utrophin has a specific and
important role in the brain. Mouse (mdx) brain was examined
using immunogold electron microscopy, and utrophin was
detected selectively on the end-feet or foot processes of
astrocytes closely apposed to intracerebral blood vessels.
Staining appeared to be maximal on the inner plasma face of
the astrocytes which form the glio-vascular interface. These
astrocytes are thought to play a supportive role in the
maintenance of the blood-brain barrier [Peters et al., 1991a].
It is suggested that utrophin may play a role in maintaining
specialisations associated with the blood brain barrier such as
ion channels or the orthogonal array of particles that cluster
in this region of the astrocyte [Risau et al., 1990].
5.1.4 DISTRIBUTION OF DMDL (UTRN) mRNA
RNA in situ hybridisations using a mouse DMDL (UTRN)
riboprobe with embryonic mouse tissue sections of different
ages (ten days gestation to birth) have shown that DMDL (UTRN)
mRNA is expressed in the neural tube, tissues derived from the
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neuraJ crest and various other non-neural sites [Schofield e t
al., in press].
In early embryos DMDL (UTRN) mRNA accumulates in the
mid-line of the neural plate and then in the caudal neural tube.
DMDL (UTRN) mRNA then gives a strong signal In a subset of
neural crest derived tissues, specifically the spinal and facial
ganglia, ossifying facial cartilages and stomach nerve plexus.
Other sites of expression to which neural crest cells
contribute are; pituitary, thyroid and adrenal glands, hair
follicles and the outflow tract of the heart. DMDL (UTRN)
mRNA expression is also found, at high levels, in the tendon
primordia at the distal part of the developing digits. It is not
known whether neural crest cells contribute to the developing
limb, but there is some evidence that this is the case in the
teleost fin bud [Matsumoto et a!., 1983, Thorogood et a!.,
1989].
Interestingly there is no neural crest equivalent in
invertebrates and since utrophin and dystrophin are found in
nematode, this pattern of expression must have occured after
DMD and DMDL (UTRN) diverged [Love et a!., 1991, Schofield e t
a!., in press]. Sites of significant expression levels of DMDL
(UTRN) mRNA, not associated with neural crest cells, are the
neural tube where expression is high and later in development,
cardiac muscle, kidney, gonad and lung where expression is
intermediate. In addition, there appeared to be ubiquitous
expression at relatively low levels in most tissues during
development, which is not in contradiction to the protein data
(see table 5.1).
This work suggests that utrophin is involved in several
areas of development, including the central nervous system
and is consistent with other studies that identify DMDL (UTRN)
transcripts in mature neuronal tissue and neuronal derived cell
lines [Nguyen thi Man et a!., 1991, Clerk et a!., 1993].
5.2 THE RELATIONSHIP BETWEEN UTROPHIN AND
DYSTROPHIN EXPRESSION IN MUSCLE
Utrophin appears to localise to the extrajunctional
sarcolemma of dystrophin deficient muscle in both mouse and
man (i.e. tissue from DMD patients and m dx
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to retaining high levels of expression in the postjunctional
sarcolemma [Fardeau et al., 1990, Khurana et al., 1991, Love e t
al., 1991, Nguyen thi Man et al., 1991, Takemitsu et al., 1991,
Tanaka et al., 1989, 1991, Voit et al., 1991a, Bewick et al.,
1992, Blake et al., 1992, Cox et al., 1993b, Karpati et al.,
1993a, Takemitsu et al., 1993, Mizuno et al., 1993, Zhao et al.,
1993]. In BMD the strength of expression in the
extrajunctional sarcolemma is variable, but in both DMD and
BMD expression was markedly increased, 17 and 15 fold
respectively [Karpati et al., 1993a]. Utrophin also accumulates
in the extrajunctional sarcolemma of regenerating muscle
fibres, in both dystrophin competent and deficient tissue,
(characterised using desmin and neonatal myosin antibodies)
[Helliwell et al., 1992b, Karpati et al., 1993a].
Studies of human dystrophin deficient muscle have been
carried out on asymptomatic BMD patients. The dystrophin in
these patients was demonstrated to be of normal molecular
weight but reduced in amount.
Immunocytochemical staining
of muscle biopsies revealed that dystrophin was detected more
weakly than in normal controls and absent in clustered
regenerating fibres [Tachi et al., 1992, 1993]. In the cells that
stained weakly for dystrophin, utrophin was detected at the
non-junctional sarcolemma with a non-uniform distribution,
but, in the dystrophin deficient regenerating fibres, utrophin
was detected more strongly.

Over expression of utrophin in

the regenerating fibres may contribute to the lack of
progressive muscle weakness or atrophy shown by these
patients [Tachi et al., 1993].
Utrophin has been detected in muscle from patients with a
wide range of muscular disorders apart from DMD/BMD, i.e.
limb-girdle dystrophy, myotonic dystrophy, congenital
muscular dystrophy, polymyositis and dermatomyositis, in the
latter two diseases utrophin expression is increased 4 and 10
fold respectively [Helliwell et al., 1992b, Karpati et al.,
1993a] (It must be noted that Karpati et al. did not detect
extrajunctional sarcolemmal expression of utrophin in
biopsies from patients with limb-girdle dystrophy which may
be due to the sensitivity of the detection system). It should

1 64

C h a p te r 5

Discussion

also be noted that, In a wide range of muscle disorders,
Helliwell et al. [1992b] came to the conclusion that there was
no proportional correlation between the levels of expression of
DMD and DMDL (UTRN) mRNA and protein. Interestingly,
utrophin can occasionally be detected at the periphery of
larger morphologically normal fibres that are close to a site of
damage in diseased muscle. This could be due to previous
episodes of regeneration or it may be that utrophin is
expressed in response to stress [Helliwell at a/., 1992b].

In

addition, more recent work has demonstrated that in intrafusal
muscle fibres from DMD patients, where no necrosis or
regeneration is ever observed, utrophin is still detected in the
extrajunctional sarcolemma [Karpati at a/., 1993a]. However,
no extrajunctional sarcolemmal utrophin was detected in other
diseases where regenerating fibres were not present, for
example, M^Ardle's disease, congenital myopathies and
facioscapulohumeral dystrophy. It has been suggested that the
presence of utrophin in the extrajunctional sarcolemma of
regenerating muscle may occur because a foetal pattern of
expression has been reactivated [Khurana at a!., 1991,
Takemitsu at a/., 1991, Helliwell at a!., 1992b] or that it is
due to a non-specific stress reaction [Karpati at a!., 1993a].
The argument for a non-specific reaction is based on studies
of other proteins, for example, the class 1 major
histocompatibility complex protein products are not expressed
at the sarcolemma of normal muscle fibres but can be detected
strongly throughout the sarcolemma in muscle from
polymyositis and dermatomyositis patients and in some cases
of DMD [Karpati at a/., 1988b] and a similar pattern has been
observed for the heat-shock protein k /y receptor [Hohlfield a t
a/., 1991].

However, that there is more specific reactivation

of a foetal pattern of expression is supported by the
observation that in dystrophin deficient tissue, higher levels
of expression of utrophin are found particularly during foetal
and perinatal development [Khurana at a/., 1991, Takemitsu a t
a!., 1991] and that utrophin is expressed at the extrajunctional
sarcolemma in foetal tissues of normal embryonic muscle
fibres [Khurana at a/., 1991, Takemitsu at a!., 1991, Nguyen thi
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Man ef a/., 1991, Clerk et al., 1993].
foetal mouse tissue in m dx

Interestingly, analysis of

and normal mice has indicated that

utrophin expression at the sarcolemma persists from foetal to
adult tissue in the case of dystrophin deficient muscle but is
not detected, apart from at the NMJ, in normal adult mouse
muscle tissue [Khurana at a!., 1991, Nguyen thi Man at a!.,
1991, Ohiendieck at a!., 1991d, Tanaka at a!., 1991, Takemitsu
at a!., 1991, Helliwell at a!., 1992b, Zhao at a!., 1992, 1993].
In addition, it has been suggested that the amount of utrophin
expressed in DMD and m dx

muscle may decrease from its

elevated state, with age and therefore may contribute to the
progression of the disease [Mitzuno at a!., 1993].
The ability of utrophin to localise to the extrajunctional
sarcolemmal membrane and the observation that it is
extracted from the membrane by p H II treatment, in a similar
way to dystrophin implies that it may have a similar
cytoskeletal role to dystrophin [Khurana at a!., 1990, Nguyen
thi Man at a!., 1992, Matsumura at a!., 1993e]. Since current
theory suggests that dystrophin is functional as a homodimer
[Ervasti at a!., 1990], this raises the questions of whether
utrophin can also exist as a dimer and whether it can function
as a heterodimer with dystrophin. It has been suggested that
in the case of female DMD-carrier muscle fibres where there
is a mixture of normal and abnormal dystrophin, both
dystrophin and utrophin may mutually diffuse into neighbouring
regions and the sarcolemma may be undercoated with both
proteins. This may lead to the discontinuous or punctate
staining seen using either anti-dystrophin or anti-utrophin
antibodies [Mizuno at a!., 1993]. Furthermore, utrophin
associates with an identical or antigenically similar complex
of membrane bound glycoproteins to dystrophin (dystrophin
associated glycoproteins or DAPs) [Campbell at a!., 1989,
Ervasti at a!., 1990, 1991a, Matsumura at a!., 1992a, Mizuno a t
a!., 1993].
Utilising immunofluorescent labelled antibodies it
has been demonstrated that utrophin and DAPs colocalise to
the neuromuscular junction in DMD and in mdx muscle. In
addition, DAPs are greatly reduced in the extrajunctional
sarcolemma of dystrophin deficient muscle tissue but are not
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reduced In neuromuscular junctions (NMJ) [Campbell et al.,
1989, Ervasti et al., 1990, Matsumura et al., 1992a].
Significantly the NMJ Is the major site of accumulation of
utrophin In normal skeletal muscle [Fardeau et al., 1990,
Khurana et al., 1991, Love et al., 1991, Nguyen thi Man et al.,
1991, Ohiendieck et al., 1991d, Pons et a i, 1991, Volt et al.,
1991a, Takemitsu et al., 1991, Bewick et al., 1992, Helliwell
et al., 1992b, Zhao et al., 1992, Fabbrizio et al., 1993b,c,
Karpati et al., 1993a, Zhao et al., 1993].

Utrophin was

demonstrated to co-separate with a small fraction of DAPs
from mdx muscle, using a sucrose gradient followed by
Immunoprécipitation of the fractions with antl-dystrophin
associated glycoproteins (DAG) and antl-utrophin antibodies
[Campbell et al., 1989, Ervasti et al., 1990, Matsumura et al.,
1992a]. In mdx muscle. It appears that utrophin forms a
similar sized complex with the membrane bound glycoproteins,
as compared to dystrophin. However a large proportion of
DAPs which normally bind to dystrophin are unassociated, this
may be due to utrophin being less abundant In muscle than
dystrophin Is In normal muscle, or, that utrophin has a lower
affinity for DAPs than dystrophin.
Interestingly, In m dx
cardiac muscle, which shows no dysfunction In the mouse
[Torres et al., 1987], there Is a fourfold Increase of utrophin
expression and a retention of the largest DAP (glycoprotein
156DAG) to near normal levels. In contrast. In mdx
quadriceps, which show some dysfunction In the mouse
[Karpati et al., 1988a], there Is a 1.3 fold increase In utrophin
expression but a drastic reduction In the 156DAG [Matsumura
et al., 1992a, Cox et al., 1993b].
Thus It has been proposed that. In addition to Its normal
role in the cell, up regulation of DMDL (UTRN) and binding of
utrophin to DAPs, may contribute to limitation of muscle
damage In the dystrophin deficient mouse [Matsumura et al.,
1992a, Karpati et al., 1993a, Mitzuno et al., 1993, Tachi et al.,
1993]. In other words utrophin may in some way compensate
for the loss of dystrophin [Khurana et al., 1991, Nguyen thi Man
et al., 1991, Takematsu et al., 1991, Tanaka et al., 1991,
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Matsumura ef a i, 1992a, Karpati et al., 1993a, Takemitsu a t
a i, 1993, Zhao at ai., 1993].
interestingly, the highest levels of dystrophin are found in
skeletal muscle and the highest levels of utrophin are found in
lung [Monaco at a i, 1986, Koenig at a i, 1987, Chamberlain a t
a i, 1988, Nudel at a i, 1988, Matsumura at a i, 1993e]. Both
these tissues are highly stretched and need to be elastic and
strong, both dystrophin and utrophin could be playing similar
roles stabilising membranes under mechanical stress [Ervasti
at a i, 1991a, Ibraghimov-Beskrovnaya at a i, 1992, Matsumura
at a i, 1993e].
5.3 THE PRIMARY STRUCTURE OF DMDL (UTRN) AND A
COMPARISON OF UTROPHIN WITH DYSTROPHIN
The DMDL (UTRN) mRNA transcript was isolated from two
placenta cDNA libraries (this work) and from a glioma cDNA
library constructed in Oxford. The DMDL (UTRN) message is
13Kb and codes for a 395kDa protein. It has 551 bp of 5'
untranslated DNA and an ATG (methionine) initiation codon
followed by a large open reading frame of 10,299bp encoding
3433 amino acids. The TGA stop codon is followed by about
2Kb 3' untranslated region which has not yet been fully
sequenced [Tinsley at a i, 1992, Pearce at a i, 1993].
Very recently the DMDL (UTRN) locus has been characterised
in a single contig of 1.25 megabases covering the entire DMDL
(UTRN) locus constructed in YACs, and determined as
approximately 900Kb which is one third the size of the DMD
locus. The number of exon containing restriction fragments
determined by Pearce at a i is 34, but it is suggested that the
number of exons is much greater than this, although it seems
unlikely that it exceeds the 79 found in the DMD locus [Roberts
at a!., 1993, Pearce at a i, 1993]. Both the DMD and DMDL
(UTRN) genes have similar genomic organisation at the 5' ends
with the first and second exons being separated by a large
intron (between 120kb and 140Kb in DMDL (UTRN)) from the
third exon. It is possible that, in a similar way to DMD, the
large DMDL (UTRN) intron may contain additional promoters
[Boyce at a i, 1991, Gorecki at a i, 1992, Pearce at a i, 1993,
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W hittaker et al., 1993]. At the 5' end, the region encoding the
actin binding domain and the start of the rod domain Is
situated between a cluster of rare cutting enzymes.

This

genomic region Is approximately 400kb and encodes at least 9
exon containing restriction fragments.
This Is comparable to
the DMD locus where the muscle promoter first exon and the
next 7 exons encoding a similar region are contained In 500kb
of genomic DNA [Coffey at a!., 1992, Monaco at a!., 1992,
Pearce at a!., 1993, Whittaker at a!., 1993]. At the C-termlnal
the exons are closer together in both genes, at least 9 exons
over 150kb of genomic DNA at the DMDL (UTRN) locus and 14
exons In 400Kb of genomic DNA at the DMD locus [Monaco at a!.,
1992, Coffey at a!., 1993, Pearce at a!., 1993, Roberts at a!.,
1993]. The region of most divergence between DMD and DMDL
(UTRN) Is the rod region that of utrophin Is much shorter than
that of dystrophin and only shows a homology of 46% at the
amlno-acid level (this study) [Pearce at a!., 1993]. At the
DMDL (UTRN) locus 320kb of genomic DNA encompassing the rod
region contains at least 20 exons, much more condensed with
much fewer exons than at the DMD locus where 1.1 to 1.2
megabases contains exon 5 to exon 54/55 [Monaco at a!., 1992,
Coffey at a!., 1993, Pearce at a!., 1993, Roberts at a!., 1993].
Close to the 5' untranslated region of DMDL (UTRN) a CpGrlch region of unmethylated restriction sites has been
detected. CpG-rlch are associated with the promoter regions
of housekeeping and tissue specific genes and this may be a
CpG-lsland for the DMDL (UTRN) gene, in contrast to the muscle
and brain promoter regions of the DMD locus which have no CpG
Islands [Bird at a!., 1986, Pearce at a!., 1993]. The presence of
a CpG Island In the 5' region of DMDL (UTRN) reflects the
different sites of expression of utrophin and dystrophin and
Implies that their transcriptional control might be quite
different [Pearce at a!., 1993].
Utrophin, shows considerable amino acid sequence and
structural homology with dystrophin (Fig. 5.1).
Preliminary
evidence for structural similarity between the amino terminal
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Fig. 5.1 A schematic diagram describing the comparison between
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of dystrophin and utrophin was provided from the observation
that antibodies raised against the N-terminal of dystrophin
cross-reacted with the DMDL (UTRN) gene product [Hoffman e t
al., 1989b]. Now that we have determined the full nucleic acid
sequence and deduced amino acid sequence of DMDL (UTRN),
detailed computer analysis has been possible. Both utrophin
and dystrophin have a 250 amino acid actin binding region at
the N-terminal, a long rod region containing multiple repeats
and a cysteine rich region at the C-terminal [Tinsley at a!.,
1992].
At the amino-terminal end the putative actin binding region
of utrophin has 80% homology with the actin binding region of
dystrophin at the amino acid level [Tinsley at a!., 1992]. The
actin binding domain of dystrophin is so called because it
shows homology to the actin binding domain of a -a c tin in ,
D ictyostallium discoidaum gelation factor. Drosophila pspectrin, and pH-spectrin [Hammonds at a i, 1987, Koenig a t
a i, 1988a, Byers at a i, 1989, Noegel at a i, 1989, Dubreuil a t
a i, 1990]. a-actinin is an integral component of almost all
actin containing structures, binding to and possibly crosslinking F-actin filaments. The C-terminus of a-actinin is
itself homologous to the family of calcium binding proteins;
calmodulin, troponin-C and myosin light chains and also has an
internal repeat which is homologous to the repeat region of
spectrin, a-actinin is widely conserved across species:
homology between respective repeats in chick and slime-mould
is stronger than between individual repeats in either species,
in evolutionary terms suggesting an ancient protein [Baron a t
a i, 1987]. The homology between dystrophin and actinin in the
N-terminal actin binding domain, leads to the supposition that
dystrophin is an actin binding protein.

Notably, dystrophin also

has been demonstrated to bind actin at the N-terminal,
between residues 11 to 231 [Levine at a i, 1990, Hemmings a t
a i, 1992, Way at a i, 1992, Fabbrizio at a i, 1993a]. Utrophin
also shows homology to a 15 amino acid actin-binding region
of a-actinin at the amino terminal. Utrophin shows 60%
identity and 80% similarity with a-actinin between residues
120 -135 and in addition has two other actinin-type actin
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binding motifs at amino acid positions 33 to 42 and 107 to 131
[T in s le y et al., 1992].
The central region of both utrophin and dystrophin
a rod domain: the rod region in utrophin appears to be
relative to that of dystrophin (2594aa in utrophin and
in dystrophin). Dot plots (Fig.s 5.2 and 5.3) reveal that

comprise
truncated
2840aa
there

are weak periodic repeats in this region of both proteins and
these are represented by a number of short lines parallel to
the main plot. The rod region in utrophin appears to have
continuous repeats compared to dystrophin which has an
apparent break in its repetitive structure between amino acids
3590 and 4109, which then resumes for a short 146 amino acid
s tre tc h .
Comparison of the two proteins shows that the region of
lowest homology occurs at the 3' end of the rod region between
amino-acids 1863 and 2229 (Fig. 5.4). Direct sequence
alignment in this region shows 46% homology and 67%
similarity between the two proteins, however, homology is
great enough for anti-bodies raised to the 3' end of the rod
domain of dystrophin to cross-react with utrophin [Voit et al.,
1991a].
The homology between the two proteins rises at the 0terminal and peaks at the consensus cysteine rich region
(280aa in dystrophin and 273aa in utrophin) where homology is
77% identity and 87% similarity.
Direct amino acid analysis
shows that the cysteine rich region is very highly conserved in
a range of vertebrates (Fig. 4.20) and also exhibits significant
homology with the entire carboxyl terminal domain of
D ic ty o s te liu m discoideum a-actinin [Koenig et al., 1988]. The
fact that the cysteine rich region is conserved across species
and across genes suggests that it must have a specialised
fu n c tio n .
The C-terminal sequence appears to be unique to utrophin
and dystrophin (316aa and 325aa respectively) since computer
analysis revealed no similarity between the sequence and any
other protein sequence in the database, although utrophin and
dystrophin were 72% homologous in this region.
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All these data taken together suggest that utrophin has a
similar structure to dystrophin and implies that these proteins
can perform a similar function in the cell. A cytoskeletal
function can be deduced from the proposed shapes of the
molecules and the presence of possible actin binding domains
[Levine et al., 1990, Hemmings et al., 1992, Tinsley et al.,
1992, Way et al., 1992, Fabbrizio et al., 1993a].

Further

evidence comes from comparisons indicating that higher
homologies occur at the functional terminal regions with
lower homology observed in the structural rod region of the
two proteins. In skeletal muscle it has been proposed that the
cysteine rich region and the first half of the C-terminus of
dystrophin link to the transmembrane components of the
dystrophin glycoprotein complex [Ervasti et al., 1991, Suzuki
et al., 1992]. Therefore, it is suggested that the function of
dystrophin is to link the subsarcolemmal cytoskeleton with
laminin, a major component of the extracellular matrix
[Mecham at a i, 1991] via a transmembrane complex and an
extracellular glycoprotein [Ibrighimov-Beskrovnaya et a i,
1992, Ervasti et a i, 1993a]. Since utrophin contains these
highly specialised regions, it is not unreasonable to suggest
similar cytoskeletal functions (see section 5.3).
The high degree of cross-species conservation of both
dystrophin and utrophin at a nucleic acid and amino-acid level
suggests that the genes may have arisen from a common
ancestor probably by gene duplication.
Interestingly, the
presence of DMDL (UTRN) in the nematode, a marine
invertebrate (identified by Southern blot analysis [Love et a i,
1991]), puts the evolutionary age of DMDL (UTRN) at over 500
million years, well before vertebrate radiation.
5.4 THE 'UNCLONABLE' OR 'UNSTABLE' REGION OF
DMDL (UTRN)
The human genome is approximately 3 X lO^Kb in size
[Human Gene Mapping Conference 10, 1989] and it has been
estimated that there is an unclonable region of DNA every two
to three thousand kilobases [Collins, 1993], the reasons for
which are as yet undetermined. One of the aims of this study
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was to isolate the 'unclonable' or 'unstable' region of DMDL
(UTRN) just upstream from the Bfm4 cDNA (see Chapter 4 ), in
order to complete the sequence analysis of the DMDL (UTRN)
mRNA. The region was finally isolated from an unamplified
placental cDNA library in this laboratory and an unamplified
glioma cDNA library in the Oxford laboratory.
It is interesting to speculate why a particular region is
apparently 'unclonable' or at least very unstable in cloning
vectors. There are no obvious tandem repeats in this region of
DNA which could lead to an unusual conformation, although
there does appear to be a number of different degenerate
inverted repeats which may lead to a cluster of stem-loop
formations in the RNA or cDNA, making this a difficult region
to clone [Fig. 4.19]. However, the evidence from this study
seems to point to the DNA being unstable during replication in
the host bacteria. One possibility is that the vector and insert
undergo recombination whereby the insert DNA is spliced out
of the vector by the host cell and is therefore not replicated,
thus leading to under representation in the library. Yet, use of
recombination deficient host cells such as SURE cells did not
improve the stability of this DMDL (UTRN) sequence.
Alternatively, loss of insert DNA during amplification is
sometimes due to background translation of the cDNA and
consequent protein poisoning of the host bacteria. However,
large scale phage preparations yielded 'empty' X,-phage,
suggesting specific loss of the cDNA insert and not loss of the
entire recombinant phage. The insert cDNA may be lost by
some other method, such as the DNA conformation rendering it
especially prone to degradation in the cell, but there is no
evidence on this point.
5.5 DETERMINATION OF UTROPHIN SECONDARY
STRUCTURE
The secondary structure of dystrophin was determined by
analysis of fusion proteins [Hoffman et al., 1987a] and
deduction of structure from the amino acid sequence, using a
computer programme [Hoffman at a!., 1989a]. This has
provided a useful model and it has been possible to suggest a
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Structure for utrophin using this prediction.

However, it is

still not clear that this model is entirely accurate and it is not
known how one dystrophin molecule interacts with others
within the cell, though it is thought to form a homodimer.
Dystrophin has not yet been crystallised, one problem being the
low abundance of the protein in skeletal muscle where it
represents only 0 .0 0 2 % of total muscle protein, 2 % of the
sarcolemmal protein [Ohiendieck et al., 1991a] and 5% of the
sarcolemmal cytoskeleton [Ohiendieck at a!., 1991b]. Utrophin,
occurs at relatively higher levels than dystrophin in some
tissues, such as placenta, intestine and lung [Love at a!., 1991,
Matsumura at a!., 1993e], and it may be possible to isolate this
protein and grow useful crystals for X-ray crystallographic
analysis of its native structure.
Another difficulty with
isolating dystrophin is that it appears to be prone to
degradation and this may also be the case for utrophin (Glenn
Morris, personal communication ). An alternative may be to
make a construct which contains the entire DMDL (UTRN) cDNA
under the control of a strong constitutive promoter. This
approach might enable enough utrophin to be harvested from
transfected mammalian cells to make crystals. Such a
construct has been made, with a strong promoter (from the
Moloney murine leukaemia virus) together with the entire DMD
cDNA, for the purpose of gene therapy [Dickson at ai., 1991].
Structural data from X-ray crystallographic analysis of
utrophin may give clues, not only to the function of utrophin,
but to its X-linked homologue, dystrophin.
5.6

ALTERNATIVE TRANSCRIPTS
DMD has an unusually large genomic locus, 2.4 megabases

[Monaco at ai., 1992, Roberts at ai., 1992] and a large 14Kb
message [Koenig at ai., 1987a]. In comparison DMDL (UTRN) has
a similarly large genomic locus and large message,
approximately 900kb and 13Kb [Love at a i, 1989, Pearce at a i,
1993] respectively. It may therefore be the case that DMDL
(UTRN), like DMD has a number of alternative transcripts.
Muscle and brain are the major sites of expression of DMD
mRNA, but there are multiple isoforms expressed at low levels
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in a great variety of other tissues (see section 1.1.6). The
detection of DMDL (UTRN) mRNA and protein expression in a
wide range of tissues, at different developmental stages and
in different subcellular compartments may represent a number
of tissue specific isoforms.
PCR analysis of the C-terminal 3.5Kb of DMDL (UTRN), has
not revealed evidence of alternative transcripts [Love et al.,
1991]. Recently, however, a 6.5Kb isoform of DMDL (UTRN),
encompassing the normal C-terminus, has been detected on
Northern blots in RNA isolated from Schwannoma cells, glioma
cells, human adult muscle and mouse kidney and has been
named apo-utrophin 1 [Blake at a!., 1992].
When ribroprobes were used to look at the distribution of
DMDL (UTRN) mRNA in mouse embryonic tissues, several
patterns of expression were observed; abundant expression in
neural tube and neural crest derivatives, intermediate
expression, later in development, in cardiac muscle, kidney,
gonad and lung and low generalised expression. It was
suggested that this may be due to a family of mRNA species
transcribed from the DMDL (UTRN) locus using alternative
promoters at different developmental stages and the S' probe
utilised would be expected to detect all species [Schofield a t
a!., in press].
Using utrophin specific anti-bodies on human embryonic
tissues utrophin showed no differential labelling in myotubes
corresponding to different stages in development.
However, in
foetuses between 9 to 15 weeks gestation there was some
variation in intensity of sarcolemmal labelling both within and
between myotubes. Although the antibody does not distinguish
between developing myotubes there is still the possibility of
there being utrophin isoforms within Individual fibres [Clerk
at a!., 1993].
Using two anti-utrophin antibodies in Torpedo marmorata
one detected a 400kDa protein in the electric organ and the red
skeletal muscle and one only detected the band in the electric
organ and was particularly intense on one side of the electric
membranes in electrocytes. In human muscle, this antibody
stained the NMJ and vessel walls with no labelling detectable
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anywhere at the periphery of the muscle cell in contrast to the
other antibody which weakly stained muscle fibres and
strongly stained NMJs and vessel walls.

More work will be

needed to determine whether this is a true isoform or not
[Fabbrizio et al., 1993c]
Unusual transcripts may be transcribed from an
promoter and use intronic sequences as exons, giving
species of RNA containing novel amino acids at the 5'
with contiguous sequence from the normal transcript
end.

alternative
rise to a
end but
at the 3 '

In the studies described in this thesis two species of

clones that were not homologous to the DMDL (UTRN) sequence,
designated Bpl8 and Bpl22/33, were identified and partially
sequenced. Bpl8 appeared to be a straightforward head to head
rearrangement of cDNA clones and was not considered a
candidate for an alternative transcript.
More interestingly,
the identical clones Bpl22 and 33, which are contiguous with
the DMDL (UTRN) sequence at the 5' and 3' ends and diverge in
the middle from the full length DMDL (UTRN) sequence, were
considered possible candidates for alternative transcripts.
However, at the point of divergence there is an in frame stop
codon and no intron/exon splice site consensus sequence
[Padgett at al, 1986] meaning that it is difficult to imagine a
mechanism by which these cDNA code for an alternative DMDL
(UTRN) transcript (see section 4.7.2).
5.7 DMDL (UTRN) AS A CANDIDATE FOR A DISEASE
LOCUS
Since the gene structure of DMDL (UTRN) is very similar to
DMD, i.e., very large, approximately 900Kb and multiexonic, it
might be expected to have undergone a similar number of
mutations, often deletions, which give rise in the case of DMD
to a disease phenotype. We might also expect a high new
mutation rate. In the case of DMD, 30% of Duchenne and Becker
muscular dystrophy patients arise from new mutations [Zats e t
a!., 1977]).

As yet, a disease has not been associated with the

DMDL (UTRN) locus.
DMDL (URTN) has been mapped to chromosome 6q24 and
mouse chromosome 10 [Buckle et a!., 1990].
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lies at the proximal end of a group of genes that form a
conserved linkage group between the distal long arm of human
chromosome 6 and the proximal half of mouse chromosome 10
(Fig. 5.5). Dystrophia muscularis (dy), which does not have a
known human homologue, lies close to Dmdl (Utrn) on mouse
chromosome 10 and was investigated as a possible candidate
disease for the locus.
Dystrophia muscularis is a neuromuscular disease in the
mouse characterised by skeletal muscle degeneration with
weakness beginning at 3.5 weeks. The mouse then becomes
totally paralysed by 6 months of age, when death occurs.
These aspects are similar to human Duchenne muscular
dystrophy but, unlike human DMD, dy is prim arily
characterised by abnormalities of Schwann cells (which are of
neural crest origin), such as failure to myelinate axons and a
deficiency of the Schwann cells at birth due to lack of
differentiation [Bradley et a!., 1973, 1975, Stirling 1975, Lyon
at al., 1989]. Interestingly, utrophin has been localised to
neuromuscular junctions in skeletal muscle (see section 5.1.1)
and expression has been detected in Schwann cell lines and
foetal nerves [Nguyen thi Man at al., 1991, Clerk at al., 1993].
In addition, riboprobes used on human muscle sections have
detected DMDL (UTRN) mRNA at high levels in tissues of neural
crest origin (however, high levels of mRNA do not necessarily
mean high levels of protein expression) [Schofield at al., in
press].

These sites of expression are not incompatible with

the dy disease phenotype.
Recent immunological studies have not given positive
evidence that the dy maps to the Dmdl (Utrn) locus, but have
not ruled it out. More positive evidence against the
involvement of normal size DMDL (UTRN) in dy was provided by
immunological studies which have identified the utrophin in dy
mice and in dy
mice (a less severely affected phenotype)
[Love at al,. 1991]. However, these data alone do not entirely
exclude DMDL as a candidate for dy since Western blots can
not detect small deletions or point mutations which could
affect functional regions of the protein product and lead to a
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disease phenotype, whilst allowing it to be correctly localised
[Love et al., 1991].
There are a number of human autosomal dystrophies whose
defective gene has not been assigned to a chromosome or has
only recently been assigned and so were considered candidate
disease loci for DMDL (UTRN), some examples follow.
Myotonic dystrophy (DM) is an autosomal dominant
multisystemic disease, characterised by a highly variable
clinical phenotype. It is the most common form of adult
muscular dystrophy, with a prevalence of approximately 1 in
12,000 individuals. The characteristics of the disease are
progressive muscle weakness and sustained muscle
contraction accompanied by a variety of other symptoms. The
age of onset and the severity of symptoms shows extreme
variation within and between families [Harper at a!., 1989].
This locus is now not a candidate for DMDL (UTRN) since it has
been localised to 19q13.3 [Harper at a!., 1989] and in this
region an unstable tri-nucleotide repeat [CTGk-aohas been
identified. The size of the repeat correlates to the severity of
the disease and provides the basis for the clinical phenotype
anticipation which is a striking feature of the disease [Buxton
at a!., 1992].
Facioscapulohumeral muscular dystrophy (FSHD) is an
autosomal dominant neuromuscular disorder primarily
characterised by weakness and atrophy of the facial and
shoulder-girdle muscles which spreads to abdominal, girdle
and limb muscles. It is not severe and weakness is often
asymmetrical, unlike other forms of muscular dystrophy.
The
changes in the muscle are suggestive of denervation, rather
than atrophy as in Duchenne muscular dystrophy. Thus, while
it is likely that the defective gene is expressed in muscle its
protein product is apparently not vital to muscle structure,
unlike dystrophin [Fischbeck at al., 1992]. The gene has
recently been localised to 4qter [Wijmenga at al., 1992] and so
DMDL (UTRN) can be discounted as a candidate for this disease
locus.
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DMDL (UTRN) is more likely to be a candidate for a
dystrophy with a wider range of affected tissues, than either
of the diseases described (see Discussion).
Since utrophin is expressed at many tissue sites, it
may be a candidate for a disease with a wide range of affected
tissues. An example of the type of disease likely to be caused
by the disruption of a gene with ubiquitous expression is
asphyxiating thoracic dystrophy, which has not yet been
assigned to a chromosome.

This disease, normally fatal in the

new-born period, is autosomally inherited and the symptoms
include bone abnormalities (in extreme cases dwarfism),
cystic lesions in the kidney, liver and pancreas [Landing et al.,
1990] and reduction in functional alveoli [Finegold at a!.,
1971]. Aside from the ubiquitous expression, another
consideration is that a phenotype caused by utrophin
deficiency or abnormality may be influenced by the status of
dystrophin in the patient.
The Limb girdle muscular dystrophies (LGMD) are a group of
disorders where the primary involvement is of the pelvic and
shoulder girdle musculature, although there is considerable
clinical heterogeneity.
Samples from families with autosomal
recessive LGMD, which has clinical similarity with DMD, were
used in a linkage analysis study to determine whether DMDL
(UTRN) was the disease locus. Probes flanking DMDL (UTRN) on
6q were used to screen 226 individuals; 57 patients and 169
unaffected relatives, in all 19 unrelated Brazilian families
were studied. It was determined, from this study that DMDL
(UTRN) was not a candidate locus for these families [PassosBueno at al., 1991].
Finally, however, deficiency or abnormality of utrophin may
be fatal early in development and so it may not be possible to
observe a disease phenotype.
There are several approaches that could be taken to find a
disease phenotype that maps to the DMDL (UTRN) locus, without
knowledge of protein function.

Firstly, simply continue to

perform linkage analysis on families with unassigned
autosomal dystrophies. Secondly, since it is known that DMDL
(UTRN) may be prone to deletions, it may be feasible to screen
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a selection of patients diagnosed with uncharacterised
autosomal genetic diseases for cytologlcally detectable
damage In the 6q24 chromosome region. This analysis could be
carried out by fluorescent in situ hybridisation of
chromosome 6 using a DMDL (UTRN) genomic probe In
combination with hybridisation of genomic Southern blots with
DMDL (UTRN) cDNA probes. DNA from patients with an
Identified deletion could be analysed by a number of methods
Including Western blotting to Identify truncated proteins,
Northern blotting to Identify truncated mRNA transcripts and
reverse transcription PCR followed by sequencing to Identify
smaller deletions or point mutations.
Alternatively, It may be
helpful to study patients which have a documented cytogenetic
abnormality In 6q, for example Meng et al., [1992] have
Identified two patients with da novo deletions of 6q, a boy
with a break point at 6q24.3 who suffers symptoms Including
mental retardation, craniofacial manifestations, cerebral
abnormalities and cardiac defects and a girl with a breakpoint
at 6q25.3 with similar symptoms.
It would be Interesting to
determine whether the boy has a functional utrophin and to
make a detailed comparison of his symptoms with those of the
girl, who presumably has a functional utrophin.
Another approach for Identification of a disease locus or
for examining the possible phenotypic effects of a mutation In
the DMDL (UTRN) gene Is to generate a transgenic mouse with a
targeted mutation. This could be done using homologous
recombination by transfection of mouse embryonic stem cells
with a construct made from a portion of DMDL (UTRN) genomic
DNA. To generate a null mutation, DNA from the 5' end of DMDL
(UTRN), Including part of exon 1, could be used with a
selectable marker such as neomycin phosphotransferase
Inserted so as to Interrupt the DMDL (UTRN) reading frame. To
ensure that cells selected for transplantation Into host mice
have undergone genuine homologous recombination between the
mouse DMDL (UTRN) gene and the Introduced DMDL (UTRN)
construct, as opposed to random Integration Into the mouse
genome, a thymidine kinase gene can be ligated onto the end of
the genomic fragment, outside Ithe DMDL (UTRN) region of
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Thymidine kinase confers gancyciovir (GANG)

sensitivity and by this method, the gene will be mechanically
excluded from cells which contain homologously integrated
DNA. This double selection method, i.e. selection of cells
which have lost GANG sensivity and gained neomycin
resistance, is very efficient and was first developed by
Gapecchi [Mansour et al., 1988]. If animals with DMDL (UTRN)
null mutations survive through early foetal development,
analysis of the phenotypic effects of null mutations would
provide clues as to the function of utrophin in addition to
providing a possible mouse model for a human disease. It is
important to remember that disrupting 5' exons may leave
intact shorter alternative transcripts such as those that
encode the last 6.5Kb of the utrophin i.e. apo-utrophin 1 [Blake
at a!., 1992]. It would be informative to design constructs for
homologous recombination specifically designed to disrupt
these transcripts.
An alternative approach to transgenic animals is to analyse
the effects of making a DMDL (UTRN) mutant cell line using
similar homologous recombination targeting techniques as
described above. Not only could this be used as a basis for
determining the effects of utrophin deficiency, but it would
provide a useful genetic background against which to express
parts of the protein and determine the functional significance
of the four domains.
5.8 OVER EXPRESSION OF DMDL (UTRN) AS A THERAPY
FOR DUCHENNE MUSCULAR DYSTROPHY
The change in site of accumulation of utrophin, from
exclusively neuromuscular junction to the extrajunctional
sarcolemma in the absence of dystrophin, has led to the
suggestion that utrophin may replace dystrophin to some
extent, in dystrophin deficient muscle. This idea is supported
by evidence that in the least affected mdx mouse muscle
(cardiac muscle) there is an up-regulation of utrophin and
subsequently retention of DAPs to near normal levels [Torres
at a!., 1987, Campbell at a!., 1989, Ervasti at al., 1990,
Khurana at al., 1991, Nguyen thi IMan at al., 1991, Takemitsu a t
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al., 1991, Tanaka et ai., 1991, Matsumura et al., 1992a, Karpati
et al., 1993a, Takemitsu et al., 1993, Zhao et al., 1993] (see
section 5.2). If utrophin is capable of an ameliorating role in
the absence of dystrophin then up regulation of utrophin
expression may be of therapeutic value [Khurana et al., 1991,
Takemitsu et al., 1991, Tanaka et al., 1991, Matsumura et al.,
1992a, Karpati et al., 1993a, Passaquin et al., 1993].
It would
be interesting to determine whether the expression of utrophin
is increased in other tissues from DMD patients or m dx mice
such as spinal ganglia and the pituitary gland, where
dystrophin is expressed, particularly in the light of the
prediction that the pituitary gland may be disrupted in some
DMD patients [Houzelstein et al., 1992, Schofield et al., in
press].
Gene therapy experiments have been carried out with
dystrophin where a complete cDNA construct and a 'minigene'
construct (a truncated 6.3Kb DMD cDNA derived from a BMD
patient with a mild phenotype [Ascadi et al., 1991]) were
injected into mdx muscle for evaluation of therapeutic
effectiveness, together with microprojectile bombardment,
recombinant adenoviral transduction, and retroviral
transduction. These methods have had some degree of success
by reducing muscle necrosis in mdx mice; for example
retroviral transduction of a 'minigene' resulted in major
reduction of skeletal muscle pathology in young mdx mice and
6% of myofibres expressing the recombinant dystrophin,
apparently correctly located, up to 9 months after a single
injection. However, although gene therapy is a possibility, a
minimum target level of 30% to 40% normal dystrophin
expression has been suggested to be necessary before there is
clinical improvement in BMD/DMD patients [Hoffman et al.,
1988a, Johnston et al., 1990, Thomason et al., 1990, Wolf e t
al., 1990, Yang et al., 1990, Dickson et al., 1991, Quantin et al.,
1992, Wells et al., 1992, Danko et al., 1993, Dunkley et al.,
1993]. This level has only really been approached when an
adenoviral vector construct containing the 'minigene' was
injected into mdx mice at a neonatal stage where between 5
and 50% of the muscle fibres became dystrophin positive

187

C h a p te r 5

Discussion

[Ragot et al., 1993]. Use of the minigene is not ideal, however,
since it is not necessarily functionally adequate when injected
into DMD muscle [England at a!., 1990]. Myoblast
transplantation also has a very low efficiency, more so in man
than in mouse [Partridge at a!., 1989, Gussoni at a!., 1992,
Huard at a!., 1992, Blau at a!., 1993a, Karpati at a!., 1993b]. In
addition it will not correct brain deficiencies and all muscles
including heart and diaphragm would have to be separately
injected [Blau at a!., 1993b].

A construct comprising a full

length murine cDNA and regions of the mouse muscle creatine
kinase gene (MCK) [Jaynes at a!., 1986, Johnson at a!., 1989,
Lee at a!., 1991] was used to produce transgenic mdx mice and
demonstrated that there was restoration of dystrophinassociated glycoprotein expression and complete correction of
dystrophic pathogenic phenotype.
Interestingly, usage of the
MCK derived enhancer restricted dystrophin expression to the
muscle and the brain [Cox at a!., 1993b]. This experiment and
others similar have demonstrated that overexpression of
dystrophin was not toxic to the m dx mouse [Cox at a!., 1993b,
[Ervasti at a!., 1991a, at a!., 1992a]
An alternative approach to introduction of full length DMD
cDNA (which is very large Koenig at a!., 1988, 1989]), the
6.3Kb 'minigene' [Ascadi at a!., 1991] or myoblast injection
[Partridge at a!., 1989, Gussoni at a!., 1992, Huard at a!., 1992,
Blau at a!., 1993a, Karpati at a!., 1993b] may be to utilise the
functional utrophin present, by up-regulation of the
DMDL(UTRN) gene based on evidence that utrophin may go some
way towards compensating for the lack of dystrophin [Khurana
at a!., 1991, Nguyen thi Man at a!., 1991, Takemitsu at a!.,
1991, Tanaka at a!., 1991, Matsumura at a!., 1992a, Karpati a t
a!., 1993a, Takemitsu at a!., 1993, Zhao at a!., 1993].

Analyses

of dystrophin deficient cell lines made to over express
utrophin may be revealing. Such a cell line could be
established by transfection of mdx myoblasts with a
construct containing the complete DMDL (UTRN) cDNA and a
strong constitutive promoter (such as that from the Moloney
murine leukaemia virus). Once a dystrophin deficient cell line
which over expresses utrophin is established, it could be
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analysed for indications of an improvement in sarcolemma
stability.
Parameters such as stress resistance, evaluated by
susceptibility to hypo-osmotic shock [Menke et al., 1991], or
the force needed to physically tear the sarcolemma of a
myotube [Ervasti at a!., 1993a, Moens at ai, 1993] together
with retention of DAPs (which are reduced in mdx and
DMD/BMD muscle) [Ervasti at a!., 1991a, Matsumura at a!.,
1992a, Ohiendieck at a!., 1993] could be tested. If over
expression of utrophin improves sarcolemmal stability, it
might be possible to modulate expression of DMDL (UTRN) in
the muscle of DMD/BMD patients.

It may be more efficient

than the dystrophin experiments to deliver a short sitedirected construct that up-regulates expression of utrophin
via injection of naked DMA, microprojectile bombardment,
recombinant adenoviral transduction or retroviral
transduction. For the therapy to be successful, it may be
better to use a promoter specific for muscle and brain (for
example the muscle creatin kinase gene promoter [Cox at a!.,
1993b]) since over expression in vascular tissue, for example,
could affect blood circulation [Matsumura at a!., 1993e]. This
approach would however require a detailed knowledge of the
regulation of the DMDL (UTRN) gene in both adult and foetal life
including a detailed knowledge of how the transcription of this
gene is regulated. However, it is encouraging to find that
overexpression of dystrophin does not appear to be deleterious
[Cox at a!., 1993b, Lee at a!., 1993, Matsumura at a!., 1993f].
Some recent work using prednisolone has suggested that
stimulation of muscle regeneration by this drug increases
dystrophin production in BMD patients who have reduced
dystrophin expression or a truncated molecule.

In addition,

m dx skeletal muscle cells, along with having higher levels of
expression of utrophin as compared to normal controls, show
an even greater increase of utrophin on treatment with
prednisolone.

These data further suggest a possible

compensatory role for utrophin which may be enhanced by
pharmacological treatment and possibly be of benefit to
DMD/BMD patients [Passaquin at a!., 1993].
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1

GCAGCAGCCG GCCGCGGGCT TTCTCCCGCC GAGGGGCGAG GAGGAGCCTC

51

TGGCTCAGAA GCCGATTGGG GAATCACGGG GAGCGGCGCC CCCCTTCTTT

101

TGGGTCATTT CTGCAAACGG AAAACTCTGT AGCGTTTGGC AAAGTTGGTG

151

CCTGCGCGCC CCTTCCAGGT TTGCGCTTTG ACTGTTTTGT TTTTGGCGGA

201

ACTACCAGGC AGGAAGATTG CACAAGTAAG GGGCGTTTTC AGTTGGGTGT

251

CAATTTCTCT TTCTTTCTTT CTTTTTTTAA AATTTCGGTT CGTGTCTGCT

301

TCTCCAAGCT TTATTTTTTT TTTAAAATAC ATCGCACCAC CAAACTAACA

351

CTCGCACACA CCCCCGCGGT TACTCCGTGT CAAACTCCTA GAGGAGCCCT

401

TGGCCAGCTC GGGGTGCGGC GGTGGCGACC GGCAGGCGAG GAGGCCCGCG

451

GGCAGCAGGT ATTGATGTCA AGCTGAACCA TCGTAGGAAG TTGAAAGCCT

501

TAGAAAGAGG ACTTGGTAAA GTTTTTGGAT TATCTTGAAA CTCTGGCAAG

551

ATGGCCAAGT ATGGAGAACA TGAAGCCAGT CCTGACAATG GGCAGAACGA

601

ATTCAGTGAT ATCATTAAGT CCAGATCTGA TGAACACAAT GACGTACAGA

651

AGAAAACCTT TACCAAATGG ATAAATGCTC g a t t t t c a a a GAGTGGGAAA

701

CCACCCATCA ATGATATGTT CACAGACCTC AAAGATGGAA GGAAGCTATT

751

GGATCTTCTA GAAGGCCTCA CAGGAACATC ACTGCCAAAG GAACGTGGTT

801

CCACAAGGGT ACATGCCTTA AATAACGTCA ACAGAGTGCT GCAGGTTTTA

851

CATCAGAACA ATGTGGAATT AGTGAATATA GGGGGAACTG ACATTGTGGA

901

TGGAAATCAC AAACTGACTT TGGGGTTACT TTGGAGCATC ATTTTGCACT

951

GGCAGGTGAA AGATGTCATG AAGGATGTCA TGTCGGACCT GCAGCAGACG

1001 AACAGTGAGA AGATCCTGCT CAGCTGGGTG CGTCAGACCA CCAGGCCCTA
1051 CAGCCAAGTC AACGTCCTCA AC TTC ACC AC CAGCTGGACA GATGGACTCG
1101 CCTTTAATGC TGTCCTCCAC CGACATAAAC CTGATCTCTT CAGCTGGGAT
1151 AAAGTTGTCA AAATGTCACC AATTGAGAGA CTTGAACATG CCTTCAGCAA
1201 GGCTCAAACT TATTTGGGAA TTGAAAAGCT GTTAGATCCT GAAGATGTTG
1251 CCGTTCGGCT TCCTGACAAG AAATCCATAA TTATGTATTT AACATCTTTG
1301 TTTGAGGTGC TACCTCAGCA AGTCACCATA GACGCCATCC GTGAGGTAGA
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1351 GACACTCCCA AGGAAATATA AAAAAGAATG TGAAGAAGAG GCAATTAATA
1401 TACAGAGTAC AGCGCCTGAG GAGGAGCATG AGAGTCCCCG AGGTGAAAGT
1451 CCCAGCACTG TCACTGAGGT CGACATGGAT CTGGACAGCT ATGAGATTGG
1501 GTTGGAGGAA GTGCTGACCT GGTTGCTTTC TGCTGAGGAC AGTTTGGAGG
1551 AGCAGGATGA TATTTCTGAT GATGTTGAAG AAGTCAAAGA GGAGTTTGGA
1601 ACCCATGAAG CTTTTATGAT GGAACTGACT GCACACCAGA GGAGTGTGGG
1651 CAGCGTCCTG CAGGCAGGCA ACCAACTGAT AACACAAGGA AGTGTGTGAG
1701 ACGAAGAAGA ATTTGAGATT CAGGAACAGA TGACCCTGCT GAATGGTAGA
1751 TGGGAGGCTC TTAGGGTGGA GAGTATGGAC AGACAGTCCC GGGTGGAGGA
1801 TGTGCTGATG GAACTGCAGA AGAAGCAACT GCAGCAGCTC TGGGGGTGGT
1851 TAACACTCAC AGAGGAGCGC ATTCAGAAGA TGGAAACTTG GGGGGTGGAT
1901 GATGATGTAA AATCTCTACA AAAGCTGCTA GAAGAACATA AAAGTTTGGA
1951 AAGTGATCTT GAGGCTGAAC AGGTGAAAGT AAATTCACTA AGTGAGATGG
2001 TGGTCATTGT TGATGAAAAC AGTGGTGAGA GCGCTACAGC TATGGTAGAA
2051 GACCAGTTAC AGAAACTTGG TGAGCGCTGG ACAGCAGTAT GGGGTTGGAG
2101 TGAAGAACGC TGGAATAGGT TACAAGAAAT CAATATATTG TGGGAGGAAT
2151 TATTGGAAGA ACAGTGCTTG TTGAAAGCTT GGTTAACCGA AAAAGAAGAG
2201 GCTTTAAATA AAGTCCAGAC AAGCAACTTC AAAGACCAAA AGGAAGTAAG
2251 TGTCAGTGTT CGACGTCTGG CTATTTTGAA GGAAGACATG GAAATGAAGG
2301 GTCAAACATT GGATCAGCTG AGTGAGATTG GCCAGGATGT GGGAGAATTA
2351 CTTGATAATT CCAAGGCATC TAAGAAGATC AACAGTGACT GAGAGGAAGT
2401 GACTCAAAGA TGGGATTCTT TGGTTCAGAG ACTAGAAGAT TGGTGGAAGG
2451 AGGTGACTCA GGCTGTAGCA AAGCTGGGGA TGTCTCAGAT TGGTGAGAAG
2501 GACCTTTTGG AGACTGTTCG TGTAAGAGAA CAAGCAATTA GAAAAAAATG
2551 TAAGCAGGAA CTGCCTCCTC CTCCTCCCCC AAAGAAGAGA GAGATGGATG
2601 TGGATATTGA AGCTAAGAAA AAGTTTGATG CTATAAGTGC AGAGGTGTTG
2651 AACTGGATTT TGAAATGGAA AACTGCCATT CAGACCACAG AGATAAAAGA
2701 GTATATGAAG ATGCAAGACA CTTCCGAAAT GAAAAAGAAG TTGAAGGGAT
2751 TAGAAAAAGA ACAGAGAGAA AGAATCCCCA GAGCAGATGA ATTAAAGGAA
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2801 ACTGGACAAA TGGTTGTGGA GGAAATGGGA AAAGAAGGGG TTGGTAGTGA
2851 AGAAATAAAA AATGTTGTGG AGAAGGTTTG ATGAGAATGG AAGAATGTAT
2901 CTCAACATTT GGAAGATGTA GAAAGAAAGA TTGAGGTAGA GGAAGATATA
2951 AATGCTTATT TGAAGGAGGT TGATGAGGTT GAAAAGGTGA TGAAGAGAAA
3001 GGAGGAGTGG GTAAAAGAGA GTTGGATTTG TGAATGTTGG GGGGAGTGGT
3051 TGCCAAGCTT GAAGGATTGG TGTGAGGGGG AATTGAGAAA TGTTGTTGGG
3101 CTTCACCCCA AAATTGAAAT GGGTGGTGGA AGGTGGTGGG GGGTGATGTG
3151 TCAGCCTTCT GGGGGAGATT TTGTGGAGGG GGGGTTGGAT AGGTTTGTGG
3201 GCCGCTACCA AGGTGTACAA GAGGGTGTAG AGGATGGTGA AGAAGATGTA
3251 GAGAATGAAC TGAAGGGCCA AGGTGGAGAT GGATATGTGG AAAGATTGAA
3301 AACACTGAAA GATGTGGTAA ATGATTGAGA AAATAAGGGG GAGGTGTGTG
3351 TGAATGTCCT TAATGATCTT GCGAAGGTGG AGAAGGGGGT GGAAGAAAAA
3401 AAGACCCTTG ATGAAATCCT TGAGAATGAG AAAGGTGGAT TAGATAAAGT
3451 TGCAGAAGAA AGAAAGGCTG TGGAGAAAAA TGTTGATGGT GATGTAGAAA
3501 AATTATATAA GGAAGAATTT GATGATGTGG AAGGAAAGTG GAAGAAGGTA
3551 AAGGTCTTGG TTTGGAAAGA TCTAGATTTG GTTGAGGAAA TTGGTGTGAG
3601 ACTCAGAGCT TTTGAGGGGG ATTGAAGAGT GATTGAGAAG TGGATGGATG
3651 GCGTGAAAGA GTTCTTAATG AAAGAGGAGG GTGGGGAAGG AGAGGAGGGA
3701 GGTCTACAGA GGGAGTTAGA GGAGTGGTGT GGATTTGTTA ATGAAATAGA
3751 AACAATTGAA TGATCTGTGA AAAAGATGAA GGAAATAGAG AGTAATGTTG
3801 GAAGTGGTCC AGTTGCTGGA ATAAAAAGTT GGGTGGAGAG AAGAGTAGGT
3851 GAGTAGCAAA GTGAACTGGA GAAAGTTAGG AAGGAGATGG GTAGTGAAAA
3901 AAGTAGGTTG TCTGAAAGTC AAGAAAAAGG TGGGAAGGTG AAGAAAGAGT
3951 TGGGAGAGAT GGAGGAATGG ATGAGGGAGG GGGAGGAAGA ATATTTGGAG
4001 GGGGATTTTG AGTAGAAGTG AGGAGAAGAG GTTGAGAGTG GTGTGGAAGA
4051 GATGAAGAGG GGAAAAGAGG ATGTGTTGGA GAAGGAGGTG AGAGTGAAGA
4101 TTGTGAAGGA GAACATGAAG TTATTAGGTG GGAAGGTGGG GTGTGGTGGG
4151 GAGGAGTTGA GGTGTGAGGT GAATGTTGTG GTGGAGAATT AGGAAGTTGT
4201 TTGTAATAGA ATTGGAGGAA AGTGCCAGAG GGTAgagGAG GTGTGGTGTT
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4251 GTTGGATTGA ACTGCTTCAC TATTTGGATC TTGAAACTAC CTGGTTAAAC
4301 ACTTTGGAAG AGCGGATGAA GAGCACAGAG GTCCTGCCTG AGAAGACGGA
4351 TGCTGTCAAC GAAGCCCTGG AGTCTCTGGA ATCTGTTCTG CGCCACCCGG
4401 CAGATAATCG CACCCAGATT CGAGAGCTTG GCCAGACTCT GATTGATGGG
4451 GGGATCCTGG ATGATATAAT CAGTGAGAAA CTGGAGGCTT TCAACAGCCG
4501 ATATGAAGAT CTAAGTCACC TGGCAGAGAG CAAGCAGATT TCTTTGGAAA
4551 AGCAACTCCA GGTGCTGCGG GAAACTGACC AGATGCTTCA AGTCTTGCAA
4601 GAGAGCTTGG GGGAGCTGGA CAAACAGCTC ACCACATACC TGACTGACAG
4651 GATAGATGCT TTCCAAGTTC CACAGGAAGC TCAGAAAATC CAAGCAGAGA
4701 TCTCAGCCCA TGAGCTAACC CTAGAGGAGT TGAGAAGAAA TATGCGTTCT
4751 CAGCCCCTGA CCTCCCCAGA GAGTAGGACT GCCAGAGGAG GAAGTCAGAT
4801 GGATGTGCTA CAGAGGAAAC TCCGAGAGGT GTCCACAAAG TTCCAGCTTT
4851 TCCAGAAGCC AGCTAACTTC GAGCAGCGCA TGCTGGACTG CAAGCGTGTG
4901 CTGGATGGCG TGAAAGCAGA ACTTCACGTT CTGGATGTGA AGGACGTAGA
4951 CCCTGACGTC ATACAGACGC ACCTGGACAA GTGTATGAAA GTGTATAAAA
5001 CTTTGAGTGA AGTCAAACTT GAAGTGGAAA CTGTGATTAA AACAGGAAGA
5051 CATATTGTCC AGAAACAGCA AACGGACAAC CCAAAAGGGA TGGATGAGCA
5101 GCTGACTTCC CTGAAGGTTC TTTACAATGA CCTGGGCGCA CAGGTGACAG
5151 AAGGAAAACA GGATCTGGAA AGAGCATCAC AGTTGGCCGG GAAAATGAAG
5201 AAAGAGGCTG CTTCTCTCTC TGAATGGCTT TCTGCTACTG AAACTGAATT
5251 GGTACAGAAG TCCACTTCAG AAGGTCTGCT TGGTGAGTTG GATACAGAAA
5301 TTTCCTGGGC TAAAAATGTT CTGAAGGATC TGGAAAAGAG AAAAGCTGAT
5351 TTAAATACCA TCACAGAGAG TAGTGCTGCC CTGCAAAACT TGATTGAGGG
5401 CAGTGAGCCT ATTTTAGAAG AGAGGCTCTG CGTCCTTAAG GCTGGGTGGA
5451 GCCGAGTTCG TACCTGGACT GAAGATTGGT GCAATAGGTT GATGAACCAT
5501 CAGAACCAGC TAGAAATATT TGATGGGAAC GTGGCTCACA TAAGTACCTG
5551 GCTTTATCAA GCTGAAGCTC TATTGGATGA AATTGAAAAG AAAGGAACAA
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5351 TTAAATACCA TCACAGAGAG TAGTGCTGCC CTGCAAAACT TGATTGAGGG
5401 CAGTGAGCCT ATTTTAGAAG AGAGGCTCTG CGTCCTTAAC GCTGGGTGGA
5451 GCCGAGTTCG TACCTGGACT GAAGATTGGT GCAATACCTT GATGAACCAT
5501 CAGAACCAGC TAGAAATATT TGATGGGAAC GTGGCTCACA TAAGTACCTG
5551 GCTTTATCAA GCTGAAGCTC TATTGGATGA AATTGAAAAG AAAGGAACAA
5601 GTAAACAGGA AGAAATTGTG AAGCGTTTAG TATCTGAGCT GGATGATGCC
5651 AACCTCCAGG TTGAAAATGT CCGCGATCAA GCCCTTATTT TGATGAATGC
5701 CCGTGGAAGC TCAAGCAGGG AGCTTGTAGA ACCAAAGTTA GCTGAGCTGA
5751 ATAGGAACTT TGAAAAGGTG TCTCAACATA TCAAAAGTGC CAAATTGCTA
5801 ATTGCTCAGG AACCATTATA CCAATGTTTG GTCACCACTG AAACATTTGA
5851 AACTGGTGTG CCTTTCTCTG ACTTGGAAAA ATTAGAAAAT GACATAGAAA
5901 ATATGTTAAA ATTTGTGGAA AAACACTTGG AATCCAGTGA TGAAGATGAA
5951 AAGATGGATG AGGAGAGTGC CCAGATTGAG GAAGTTCTAC AAAGAGGAGA
6001 AGAAATGTTA CATCAACCTA TGGAAGATAA TAAAAAAGAA AAGATCCGTT
6051 TGCAATTATT ACTTTTGCAT ACTAGATACA ACAAAATTAA GGCAATCCCT
6101 ATTCAACAGA GGAAAATGGG TCAACTTGCT TCTGGAATTA GATCATCACT
6151 TCTTCCTACA GATTATCTGG TTGAAATTAA CAAAATTTTA CTTTGCATGG
6201 ATGATGTTGA ATTATCGCTT AATGTTCCAG AGCTCAACAC TGCTATTTAC
6251 GAAGACTTCT CTTTTCAGGA AGACTCTCTG AAGAATATCA AAGACCAACT
6301 GGACAAACTT GGAGAGCAGA TTGCAGTCAT TCATGAAAAA CAGCCAGATG
6351 TCATCCTTGA AGCCTCTGGA CCTGAAGCCA TTCAGATCAG AGATACACTT
6401 ACTCAGCTGA ATGCAAAATG GGACAGAATT AATAGAATGT ACAGTGATCG
6451 GAAAGGTTGT TTTGACAGGG CAATGGAAGA ATGGAGACAG TTCCATTGTG
6501 ACCTTAATGA CCTCACACAG TGGATAACAG AGGCTGAAGA ATTACTGGTT
6551 GATACCTGTG CTCCAGGTGG CAGCCTGGAC TTAGAGAAAG CCAGGATACA
6601 TCAGCAGGAA CTTGAGGTGG GCATCAGCAG CCACCAGCCC AGTTTTGCAG
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6701 GGAAGCTTCT TGAAAGAAAA ACTGGCAGGT TTAAACCAAC GCTGGGATGC
6751 AATTGTTGCA GAAGTGAAGG ATAGGCAGCC AAGGCTAAAA GGAGAAAGTA
6801 AGCAGGTGAT GAAGTACAGG CATCAGCTAG ATGAGATTAT CTGTTGGTTA
6851 AGAAAGGCTG AGCATGCTAT GCAAAAGAGA TCAACCACCG AATTGGGAGA
6901 AAACCTGCAA GAATTAAGAG ACTTAACTCA AGAAATGGAA GTACATGCTG
6951 AAAAACTCAA ATGGCTGAAT AGAACTGAAT TGGAGATGCT TTCAGATAAA
7001 AGTCTGAGTT TACCTGAAAG GGATAAAATT TCAGAAAGCT TAAGGACTGT
7051 AAATATGACA TGGAATAAGA TTTGCAGAGA GGTGCCTACC ACCCTGAAGG
7101 AATGCATCCA GGAGCCCAGT TCTGTTTCAC AGACAAGGAT TCCTGCTGAT
7151 CCTAATGTCC AAAAGGTGGT GCTAGTATCA TCTGCGTCAG ATATTGCTGT
7201 TCAGTCTCAT CGTACTTCGG AAATTTCAAT TCCTGCTGAT CTTGATAAAA
7251 CTATAACAGA ACTAGCCGAC TGGCTGGTAT TAATCGACCA GATGCTGAAG
7301 TCCAACATTG TCACTGTTGG GGATGTAGAA GAGATCAATA AGAGCGTTTC
7351 CCGAATGAAA ATTACAAAGG CTGACTTAGA ACAGCGCCAT GCTGAGGTGG
7401 ATTATGTTTT TACATTGGCA CAGAATTTGA AAAATAAAGC TTCCAGTTGA
7451 GATATGAGAA CAGCAATTAC AGAAAAATTG GAAAGGGTCA AGAACCAGTG
7501 GGATGGCACC CAGCATGGCG TTGAGCTAAG ACAGCAGCAG CTTGAGGACA
7551 TGATTATTGA CAGTCTTCAG TGGGATGACC ATAGGGAGGA GACTGAAGAA
7601 CTGATGAGAA AATATGAGGC TCGACTCTAT ATTCTTCAGC AAGGCCGAGG
7651 GGATCCACTC ACCAAACAAA TTTCTGATAA CCAAATACTG CTTCAAGAAC
7701 TGGGTCCTGG AGATGGTATC GTCATGGCGT TCGATAACGT CCTGGAGAAA
7751 CTCCTGGAGG AATATGGGAG TGATGACACA AGGAATGTGA AAGAAACCAC
7801 AGAGTACTTA AAAACATCAT GGATCAATCT CAAACAAAGT ATTGCTGACA
7851 GACAGAACGC CTTGGAGGCT GAGTGGAGGA CGGTGCAGGC GTGTCGGAGA
7901 GATCTGGAAA ACTTCCTGAA GTGGATCCAA CAAGCAGAGA CCACAGTGAA
7951 TGTGCTTGTG GATGCCTCTC ATCGGGAGAA TGCTCTTCAG GATAGTATCT
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8001 TGGCCAGGGA AGTCAAACAG CAGATGCAGG AGATGGAGGG AGAAATTGAT
8051 GCCCACAATG ACATATTTAA AAGCATTGAC GGAAAGAGGG AGAAGATGGT
8101 AAAAGCTTTG GGAAATTCTG AAGAGGCTAC TATGGTTGAA GATGGACTGG
8151 ATGATATGAA CCAAAGATGG AATGACTTAA AAGGAAAATG TGGTAGGATG
8201 AGGGCCCATT TGGAGGCCAG CGCTGAGAAG TGGAAGAGGT TGGTGATGTG
8251 CTTAGAAGAA CTGATCAAAT GGCTGAATAT GAAAGATGAA GAGGTTAAGA
8301 AACAAATGCC TATTGGAGGA GATGTTCCAG GGTTAGAGGT GGAGTATGAG
8351 CATTGTAAGG CCCTGAGACG GGAGTTAAAG GAGAAAGAAT ATTGTGTGGT
8401 GAATGCTGTC GACCAGGCCC GAGTTTTCTT GGGTGATGAG GGAATTGAGG
8451 CCCCTGAAGA GCCAAGAAGA AACCTACAAT GAAAAAGAGA ATTAAGTGGT
8501 GAGGAGAGAG CCCAAAAGAT TGCCAAAGCC ATGGGGAAAG AGTGTTGTGA
8551 AGTCAAAGAA AAATGGGAAA GTCTAAATGC TGTAAGTAGG AATTGGGAAA
8601 AGCAAGTGGA CAAGGCATTG GAGAAACTCA GAGAGGTGGA GGGAGCTATG
8651 GATGACCTGG ACGCTGACAT GAAGGAGGCA GAGTGGGTGC GGAATGGGTG
8701 GAAGCCCGTG GGAGACTTAC TCATTGACTC GGTGGAGGAT GAGATTGAAA
8751 AAATCATGGC ATTTAGAGAA GAAATTGCAC GAATGAAGTT TAAAGTTAAA
8801 ACGGTGAATG ATTTATCCAG TCAGCTGTCT GGAGTTGAGG TGGATGGGTG
8851 TCTAAAGATG TCTCGCCAGC TAGATGACCT TAATATGGGA TGGAAAGTTT
8901 TACAGGTTTC TGTGGATGAT CGCCTTAAAC AGGTTGAGGA AGGGGAGAGA
8951 GATTTTGGAC CATCCTCTCA GCATTTTCTC TGTAGGTGAG TGGAGGTGGG
9001 GTGGCAAAGA TCCATTTCAC ATAATAAAGT GGGGTATTAG ATGAAGGATG
9051 AAACACAGAC CACCTGTTGG GACCATCCTA AAATGAGGGA AGTGTTTGAA
9101 TCCCTTGCTG ACCTGAATAA TGTACGTTTT TGTGGGTAGG GTAGAGGAAT
9151 CAAAATCCGA AGACTAGAAA AAGCACTATG TTTGGATGTG TTAGAGTTGA
9201 GTACAACAAA TGAAATTTTC AAAGAGGAGA AGTTGAAGGA AAATGAGGAG
9251 CTCCTCAGTG TTCCAGATGT GATGAAGTGT GTGAGAAGAA GTTATGATGG
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93 01 ACTTGAGCAA ATGCATAAGG ACCTGGTCAA CGTTCCACTC TGTGTTGATA
93 51 TGTGTCTCAA TTGGTTGCTC AATGTCTATG ACACGGGTCG AACTGGAAAA
9401 ATTAGAGTGC AGAGTCTGAA GATTGGATTA ATGTGTGTGT GGAAAGGTGT
9451 CTTGGAAGAA AAATACAGAT ATGTGTTTAA GGAAGTTGGG GGGGGGAGAG
9501 AAATGTGTGA CCAGAGGCAG GTGGGGGTGT TAGTTGATGA TGGGATGGAG
9551 ATCCCCCGGC AGCTAGGTGA AGTAGGAGGT TTTGGAGGGA GTAATATTGA
9601 GCCTAGTGTT CGCAGCTGCT TGGAAGAGAA TAAGAATAAA GGAGAAATAA
9651 GTGTGAAAGA GTTTATAGAT TGGATGGATT TGGAAGGAGA GTGGATGGTT
9701 TGGCTCCCAG TTTTACATCG AGTGGGAGGA GGGGAGAGTG GAAAAGATGA
9751 GGCCAAATGC AACATCTGTA AAGAATGTGG AATTGTGGGG TTGAGGTATA
9801 GAAGCCTTAA GCATTTTAAC TATGATGTGT GGGAGAGTTG TTTGTTTTGG
9851 GGTCGAACAG GAAAAGGTGA GAAATTAGAT TAGGGAATGG TGGAATATTG
9901 TATACCTACA AGATGTGGGG AAGATGTAGG AGAGTTGAGA AAGGTAGTTA
9951 AGAACAAGTT GAGGTGGAAG AAGTAGTTTG GGAAAGAGGG TGGAGTTGGT
lOOOlTACCTGCCTG TGGAGAGAGT TGTTGAAGGT GAGAAGTTAG AGAGTGGTAT
10051CACACTCATC AGTATGTGGG GAGAGGAGTA TGAGGGGTGA GAATGTGGTG
10101AACTGTTTCA TGATGAGAGG GATTGAAGAA TAGAAGAATA TGGGAGAGGA
10151CTGGCCCAGA TGGAAAGGAG TAATGGGTGT TTTGTGAGTG ATAGGAGGTG
102 01CACCACAGGA AGTGTGGAAG AGGAGGAGGG GGTGATGGAG GAGTATTGGG
102 51AAACACTCGG AGGAGAGTGG GGAGTGAGGG AGGGGGAGAG GGGAGGTGAG
103 01ATCCTGAAGT GAGTAGAGAG GGAAGAAGGT GGAGAAGTGG AGAGGATGAT
103 51TGCTGACCTG GAGGAAGAAG AAAGAAATGT AGAGGTGGAG TATGAGGAGG
10401TGAAGGACCA GGAGGTGGGA AGGGGGGTGG GTGTGGGTTG AGGGGGAGAG
10451TCGATTATAT GTGGGGATGA GAGGTGTGAG GATTGAGAAG TTATAGGAGA
10501AGCAAAACTC GTGAGGGAGG AGAAAGGTGG GGTGGAGGGT AGGATGGAGA
10551TTTTAGAAGA TGAGAATAAA GAGGTGGAGT GTGAGGTGGA GGGGGTGGGA
10 601CAGCTGCTGG AGGAGGGTGA ATGTGATTGG GGAATGAATG GTGTTTGGGG
10 651ATGGGCTTCT GGTGAGGATT GTGGAGTGAG GTAGTGGGTT GATGGAGATG
10701CCTCCGGCCC AGAGTTGGAG GAGGGAGGGG GAGAGGAGGT GGTGGGGGGA
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107 51CCGCACGACA CCAGCACGGA TCTCACGGAG GTCATGGAGC AGATTCACAG
10801CACGTTTCCA TCTTGCTGCC CAAATGTTCC CAGCAGGCCA CAGGCAATGT
10851GAAGTATTCA TCCGGCCAAC CAATGTTTCC TGACGTACAG TGTTGCCCTT
10 9 01TTCAGCAAAT GCCAATTCCA AGTTCCATTA AATCAGAAGC TCCATGGCTC
10 951CTTGGCCCAC GATGTTGAGT GCTGACTGTG TGTTCTACTG AAAGAGTAAA
11001ACACTGACTA TCCAAAGAGA AATGGATATT TTGTTTTTAT AATAACCATA
11051TATTATTGTT TTCTTCTTCC CTTTCTATGC AAGTGTAAAT TAATGAACAG
IIIOIAGAGGTATTT GGAAATGGTA ATACATTTGT CACGGATTTG TATAATGTAT
11151ACAGCATTGG GAAAGTGGGT GGGGGCTTTC TAATACGATA CCGTCTTTTT
112 01AATAACTATG ACAAAGCTTA CATAAGAATT AGAAGACCAC TTTACATTTT
112 51TACATTCCTT CTGCTGTTCA TATTAACCTT GCACAATTAC TTCATTTTTT
113 01CTTTGACTCT TTTACCACAA TGTTTTGGTT ATTTATAATT TATCAGCCAT
11351ATGTTTATCA GCCATATAAC CAACTAGATC CCAAATAGAT CCATGTATTT
11401GTTTCCGTGA TTTGGCCACA TTAATAAATT CATAAATTTC AATCAAATAT
114 51CTTATATATA CACACATATG GGTTTAAGCT ACAGCCCTGT GTATGCCCGT
11501 TTAACTTATT TGGACGGTTG GCCCCACTTA CTCTTGCGTG GCA

Appendix II This is the full length
cDNA nucleic acid sequence
and the region cloned during the course of this study is underlined.
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DMDL
DMD

DMDL
DMD

DMDL
DMD

DMDL
DMD

DMDL
DMD

DMDL
DMD

DMDL
DMD

DMDL
DMD

DMDL
DMD

3020
3030
3040
3050
3060
3070
TCAGTCTCATCGTACTTCGGAAATTTCAATTCCTGCTGATCTTGATAAAACTATAACAGA
II
II I I I
I
I I I
GCCATCTTCCTTGATGTTGGAGGTACCTGCTCTGGCAGATTTCAACCGGGCTTGGACAGA
7620
7600
7610
7630
7640
7650
3090
3100
3080
3110
3120
3130
ACTAGCCGACTGGCTGGTATTAATCGACCAGATGCTGAAGTCCAACATTGTCACTGTTGG
III
I I I I I I I I I I
I
I I I I I
I
I I I I I
I I
I I I
I I I I
ACTTAC CGAC TGGC TTTCTC TGC TTGATC AAGTTATAAAATC AC AGAGGGTGATGGTGGG
7670
7660
7680
7690
7700
7710
3150
3140
3160
3170
3180
3190
GGATGTAGAAGAGATCAATAAGACCGTTTCCCGAATGAAAATTACAAAGGCTGACTTAGA
II
I I I I I I I I I I
III
I I I
I I I
II II II
TGACCTTGAGGATATCAACGAGATGATCATCAAGCAGAAGGCAACAATGCAGGATTTGGA
7720
7730
7740
7750
7760
7770
3210
3200
3220
3230
3240
3250
ACAGCGCCATCCTCAGCTGGATTATGTTTTTACATTGGCACAGAATTTGAAAAATAAAGC
III I I III III I I I I
I
I I I
II II I I I I I I I I I I I II
I
ACAGAGGCGTCCCCAGTTGGAAGAACTCATTACCGCTGCCCAAAATTTGAAAAACAAGAC
7780
7790
7800
7810
7820
7830
3270
3260
3280
3290
3300
3310
TTCCAGTTCAGATATGAGAACAGCAATTACAGAAAAATTGGAAAGGGTCAAGAACCAGTG
I I
I I I I I II
III
III
I I I I I I I
I I I I I I I I I
CAGCAATCAAGAGGCTAGAACAATCATTACGGATCGAATTGAAAGAATTCAGAATCAGTG
7840
7860
7850
7870
7880
7890
3340
3350
3360
3320
3330
3370
GGATGGCACCCAGCATGGCGTTGAGCTAAGACAGCAGCAGCTTGAGGACATGATTATTGA
I I
I I
I
I I
I I I I I
I I I I I I I I
I I
GGATGAAGTACAAGAACACCTTCAGAACCGGAGGCAACAGTTGAATGAAATGTTAAAGGA
7910
7920
7930
7940
7900
7950
3410
3400
3420
3380
3390
C AGTC TTC AGTGGG ATG AC C AT AGGG AGG AG AC TG A - -AGAAC TG ATG AG AAAAT ATG AG
I I
I I
II
I I I II
I I I I
II
I I I I I I
I I I I
TTCAACACAATGGCTGGAAGCTAAGGAAGAAGCTGAGCAGGTCTTAGGACAGGCCA-GAG
7960
7970
7980
7990
8000
3430
3440
3450
3460
3470
3480
GCTCGACTCTATATTCTT- -CAGCAAG- -CGC - -GACGG- -GATCCACTCACCAAACAAA
I I
II
I I I I
I I I I
III
I I I
III
II II
II
III
CCAAGCTTGAGTCATGGAAGGAGGGTCCCTATACAGTAGATGCAATCCAAAAGAAAA
8010
8020
8030
8040
8050
8060
3490
3500
3510
3520
3530
. TTTCTGATAACCAAATA-CTGCTTCAAGAACTGGGTCCTGGAGATGGTATCGTCATGGCG
I
I I I I I I I I I
I
II
I I I I I I
I I
I
I
I
II
I I
TCACAGA-AACCAAGCAGTTGGCCAAAGACCTCCGCCAGTGGCAGACAAATGTAGATGTG
8070
8080
8090
8100
8110
8120

3540
3550
3560
3570
3580
3590
DMDL . TTCGATAACGTCCTGCAGAAACTCCTGGAGGAATATGGGAGTGATGACACAAGGAATGTG
I I I I I
I I I I I I I II
III III
I I I I I II II II II
DMD
GCAAATGACTTGGCCCTGAAACTTCTCCGGGATTATTCTGCAGATGATACCAGAAAAGTC
8130
8140
8150
8160
8170
8180
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3640
3630
3650
3600
3610
3620
AAAGAAACCACAGAGTACTTAAAAACATCATGGATCAATCTCAAACAAAGTATTGCTGAC
I
I
I I I I
I
I I I
I I I
I I I I I I I
I
I I
CACATGATAACAGAGAATATCAATGCCTCTTGGAGAAGCATTCATAAAAGGGTGAGTGAG
DMD
8240
8210
8220
8230
8190
8200
DMDL

3660
3670
3680
3690
3700
3710
. AGAC AGAACGC C TTGG A G G
CTGAGTGGAGGACGGTGCAGGCCTCTCGCAGAGATCTG
I I I
I
I I I I I I I I
I I I I I I
I I I I I I
I
I I
II I I I
DMD
CGAGAGGCTGCTTTGGAAGAAACTCA-TAGATTAC - -TGCAACAGTTCCCCCTGGACCTG
8250
8260
8270
8280
8290
8300
DMDL

DMDL
DMD

DMDL
DMD

DMDL
DMD

DMDL
DMD

DMDL
DMD

DMDL
DMD

DMDL
DMD

DMDL
DMD

3720
3730
3740
3750
3760
3770
. GAAAACTTCCTGAAGTGGATCCAAGAAGCAGAGACCACAGTGAATGTGCTTGTGGATGCC
I I I I I
I I I I
III I
I I I I I I I I I II I I
I I I I I I I
I I I I I I
GAAAAGTTTCTTGCCTGGCTTACAGAAGCTGAAACAACTGCCAATGTCCTACAGGATGCT
8310
8320
8330
8340
8350
8360
3780
3790
3800
3810
3820
3830
. TCTCATCGGGAGAATGCTCTTCAGGATAGT- -ATCTTGGCCAGGGAACTCAAACAGCAGA
I I I
I I I I I I I I I I I I I I I
I
I
I
I I I I I
I I I
ACCCGTAAGGA-AAGGCTCCT-AGAAGACTCCAAGGGAGTAAAAGAGCTGATGAAACAAT
8390
8400
8410
8370
8380
8420
3870
3880
3850
3860
3890
3840
. TGCAGGACATCCAGGCAGAAATTGATGCCCACAATGACATATTTAAAAGCATTGACGGAA
III
III I I I I I
I I I I I I I I I I I I I I
II
I I I I I I I I I I I I
GGCAAGACCTCCAAGGTGAAATTGAAGCTCACACAGATGTTTATCACAACCTGGATGAAA
8450
8430
8440
8460
8470
8480
3910
3930
3940
3920
3950
3900
ACAGGCAGAAGATGGTAAAAGCTTTGGGAAATTCTGAAGAGGCTACTATGCTTCAACATC
II I I I I
I I I I II II II
I I I I
III
I
III
II II II
ACAGCCAAAAAATCCTGAGATCCCTGGAAGGTTCCGATGATGCAGTCCTGTTACAAAGAC
8530
8510
8520
8540
8490
8500
3990
4000
4010
3960
3970
3980
GACTGGATGATATGAACCAAAGATGGAATGACTTAAAAGCAAAATCTGCTAGCATCAGGG
III III
I III III
I
I I I I III
I
I
I I I I I I I I I I I I
GTTTGGATAACATGAACTTCAAGTGGAGTGAACTTCGGAAAAAGTCTCTCAACATTAGGT
8570
8580
8590
8600
8550
8560
4050
4060
4040
4070
4020
4030
CCCATTTGGAGGCCAGCGCTGAGAAGTGGAACAGGTTGCTGATGTCCTTAGAAGAACTGA
I I I
I
I I I I I I
I I I I I I I I I I I I I I I
I I I I
I I I I I I I
I
III
CCCATTTGGAAGCCAGTTCTGACCAGTGGAAGCGTCTGCACCTTTCTCTGCAGGAACTTC
8640
8650
8660
8610
8630
8620
4100
4110
4120
4080
4090
4130
TCAAATGGCTGAATATGAAAGATGAAGAGCTTAAGAAACAAATGCCTATTGGAGGAGATG
I I I I I
I
I I I I I I I I I I I I
I I
I I
I I I I I I I I I I I II
TGGTGTGGCTACAGCTGAAAGATGATGAATTAAGCCGGCAGGCACCTATTGGAGGCGACT
8700
8710
8680
8690
8720
8670
4150
4170
4180
4140
4160
4190
TTCCAGCCTTACAGCTCCAGTATGACCATTGTAAGGCCCTGAGACGGGAGTTAAAGGAGA
I I I I II
I I I
I I I I II II
I I I I I I I
I I I
TTCCAGCAGTTCAGAAGCAGAACGATGTACATAGGGCCTTCAAGAGGGAATTGAAAACTA
8750
8770
8740
8760
8780
8730
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4200

4210

4220

4230

4240

4250

DMDL

DMD

AAGAATATTCTGTCCTGAATGCTGTCGACCAGGCCCGAGTTTTCTTGGCTGATCAGCCAA
I I I I I
I
II I I I I II I II
I
I I I I II
I I I I I I I I I I
AAGAACCTGTAATCATGAGTACTCTTGAGACTGTACGAATATTTCTGACAGAGCAGCC-T
8790
8800
8810
8820
8830

4260
4270
4280
4290
4300
4310
TTGAGGCCCCTGAAGAACCAAGAAGAAAC-CTACAATCA-AAAACAGAATTAACTCCTGA
I I I I I I I I I I
I
I I I
I I
I I I I I I I
DMD
T T G-------- GAAGGACTA--GAGAAACTCTACCAGGAGCCCAGAGAGCTGCCTCCTGA
8850
8870
8880
8840
8860
DMDL

4340
4320
4330
4350
4360
4370
GGAGAGAGCCCAAAAGATTGCCAAAGCCATGCGCAAACAGTCTTCTGAAGTCAAAGAAAA
I I I I I I I I I I I I I I
I
I
I II II I I I
II
II I I I I I
DMD
GGAGAGAGCCCAGAATGTCACTCGGCTTCTACGAAAGCAGGCTGAGGAGGTCAATACTGA
8900
8910
8930
8940
8890
8920
DMDL

4400
4380
4390
4410
4420
4430
ATGGGAAAGTCTAAATGCTGTAACTAGC-AATTGGCAAAAGCAAGTGGACAAGGCATTGG
I I
I I I I I
I I I
I I
II I I I
II
DMD
GTGGGAAAAATTGAA-CCTGCACTCCGCTGACTGGCAGAGAAAAATAGATGAGACCCTTG
8950
8960
8970
8980
8990
9000
DMDL

DMDL
DMD

DMDL
DMD

DMDL
DMD

4440
4450
4460
4470
4480
4490
AGAAACTCAGAGACCTGCAGGGAGCTATGGATGACCTGGACGCTGACATGAAGGAGGCAG
II II II I
I I I I I I I I I I I I I I I
I I I I I
I
I I
I I I I
AAAGACTCCAGGAACTTCAAGAGGCCACGGATGAGCTGGACCTCAAGCTGCGCCAAGCTG
9030
9020
9040
9010
9050
9060
4500
4510
4520
4530
4540
. AGTCCGTGCGGAATGG
CTGGAAGCCCGTGGGAGACTTACTCATTGACTCGCTGCAGG
II
III
II II
I I I I I I I I I II I I I I I
I I I I I I I I I I I I I I I I I
AG
GTGATCAAGGGATCCTGGCAGCCCGTGGGCGATCTCCTCATTGACTCTCTCCAAG
9070
9080
9090 9100
9110
9120
4550
4560
4570
4580
4590
4600
. ATCACATTGAAAAAATCATGGCATTTAGAGAAGAAATTGCACCAATCAACTTTAAAGTTA
I I I
I I I I
II I I I
I I I I I I I II I I I I I I I I I I I I II
I I I
ATCACCTCGAGAAAGTCAAGGCACTTCGAGGAGAAATTGCGCCTCTGAAAGAGAACGTGA
9140
9150
9170
9180
9130
9160

4630
4640
4650
4660
4610
4620
D M D L . AAACGGTGAATGATTTATCCAGTCAGCTGTCTCCACTTGACCTGCATCCCTCTCTAAAGA
I I I I I I
I
I
I I I I I I I I I I I
I I I I I I I
I
I I
DMD
GCCACGTCAATGACCTTGCTCGCCAGCTTACCACTTTGGGCATTCAGCTCTCACCGTATA
9190
9210
9220
9230
9240
9200

DMDL
DMD

DMDL
DMD

4680
4690
4700
4710
4670
4720
TGTCTCGCCAGCTAGATGACCTTAATATGCGATGGAAACTTTTACAGGTTTCTGTGGATG
I II I I I I I II I
I I I I I I I III I I I I I I
I I I I I
ACCTCAGCACTCTGGAAGACCTGAACACCAGATGGAAGCTTCTGCAGGTGGCCGTCGAGG
9250
9270
9280
9260
9290
9300
4730
4740
4750
4760
4770
4780
. ATCGCCTTAAACAGCTTCAGGAAGCCCACAGAGATTTTGGACCATCCTCTCAGCATTTTC
I I I
I I
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
ACCGAGTCAGGCAGCTGCATGAAGCCCACAGGGACTTTGGTCCAGCATCTCAGCACTTTC
9310
9330
9320
9340
9350
9360

Appendix
4790
4800
4810
4820
4830
4840
DMDL . TCTCTACGTCAGTCCAGCTGCCGTGGCAAAGATCCATTTCACATAATAAAGTGCCCTATT
I II I I I I I I I I I I I
II I I I I I I I
I I I I II
I
II I I I I I I I I I I I I
DMD
TTTCCACGTCTGTCCAGGGTCCCTGGGAGAGAGCCATCTCGCCAAACAAAGTGCCCTACT
9370
9380
9390
9400
9410
9420
4850
4860
4870
4880
4890
4900
DMDL . ACATCAACCATCAAACACAGACCACCTGTTGGGACCATCCTAAAATGACCGAACTCTTTC
I I I I I I I I I
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
I
DMD
ATATCAACCACGAGACTCAAACAACTTGCTGGGACCATCCCAAAATGACAGAGCTCTACC
9430
9440
9450
9460
9470
9480

DMDL
DMD

DMDL
DMD

DMDL
DMD

DMDL
DMD

DMDL
DMD

DMDL
DMD

4910
4920
4930
4940
4950
4960
. AATCCCTTGCTGACCTGAATAATGTACGTTTTTCTGCCTACCGTACAGCAATCAAAATCC
I I I
I I I I I I I I II I I I I I I I I I II II
II II
I II
II II I I I I I I
AGTCTTTAGCTGACCTGAATAATGTCAGATTCTCAGCTTATAGGACTGCCATGAAACTCC
9490
9500
9510
9520
9530
9540
4970
4980
4990
5000
5010
5020
. GAAGACTACAAAAAGCACTATGTTTGGATCTCTTAGAGTTGAGTACAACAAATGAAATTT
I I I I I I I I I I I I I I I I I I I I I I I I I I I I
II
I
II
III
I
GAAGACTGCAGAAGGCCCTTTGCTTGGATCTCTTGAGCCTGTCAGCTGCATGTGATGCCT
9550
9560
9570
9580
9590
9600
5030
5040
5050
5060
5070
5080
. TCAAACAGCACAAGTTGAACCAAAATGACCAGCTCCTCAGTGTTCCAGATGTCATCAACT
I
I I I I I I I I I
I I I I I I I I I I I I I I I I I I
I I I
I
I I I I I I
TGGACCAGCACAACCTCAAGCAAAATGACCAGCCCATGGATATCCTGCAGATTATTAATT
9610
9620
9630
9640
9650
9660
5090
5100
5110
5120
5130
5140
. GTCTGACAACAACTTATGATGGACTTGAGCAAATGCATAAGGACCTGGTCAACGTTCCAC
I II I I I
I I I
II II I I
I II I I I I I I
I I I II
II I I I I I I I
I I
I I I
GTTTGACCACTATTTATGACCGCCTGGAGCAAGAGCACAACAATTTGGTCAACGTCCCTC
9670
9680
9690
9700
9710
9720
5150
5160
5170
5180
5190
5200
. TCTGTGTTGATATGTGTCTCAATTGGTTGCTCAATGTCTATGACACGGGTCGAACTGGAA
I I I I II I I I I I I I II I I II I I I I I I I I I
I I I
I I I III I I I I I I I I
II I I
TCTGCGTGGATATGTGTCTGAACTGGCTGCTGAATGTTTATGATACGGGACGAACAGGGA
973 0
9740
97 50
9760
977 0
9780
5210
5220
AAATTAGAGTGCAGAGTCTGA
II
I I I I I
GGATCCGTGTCCTGTCTTTTAAAACTGGCATCATTTCCCTGTGTAAAGCACATTTGGAAG
9790
9800
9810
9820
9830
9840

Appendix III The entire 5Kb of coding sequence Identified from Library 1 and
Library 2 was used In a database search (with UWGCG BestFIt ). DMD is the
only gene that shows significant homology to UTRW and gives 60.3% Identity
In a 2204 bp overlap. The nucleic acid numbers of OTT^O correspond to the
BpI clones Identified, with base pair number 1 at position 4191 In the complete
DMDL sequence.
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1

MAKYGEHEAS PDNGQNEFSD IIKSRSDEHN DVQKKTFTKW INARFSKSGK

51

PPINDMFTDL KDGRKLLDLL EGLTGTSLPK ERGSTRVHAL NNVNRVLQVL

101

HQNNVELVNI GGTDIVDGNH KLTLGLLWSI ILHWQVKDVM KDVMSDLQQT

151

NSEKILLSWV RQTTRPYSQV NVLNFTTSWT DGLAFNAVLH RHKPDLFSWD

201

K W K M S P I E R LEHAFSKAQT YLGIEKLLDP EDVAVRLPDK KSIIMYLTSL

251

FEVLPQQVTI DAIREVETLP RKYKKECEEE AINIQSTAPE EEHESPRAET

301

PSTVTEVDMD LDSYQIALEE VLTWLLSAED TFQEQDDISD DVEEVKDQFA

351

THEAFMMELT AHQSSVGSVL QAGNQLITQG TLSDEEEFEI QEQMTLLNAR

401

WEALRVESMD RQSRLHDVLM ELQKKQLQQL SAWLTLTEER IQKMETCPLD

451

DDVKSLQKLL EEHKSLQSDL EAEQVKVNSL T H M W I V D E N SGESATAILE

501

DQLQKLGERW TAVCRWTEER WNRLQEINIL WQELLEEQCL LKAWLTEKEE

551

ALNKVQTSNF KDQKELSVSV RRLAILKEDM EMKRQTLDQL SEIGQDVGQL

601

LDNSKASKKI NSDSEELTQR WDSLVQRLED SSNQVTQAVA KLGMSQIPQK

651

DLLETVRVRE QAITKKSKQE LPPPPPPKKR QIHVDIEAKK KFDAISAELL

701

NWILKWKTAI QTTEIKEYMK MQDTSEMKKK LKALEKEQRE RIPRADELNQ

751

TGQILVEQMG KEGLPTEEIK NVLEKVSSEW KNVSQHLEDL ERKIQLQEDI

801

NAYFKQLDEL EKVIKTKEEW VKHTSISESS RQSLPSLKDS CQRELTNLLG

851

LHPKIEMARA SCSALMSQPS APDFVQRGFD SFLGRYQAVQ EAVEDRQQHL

901

ENELKGQPGH AYLETLKTLK DVLNDSENKA QVSLNVLNDL AKVEKALQEK

951

KTLDEILENQ KPALHKLAEE TKALEKNVHP DVEKLYKQEF DDVQGKWNKL

1001

KVLVSKDLHL LEEIALTLRA FEADSTVIEK WMDGVKDFLM KQQAAQGDDA

1051

GLQRQLDQCS AFVNEIETIE SSLKNMKEIE TNLRSGPVAG IKTWVQTRLG

1101

DYQTQLEKLS KEIATQKSRL SESQEKAANL KKDLAEMQEW MTQAEEEYLE

1151

RDFEYKSPEE LESAVEEMKR AKEDVLQKEV RVKILKDNIK LLAAKVPSGG

1201

Q E L T S E L N W LENYOLLCNR IRGKCHTLEE VWSCWIELLH YLDLETTWLN

1251

TLEERMKSTE VLPEKTDAVN EALESLESVL RHPADNRTOI RELGOTLIDG

1301

GILDDIISEK LEAFNSRYED LSHLAESKOI SLEKOLOVLR ETDOMLOVLO
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1351

ESLGELDKOL TTYLTDRIDA FOVPOEAOKI OAEISAHELT LEELRRNMRS

1401

OPLTSPESRT ARGGSOMDVL ORKLREVSTK FOLFOKPANF EQRMLDCKRV

1451

LDGVKAELHV LDVKDVDPDV lOTHLDKCMK LYKTLSEVKL EVETVIKTGR

1501

HIVOKOOTDN PKGMDEOLTS LKVLYNDLGA OVTEGKODLE RASOLARKMK

1551

KEAASLSEWL SATETELVOK STSEGLLGDL DTEISWAKNV LKDLEKRKAD

1601

LNTITESSAA LONLIEGSEP ILEERLCVLN AGWSRVRTWT EDWCNTLMNH

1651

ONOLEIFDGN VAHISTWLYO AEALLDEIEK KPTSKOEEIV KRLVSELDDA

1701

NLOVENVRDO ALILMNARGS SSRELVEPKL AELNRNFEKV SOHIKSAKLL

17 51

lAOEPLYOCL VTTETFETGV PFSDLEKLEN DIENMLKFVE KHLESSDEDE

1801

KMDEESAOIE EVLORGEEML HOPMEDNKKE KIRLOLLLLH TRYNKIKAIP

1851

lOORKMGOLA SGIRSSLLPT DYLVEINKIL LCMDDVELSL NVPELNTAIY

1901

EDFSFOEDSL KNIKDOLDKL GEOIAVIHEK OPDVILEASG PEAIOIRDTL

1951

TOLNAKWDRI NRMYSDRKGC FDRAMEEWRO FHCDLNDLTO WITEAEELLV

2001

DTCAPGGSLD LEKARIHOOE LEVGISSHOP SFAALNRTGD GIVOKLSOAD

2051

GSFLKEKLAG LNORWDAIVA EVKDROPRLK GESKOVMKYR HOLDEIICWL

210,1__ TKAEHAMOKR STTELGENLO ELRDLTOEME VHAEKLKWLN RTELEMLSDK
2151

SLSLPERDKI SESLRTVNMT WNKICREVPT TLKECIOEPS SVSOTRIAAH

2201

P N V O K W L V S SASDIPVOSH RTSEISIPAD LDKTITELAD WLVLIDOMLK

2251

SNIVTVGDVE EINKTVSRMK ITKADLEORH POLDYVFTLA ONLKNKASSS

23 01

DMRTAITEKL ERVKNOWDGT OHGVELROOO LEDMIIDSLO WDDHREETEE

23 51

LMRKYEARLY ILOQARRDPL TKOISDNOIL LOELGPGDGI VMAFDNVLOK

2401

LLEEYGSDDT RNVKETTEYL KTSWINLKOS lADRONALEA EWRTVOASRR

2451

DLENFLKWIO EAETTVNVLV DASHRENALO DSILARELKO OMODIOAEID

2501

AHNDIFKSID GNROKMVKAL GNSEEATMLO HRLDDMNORW NDLKAKSASI

2551___RAHLEASAEK WNRLLMSLEE LIKWLNMKDE ELKKOMPIGG DVPALQLOYD
2601

HCKALRRELK EKEYSVLNAV DOARVFLADO PIEAPEEPRR NLOSKTELTP

2651

EERAOKIAKA MRKOSSEVKE KWESLNAVTS NWOKOVDKAL EKLRDLOGAM
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27 01

DDLDADMKEA ESVRNGWKPV GDLLIDSLOD HIEKIMAFRE EIAPINFKVK

2751

TVNDLSSOLS PLDLHPSLKM SROLDDLNMR WKLLOVSVDD RLKOLOEAHR

2801

DFGPSSOHFL STSVOLPWOR SISHNKVPYY INHOTOTTCW DHPKMTELFO

2851

SLADLNNVRF SAYRTAIKIR RLOKALCLDL LELSTTNEIF KOHKLNONDO

2901

LLSVPDVINC LTTTYDGLEO MHKDLVNVPL CVDMCLNWLL NVYDTGRTGK

29 51

IRVOSLKIGL MSLSKGLLEE KYRYLFKEVA GPTEMCDQRQ LGLLLHDAIQ

3 001

IPRQLGEVAA FGGSNIEPSV RSCFQQNNNK PEISVKEFID WMHLEPQSMV

3 051

WLPVLHRVAA AETAKHQAKC NICKECPIVG FRYRSLKHFN YDVCQSCFFS

3101

GRTAKGHKLH YPMVEYCIPT TSGEDVRDFT KVLKNKFRSK KYFAKHPRLG

3151

YLPVQTVLEG DNLETPITLI SMWPEHYDPS QSPQLFHDDT HSRIEQYATR

3201

LAQMERTNGS FLTDSSSTTG SVEDEHALIQ QYCQTLGGES

3251

ILKSVEREER GELERIIADL EEEQRNLQVE YEQLKDQHLR RGLPVGSPPE

33 01

SIISPHHTSE DSELIAEAKL LRQHKGRLEA RMQILEDHNK QLESQLHRLR

3 3 51

QLLEQPESDS RINGVSPWAS PQHSALSYSL DPDASGPQFH QAAGEDLLAP

3 401

PHDTSTDLTE VMEQIHSTFP SCCPNVPSRP QAM

PVSQPQSPAQ

Appendix IV The complete open reading frame of
UrkhJ as determined in collaboration with Kay
Davies' group in Oxford.
The sequence determined in
this laboratory is indicated by underlining.

Appendix VA
Appendix VA
................................................. QLL 1218
I : 1

1201 KRAKEEAQQKEAKVKLLTESVNSVIAQAPPVAQEALKKELETLTTNYQWL 1250
1219 CNRIRGKCHTLEEVWSCWIELLHYLDLETTWLNTLEERMKSTEVLPEKTD 1268
I . I : . I I I . I I I I I I . I I

II I

I I :

... I I I . : I

: : I . I I

: I :

. :

1251 CTRLNGKCKTLEEVWACWHELLSYLEKANKWLNEVEFKLKTTENIPGGAE 1300
12 69 AVNEALESLESVLRHPADNRTQIRELGQTLIDGGILDDIISEKLEAFNSR 1318
. : . I . I : I I I . : : I I . . I I . . I I I

I : I I I . I I I : : I : : I . I . I I . I I I I

13 01 EISEVLDSLENLMRHSEDNPNQIRILAQTLTDGGVMDELINEELETFNSR 1350
1319 YEDLSHLAESKQISLEKQLQVLRETDQMLQVLQESLGELDKQLTTYLTDR 13 68
;

;I . I .

: I

II.

:I

.11:.

I : : : I I I

I .

: I II

I . . I : .I :

13 51 WRELHEEAVRRQKLLEQSIQSAQETEKSLHLIQESLTFIDKQLAAYIADK 1400
13 69 IDAFQVPQEAQKIQAEISAHELTLEELRRNMRSQPLTSPESRTARGGSQM 1418
: I I

I : I I I I I I I I . : :

I I : . I I I : : : :

. : . .

. . I .

1401 VDAAQMPQEAQKIQSDLTSHEISLEEMKKHNQGKEA

I I :

AQRVLSQI 1444

1419 DVLQRKLREVSTKFQLFQKPANFEQRMLDCKRVLDGVKAELHVLDVKDVD 1468
II

I : I I . : I I

I I . I I I I I I I I I

I :

: : I . : I I : I I

. I . . I : . I . I :

1445 DVAQKKLQDVSMKFRLFQKPANFELRLQESKMILDEVKMHLPALETKSVE 1494
1469 PDVIQTHLDKCMKLYKTLSEVKLEVETVIKTGRHIVQKQQTDNPKGMDEQ 1518
. : I : I . : I : . I : . I I I . I I I I I

III

I I I I I I : I I I I . I I : I I I : : I I .

1495 QEWQSQLNHCVNLYKSLSEVKSEVEMVIKTGRQIVQKKQTENPKELDER 1544
1519 LTSLKVLYNDLGAQVTEGKQDLERASQLARKMKKEAASLSEWLSATETEL 1568
:

I . II : 1 1 : 1 1 1 . 1 1 1

II : I I : .

.1.111:11

.

I . II

I . I I : II

1545 VTALKLHYNELGAKVTERKQQLEKCLKLSRKMRKEMNVLTEWLAATDMEL 1594
1569 VQKSTSEGLLGDLDTEISWAKNVLKDLEKRKADLNTITESSAALQNLIEG 1618
. . : I .

I I :

: : I I . I : . I : I . .

I : : I I . I . . I . . I I I

: . I I . . : : :

1595 TKRSAVEGMPSNLDSEVAWGKATQKEIEKQKVHLKSITEVGEALKTVLGK 1644
1619 SEPILEERLCVLNAGWSRVRTWTEDWCNTLMNHQNQLEIFDGNVAHISTW 1668
. I . : : I : : I : : I I .. I

I

. : . I : I

I

I : : . I . : : I . I I . I I . I I . . I

1645 KETLVEDKLSLLNSNWIAVTSRAEEWLNLLLEYQKHMETFDQNVDHITKW 1694
1669 LYQAEALLDEIEKKPTSKQEEIVKRLVSELDDANLQVENVRDQALILMNA 1718
: . I I : . I I I I

I I I . .

.. I : : : I I I

.11:1

.

. I : . . I I I I

I I . .

169 5 IIQADTLLDESEKKKPQQKEDVLKRLKAELNDIRPKVDSTRDQAANLMAN 1744
1719 RGSSSRELVEPKLAELNRNFEKVSQHIKSAKLLIAQEPLYQCLVTTETFE 1768
II.

:I .

I I I I . : .I I I : .

I . : I : : I

I . : I

I : . .

I

I

. . : .:

1745 RGDHCRKLVEPQISELNHRFAAISHRIKTGKASIPLKELEQFNSDIQKL.

1793

17 69 TGVPFSDLEKLENDIENMLKFVEKHLESSDEDEKMDEESAQIEEVLQRGE 1818
II . I I . :

I : .

:. : I . . :

:. : .

: : : . ::

. I : I I II :

1794 ...... LEPLEAEIQQGVNLKEEDF....NKDMNEDNEGTVKELLQRGD 1832

Appendix VA
1819 EMLHQPMEDNKKEKIRLQLLLLHTRYNKIKAIPIQQRKMG.........
: :

: .

: : . I : I . I : : .

I I : I : . I

: I . : .

1848

I . I I . :

1833 NLQQRITDERKREEIKIKQQLLQTKHNALKDLRSQRRKKALEISHQWYQY 1882
1859 ................QLAS...............................

1862

.II I

1883 KRQADDLLKCLDDIEKKLASLPEPRDERKIKEIDRELQKKKEELNAVRRQ 1932

1863 .......GIRSSLLPTDYLVEINKILLCMDDVELSLNVPELNTAIYEDFS 1905
.:

I . : I . . I I . I I .

. : . :

: I

I11.1:1

.

: I I:

1983 MVMTEDMPLEISYVPSTYLTEITHVSQALLEVEQLLNAPDLCAKDFEDLF 2032
1906 FQEDSLKNIKDQLDKLGEQIAVIHEKQPDVILEASGPEAIQIRDTLTQLN 1955
11:1111111

I : .

: : . I . : I I . I . . . . :

. I ...

I

: . : . : . I . I I :

203 3 KQEESLKNIKDSLQQSSGRIDIIHSKKTAALQSATPVERVKLQEALSQLD 2082
1956 AKWDRINRMYSDRKGCFDRAMEEWRQFHCDLNDLTQWITEAEELLVDTCA 2005
. I : : : I : I I . I I . I

I I I . : I . I I . I I : I : .

: . I I : I I I I : : I

.1

2083 FQWEKVNKMYKDRQGRFDRSVEKWRRFHYDIKIFNQWLTEAEQFLRKTQI 2132
2006 PGGSLDLEKARIHQQELEVGISSHQPSFAALNRTGDGIVQKLSQADGSFL 2055
I :

.

: : .1

:

.. 1 1 :

I I : : I .

.

. 11

I I ::

I : I .

I .. I : I :I

2133 PEN.WEHAKYKWYLKELQDGIGQRQTWRTLNATGEEIIQQSSKTDASIL 2181
2 056 KEKLAGLNQRWDAIVAEVKDRQPRLKGESKQVMKYRHQLDEIICWLTKAE 2105
. I

I I : : II

I I : . : .

: : . I I . . I I . : : . .

:

. : .:

: I :I : :

I I . . I:

2182 QEKLGSLNLRWQEVCKQLSDRKKRLEEQKNILSEFQRDLNEFVLWLEEAD 2231
2106 H . ...AMQKRSTTELGENLQELRDLTQEMEVHAEKLKWLNRTELEMLSDK 2151
:

: : : .

. .

: I

I . I : : : :

I . : I : . : : . :

II

II

I :

. : I

.

2232 NIASIPLEPGKEQQLKEKLEQVKLLVEELPLRQGILKQLNETGGPVLVSA 2281
2152 SLSLPERDKISESLRTVNMTWNKICREVPTTLKECI..............
. :

I

. I .I I :

. : . I :

. I :

I

I : : I . :

I . .

2187

I .

2282 PISPEEQDKLENKLKQTNLQWIKVSRALPEKQGEIEAQIKDLGQLEKKLE 2331
2332 .............................QEPSSVSQTRIAAHPN...... 220
: : I

.1

: I

I I . : : .

2332 DLEEQLNHLLLWLSPIRNQLEIYNQPNQEGPFDVQETEIAVQAKQPDVEE 2381

2204 ...... V Q K W L V ........ SSASDIPVQSHRTSEISIPADLDKTITE 2238
. 1 . 1 . 1 1
. . I . : . : . I
I : .
II:::. II
2432 TTIGASPTQTVTLVTQPWTKETAISKLEMPSSLMLEVPALADFNRAWTE 2481
223 9 LADWLVLIDQMLKSNIVTVGDVEEINKTVSRMKITKADLEQRHPQLDYVF 2288
I . I I I I : I I : : I I . I 1 1 1 : 1 : 1 1 .
: : I I. . I I I I I : I I I : : :
2482 LTDWLSLLDQVIKSQRVMVGDLEDINEMIIKQKATMQDLEQRRPQLEELI 2531
2289 TLAQNLKNKASSSDMRTAITEKLERVKNQWDGTQHGVELRQQQLEDMIID 2338
I

I I I I I I I . I .

I I

2532 TAAQNLKNKTSNQEARTIITDRIERIQNQWDEVQEHLQNRRQQLNEMLKD 2581
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23 89 SLQWDDHREETEELMRKYEARLYILQQAR..RDPLTKQISDNQILLQELG 2436
I II :
. 1:1
:. ::.
I: : I. I. : . . I . : I
2582 STQWL EAKEEAEQVLGQARAKL ESWKEGPYTVDAIQKKITETKQLAKDLR 2631
2437 PGDGIVMAFDNVLQKLLEEYGSDDTRNVKETTEYLKTSWINLKQSIADRQ 2486
.

: .

I

.

: : :

I I I

: I : . I I I I . I .

.11

: . . I I

2632 QWQTNVDVANDLALKLLRDYSADDTRKVHMITENINASWRSIHKRVSERE 2681
2487 NALEAEWRTVQASRRDLENFLKWIQEAETTVNVLVDASHRENALQDSILA 253 6
. I I I . .

I

: I .

.

I I I . I I

I :

I I I I I . II I

I I . : : I .. I : I I

.

2 682 AALEETHRLLQQFPLDLEKFLAWLTEAETTANVLQDATRKERELEDSKGV 2731
2537 RELKQQMQDIQAEIDAHNDIFKSIDGNRQKMVKALGNSEEATMLQHRLDD 2586
: I I . . I

I I : I : I I : I I . I : :

: I : I . I I : : : . I : . I : : I . : I I : I I I :

2732 KELMKQWQDLQGEIEAHTDVYHNLDENSQKILRSLEGSDDAVLLQRRLDN 2781
2587 MNQRWNDLKAKSASIRAHLEASAEKWNRLLMSLEELIKWLNMKDEELKKQ 263 6
II

: I .

I :

II

. I I . I I I I I . : . I . I I

: I I : I I :

I I . : I I : I I . : I

27 82 MNFKWSLLRKKSLNIRSHLEASSDQWKRLHLSLQELLVWLQLKDDELSRQ 2831
2 637 MPIGGDVPALQLQYDHCKALRRELKEKEYSVLNAVDQARVFLADQPIEAP 2686
1 1 1 1 1 . 1 1 : 1

I

I

: I : : I I I I . I I

. I : I I . : I I : I :

2 832 APIGGDFPAVQKQNDVHRAFKRELKTKEPVIMSTLETVRIFLTEQPLEGL 2881
2 637 EEPRRNLQSKTELTPEERAQKIAKAMRKQSSEVKEKWESLNAVTSNWQKQ 2686
I

:

. I . .

I I . I I I I I I . : . :

: I I I .. I I . . .

I I . I I

. . : I I : .

2882 E . ..KLYQEPRELPPEERAQNVTRLLRKQAEEVNTEWEKLNLHSADWQRK 2928
2 687 VDKALEKLRDLQGAMDDLDADMKEAESVRNGWKPVGDLLIDSLQDHIEKI 273 6
: I .. I I : I . : I I : I

1:11

. : : : I I

: : . : I . I I I I I I I I I I I I I : I I :

2929 IDETLERLQELQEATDELDLKLRQAEVIKGSWQPVGDLLIDSLQDHLEKV 2978
2737 MAFREEIAPINFKVKTVNDLSSQLSPLDLHPSLKMSRQLDDLNMRWKLLQ 2786
. 1 : 1 : 1 1 1 1 : .

. I .

I I I I . . I I . . I : : :

I

.

1: 111

I I I I I I

297 9 KALRGEIAPLKENVSHVNDLARQLTTLGIQLSPYNLSTLEDLNTRWKLLQ 3028
2787 VSVDDRLKQLQEAHRDFGPSSQHFLSTSVQLPWQRSISHNKVPYYINHQT 2836
I . I : I I : : I I : I I I I I I I I . I I I I I I I I I I

1 1 : 1 . 1 1 . 1 1 1 1 1 1 1 1 1 : 1

3 02 9 VAVEDRVRQLHEAHRDFGPASQHFLSTSVQGPWERAISPNKVPYYINHET 3078
2837 QTTCWDHPKMTELFQSLADLNNVRFSAYRTAIKIRRLQKALCLDLLELST 2886
I I I I I I I I I I I I I : I I I I I I I I I I I I I I I I I : I : I I I I I I I I I I I I . I I .

3 07 9 QTTCWDHPKMTELYQSLADLNNVRFSAYRTAMKLRRLQKALCLDLLSLSA 3128
2887 TNEIFKQHKLNQNDQLLSVPDVINCLTTTYDGLEQMHKDLVNVPLCVDMC 2936
.

:

: . I I . I . I I I I

: . :

: : I I I I I I . I I

I I I

I . : I I I I I I I I I I I

3129 ACDALDQHNLKQNDQPMDILQIINCLTTIYDRLEQEHNNLVNVPLCVDMC 3178
2937 LNWLLNVYDTGRTGKIRVQSL............................... 2957
1 1 1 1 1 1 1 1 1 1 1 1 1 1 : 1 1 1

I :

317 9 LNWLLNVYDTGRTGRIRVLSFKTGIISLCKAHLEDKYRYLFKQVASSTGF 3228

Appendix VA A comparison of the UTRKJ amino acid
sequence (top line) with the DMD amino acid sequence
(bottom line) using UWGCG FastA" program.
Sim ilarity of
67% and percentage identity as 46% was estim ated.
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2215 .......DIPVQSHRTSEISIPADLDKTITELADWLVLIDQMLKSNIVTV 2257
I : .

I I : : : .

I I I . I I I

I : I I : : I I .

I

I

2451 TKETAISKLEMPSSLMLEVPALADFNRAWTELTDWLSLLDQVIKSQRVMV 2500
22 58 GDVEEINKTVSRMKITKADLEQRHPQLDYVFTLAQNLKNKASSSDMRTAI 2307
1 1 : 1 : 1 1 .

:

:

I

I. .

I II I I : I I I :

: : I I I

II I I

I . I . :

II

I

2501 GDLEDINEMIIKQKATMQDLEQRRPQLEELITAAQNLKNKTSNQEARTII 2550
2308 TEKLERVKNQWDGTQHGVELRQQQLEDMIIDSLQWDDHREETEELMRKYE 2357
I : : :

II:

. II I

I: . I .

: : I . I I I : : I :

II

II

:

: I I .I : : :

.

2551 TDRIERIQNQWDEVQEHLQNRRQQLNEMLKDSTQWLEAKEEAEQVLGQAR 2 600
2358 ARLYILQQAR..RDPLTKQISDNQILLQELGPGDGIVMAFDNVLQKLLEE 2405
1:1

: .

: : .

I : :

I . I. : . .

I

. :

I

. : .

I

.

: : :

I I I

:

2601 AKLESWKEGPYTVDAIQKKITETKQLAKDLRQWQTNVDVANDLALKLLRD 2650
240 6 YGSDDTRNVKETTEYLKTSWINLKQSIADRQNALEAEWRTVQASRRDLEN 2455
I : . I

III

. I .. 1 1

: . . II

I :. I

I I . .

I

: I . .

I I I .

2 651 YSADDTRKVHMITENINASWRSIHKRVSEREAALEETHRLLQQFPLDLEK 2700
2456 FLKWIQEAETTVNVLVDASHRENALQDSILARELKQQMQDIQAEIDAHND 2 505
II

I :

I I I I I . I I I

I I . : : I .. I : I I

. : I I . . I

I I : I : II : I I . I

27 01 FLAWLTEAETTANVLQDATRKERELEDSKGVKELMKQWQDLQGEIEAHTD 2750
250 6 IFKSIDGNRQKMVKALGNSEEATMLQHRLDDMNQRWNDLKAKSASIRAHL 2 555
: :

: I : I . I I : : : . I : . I : : I . : I I : I I I : I I

: I .

I :

II

. 1 1 . 1 1

2751 VYHNLDENSQKILRSLEGSDDAVLLQRRLDNMNFKWSLLRKKSLNIRSHL 2800
2556 EASAEKWNRLLMSLEELIKWLNMKDEELKKQMPIGGDVPALQLQYDHCKA 2 605
I I I . : . I . I I

: I I : I I :

I I . : I I : I I . : I

I I I I I . I I : I

I

I

: I

2801 EASSDQWKRLHLSLQELLVWLQLKDDELSRQAPIGGDFPAVQKQNDVHRA 2850
2 60 6 LRRELKEKEYSVLNAVDQARVFLADQPIEAPEEPRRNLQSKTELTPEERA 2 655
: : I I I I . I I

. I : I I . : I I : I :

I

:

. I . .

I I . I I I I I

2851 FKRELKTKEPVIMSTLETVRIFLTEQPLEGLE...KLYQEPRELPPEERA 2897
2656 QKIAKAMRKQSSEVKEKWESLNAVTSNWQKQVDKALEKLRDLQGAMDDLD 2705
I . : . :

: I I I .. I I . . .

I I . I I

. . : I I : . : I . . I I : I . : I I : I

I : I I

289 8 QNVTRLLRKQAEEVNTEWEKLNLHSADWQRKIDETLERLQELQEATDELD 2 947
27 0 6 ADMKEAESVRNGWKPVGDLLIDSLQDHIEKIMAFREEIAPINFKVKTVND 2755
. : : : I I

: : . : I . I I I I I I I I I I I I I : I I : . I : I : I I I I : .

. I .

I l l

2 948 LKLRQAEVIKGSWQPVGDLLIDSLQDHLEKVKALRGEIAPLKENVSHVND 2 997
2756 LSSQLSPLDLHPSLKMSRQLDDLNMRWKLLQVSVDDRLKQLQEAHRDFGP 2 805
I . . I I . . I : : :

I

.

I : I I I

I I I I I I I . I : I I : : I I : I I I I I I I I

2 998 LARQLTTLGIQLSPYNLSTLEDLNTRWKLLQVAVEDRVRQLHEAHRDFGP 3 047
280 6 SSQHFLSTSVQLPWQRSISHNKVPYYINHQTQTTCWDHPKMTELFQSLAD 2855
. I I I I I I I I I I

I I : I . I I . I I I I I I I I I : I I I I I I I I I I I I I I : I I I I I

3048 ASQHFLSTSVQGPWERAISPNKVPYYINHETQTTCWDHPKMTELYQSLAD 3 097

Proc. N a tl. A cad . Sci. USA
V ol. 88. pp. 3243-3247, A pril 1991
M edical Sciences

T
i
s
s
u
e
d
i
s
t
r
i
b
u
t
i
o
n
o
ft
h
e
d
y
s
t
r
o
p
h
i
n
r
e
l
a
t
e
d
g
e
n
e
p
r
o
d
u
c
ta
n
d
e
x
p
r
e
s
s
i
o
n
i
n
t
h
e
m dx a
n
d
dy m
o
u
s
e
(dystrophin-related protein/chromosome 6)

D. R. L o v e * , G. E . M o R R ist, J. M . E tL is t, U . F a ir b r g t h e r ^, R. F . M a r s d e n * , J. F. B l o o m f i e l d *,
Y . H . E d w a r d s ^, C. P. S l a t e r §, D . J. PARRyl, a n d K . E . D a v ie s *
•Molecular Genetics Group, Institute of Molecular Medicine, John Radcliffe Hospital, Headington, Oxford, 0X 3 9DU, United Kingdom; ^North East Wales
Institute, Research Division, Deeside, Clwyd, CH5 4BR, Wales, United Kingdom; ^Medical Research Council Human Biochemical Genetics Laboratory,
Galton Laboratory, University College London, 4 Stephenson Way, London, N W l 2HE, United Kingdom; ^Muscle Dystrophy Group Research
Laboratories, Newcastle General Hospital, Westgate Road, Newcastle-upon-Tyne, NE4 6BE, United Kingdom; and ^University of Ottawa,
451 Smyth Road, Ottawa, ON K IH 8MS, Canada
C om m unicated by D a v id J. W eatherali, January I I , 1991 (received fo r review N o v em b er 5, 1990)

ABSTRACT
We have previously reported a dystrophinrelated locus (D M D L for Duchenne muscular dystrophy-like)
on human chromosome 6 that maps close to the dy mutation on
mouse chromosome 10. Here we show that this gene is ex
pressed in a wide range of tissues at varying levels. The
transcript is particularly abundant in several human fetal
tissues, including heart, placenta, and intestine. Studies with
antisera raised against a D M D L fusion protein identify a
400,000 M r protein in all mouse tissues tested, including those
of mdx and dy mice. Unlike the dystrophin gene, the D M D L
gene transcript is not differentially spliced at the 3' end in either
fetal muscle or brain.

neuromuscular disease in the mouse in which skeletal muscle
shows degenerative changes (17). These observations sug
gest that the D m dl gene may be a candidate for the dy
mutation.
In this paper, we present the tissue distribution of the
D M D L transcript in humans and compare this distribution
with the presence of a 400,000 M r protein in mouse tissues.
We also investigate the occurrence of the D M D L polypeptide
in liver and muscle of mice with mutations in the dy locus.

EXPERIMENTAL METHODS
RNA Preparation and Northern and Slot Blot Analyses.
R N A was isolated from homogenized tissues by precipitation
in 3 M L iC l/6 M urea at 4°C and stored in ethanol at -70°C .
Northern blots were prepared by denaturing R N A in formamide/formaldehyde at 65°C prior to electrophoresis in a 1%
agarose gel in 20 mM Mops buffer (pH 7.0) and 2.2 M
formaldehyde and transfer to nylon membranes (Pall Bio
dyne; ref. 18). The blots were hybridized with ^^P-labeled
D N A fragments and then washed three times for 20 min each
in 50 mM sodium phosphate, pH 7.5/1% SDS at 65°C. The
D M D L probes were not found to cross-hybridize with dys
trophin m R NA under these conditions. Slot blot analysis
involved dénaturation of R N A in glyoxal (19) and direct
transfer to a membrane using a slot blot apparatus (Schleicher
& Schuell) as described (20). Following hybridization, mem
branes were washed twice for 15 min each in 0 .2 x standard
saline citrate (SSC)/0.1% SDS at room temperature and at
50°C and finally in 0.1 x SSC/0.1% SDS at 50°C for 15 min.
m R NA levels were quantified by densitometric scanning of
autoradiographs using a Sigma FTR20 densitometer linked to
a Shimadzu CR3A chromatopac peak integrator (Oriel Sci
entific, Dyson Instruments, Tyne and Wear, U .K .).
DifTerential RNA Splicing Analysis. Two-microgram sam
ples of total RNAs were annealed to 50 ng of hexadeoxynucleotide primers (Pharmacia) in 10 /a1 and converted to
single-stranded cD N A in 25 fxl using avian myeloblastosis
virus reverse transcriptase (N orthum bria Biologicals,
Northumberland, U .K .) and a c D N A synthesis kit (Promega). Reaction mixtures were incubated at 42°C for 2 hr and
2.5-)u,l samples were stored at -2 0 °C . Polymerase chain
reaction (PCR) amplifications used 10 mM Tris-HCI (pH 8.4),
50 mM K C I, 0.1% Nonidet P-40, MgCI] at 1.5 mM or 2 mM,
0.2 mM dNTPs, 0.5 unit of Taq D N A polymerase (ampli Taq;
Perkin-Elmer/Cetus), and each oligonucleotide at 0.5 /xM in
a final volume of 25 /xl in the presence of 2.5-^tl samples of
cD N A or 2.5 /xl of H 2O as negative control. Mixes were

Dystrophin has been identified as the protein product defec
tive in Duchenne muscular dystrophy (D M D ); however, very
little is known about its precise function (1-3). Sequence
comparisons have revealed features in common with cytoskeletal proteins. The amino-terminal region of dystrophin
shows homology to the actin binding region of a-actinin (4, 5)
and the central rod domain shows structural similarities to the
triple helical configuration of spectrin (6). In contrast, the
carboxyl-terminal domain of 420 amino acids does not show
homology to any previously characterized proteins. This
latter domain is thought to be important in the integration of
dystrophin into a glycoprotein complex localized at the
muscle membrane surface (7, 8). The carboxyl-terminal re
gion of the gene is differentially spliced in muscle and brain,
which suggests the production of isoforms with differing
interactions with membrane proteins (9). In addition, this
region of dystrophin is important for the correct functioning
of the molecule in vivo as deletions covering this domain
result in D M D rather than the milder Becker muscular
dystrophy (10-13).
Recently, we demonstrated the existence of an m R NA in
human fetal muscle that shares a high degree of sequence
homology with the carboxyl-terminal region of dystrophin
(14). The gene encoding this transcript is localized to human
chromosome 6 and the locus has been designated D M D L for
DM D-like in Human Gene Mapping 10 (15). The D M D L gene
shares structural similarities with dystrophin: the transcript is
large, 13 kilobases (kb), and is multiexonic with a similar
distribution o f 3' exons and introns.
Although no human disease has yet been attributed to
mutations at the D M D L locus, the mouse homologue of this
gene, designated D m dl, has been shown to be syntenic with
the dy (dystrophia muscularis) locus on mouse chromosome
10 (16). The dy mutation is recessive and results in a severe
The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U .S .C . SI734 solely to indicate this fact.

A b b reviation s: D M D , Duchenne m uscular dystrophy: D M D L ,
D M D -lik e ; P C R , polymerase chain reaction.
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routinely UV-irradiated for 5 min (21) prior to the addition of
enzyme and exogenous cDNA. Amplification involved dé
naturation at 94°C for 1 min, primer annealing at 65°C for 30
sec, and extension at 72°C for 2 min, repeated 45 times using
a Perkin-Elmer/Cetus thermal cycler; the reaction mixtures
were stored at -20°C . Half of each reaction mixture was
electrophoresed in a 3% Nusieve (FM C) plus 1% agarose
(BRL) gel and then stained with ethidium bromide.
DNA Analysis. High molecular weight D N A from various
animal species was prepared as previously described (22) or
purchased from IB l. DMAs were digested with restriction
enzymes, electrophoresed in 0.8% agarose gels, and trans
ferred to nylon membranes (Hybond N; Amersham). The
blots were hybridized in a 50% formamide mix at 42°C (22)
and finally washed in 3x SSC/0.1% SDS at 65°C for 30-60
min prior to exposure to Fuji x-ray film at —70°C for 1-7 days.
In the case of hybridization to nematode D N A (see Fig. 4C),
the blot was incubated at 24°C rather than 42°C and was
washed twice for 15 min each in 3.4x SSC/0.1% SDS at 60°C.
Oligonucleotide hybridization was performed in 6x SSC,
lOx Denhardt’s solution, and 50 /ig of denatured, sonicated
salmon sperm D N A per ml at 63°C for 2 hr. The blot was then
washed in 6x SSC/0.1% SDS at 63°C for 10 min prior to
exposure to x-ray film.
D N A probes were prepared using commercially supplied
random-primed labeling kits (Amersham and Boehringer
Mannheim) following the manufacturers’ instructions. Oli
gonucleotides were 5' end-labeled following standard proce
dures (18).
Antibodies and Western Blotting. A 1.05-kb fragment of the
cDNA Bfm3 (start position, nucleotide 510; ref. 14) was
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ment o f Bfm3 (ref. 14; A ) and the 1.2-kb H in d ll fragment of the 3'
dystrophin c D N A , C f ll5 (refs. 14 and 24; B); bound probe was
removed between hybridizations. Locations of D M D L and dystro
phin (D ) transcripts are indicated.

cloned into the Sma I site of the expression vector pFX2 and
introduced into Escherichia coli POP2136 cells. Induction
and purification of the j3-galactosidase fusion protein and
immunization of B ALB/c mice were performed as described
(23). Tissue samples were homogenized in boiling extraction
buffer (4 ml/g) containing 10% SDS and the extracts were
subjected to SDS/PAGF followed by Western transfer (23).
The blots were incubated with mouse antiserum or control
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F i g . 2. Slot blot R N A analysis of
D M D L transcript expression in human
tissues. Five-m icrogram , 2-fig, and l-/u.g
samples o f each R N A were applied to a
slot blotting apparatus and hybridized
with the 1.6-kb £ c o R I-///n d III untrans
lated sequence o f Bfm3 (D M D L , ref. 14),
a 1.0-kb 3' end sequence o f human skel
etal muscle a-actin m R N A (pGF3, ref.
25), and the 5' coding sequence o f dys
trophin (D Y S ; Cf27, ref. 26). R NAs were
isolated from the following human fetal
(F ) and adult (A ) tissues: heart (H ); in
testine (G ); liver (L i); kidney (K ); muscle
(M ); placenta (P); and testis (T). R N A
was also isolated from human term pla
centa (T P ). Th e slot blots in A -D were
hybridized tw ice, with the first probe
removed (lefthand side of each panel)
prior to the second hybridization (righthand side o f each panel).
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nonimmune serum (diluted 10“^), followed by a biotin-avidin
detection system for mouse immunoglobulins (Vectastain kit;
Vector Laboratories).
RESULTS

Preliminary data on the expression of the D M D L gene have
shown that the 3.5-kb cDNA fragment, designated Bfm3,
identifies a 13-kb transcript in human skeletal muscle (14).
The D M D L transcript migrates slightly ahead of dystrophin
on Northern blots (Fig. 1) and shows ubiquitous tissue
distribution (Fig. 2). The D M D L and dystrophin transcripts
are expressed at relatively low levels in brain (results not
shown) and, in contrast to dystrophin, skeletal muscle is not
the major site of D M D L expression (Fig. 1A)\ dystrophin is
expressed predominantly in muscle and neuronal cells (2, 27).
D M D L transcripts are detected at highest levels in placenta
during gestation and at term (Fig. IB ). Furthermore, D M D L
mRNA is found in a broad range of fetal and adult tissues,
including liver, intestine (smooth muscle), skeletal muscle,
testis, and kidney (fetal testis and kidney were not tested;
Fig. 2). The D M D L transcripts are more abundant in certain
fetal tissues such as placenta, skeletal muscle, intestine, and
heart than in the corresponding mature tissue; in particular,
expression is high in fetal heart but almost undetectable in
adult heart. Among adult tissues, D M D L mRNA levels are
highest in kidney, testis, and liver.
The pattern of hybridization shown by the actin probe was
as expected (Fig. 2). This probe contains untranslated se
quence that hybridizes specifically with human skeletal a-actins and coding sequences that are conserved among skeletal,
cardiac, and smooth muscle actins and nonmuscle actins (25).
Differential splicing has been reported to occur in the
carboxyl-terminal end of the dystrophin transcript in fetal
tissue and it has been suggested that this yields protein
isoforms that may interact differently with membrane pro
teins (9). We screened the corresponding region of the
D M D L transcript for alternative splicing in muscle in order
to determine if isoforms are also a feature. The PCR was used
to amplify overlapping 5' and 3' segments of Bfm3, and the
products were compared with those obtained from the cor
responding region of the dystrophin transcripts (Fig. 3). The
alternatively spliced products previously described for the 3'
end of dystrophin in fetal muscle are clearly seen but only the
single fragments predicted for each amplified segment of the
D M D L transcript are found. Similar results were observed
after amplification of brain RNA (results not shown). The
PCR analysis also shows that differential splicing within the
most 3' region of dystrophin is developmentally expressed.
Two high molecular weight PCR products are seen after
amplification of fetal muscle R NA, whereas only one of these
products is amplified from adult muscle R NA within region
D3' (Fig. 3). In the case of the 5' region of Bfm3 (B5'; Fig. 3),
the low molecular weight fragment amplified from adult
muscle RNA would appear to be an artefact because it did not
hybridize with Bfm3. No evidence of alternative splicing was
found when the entire coding region of Bfm3 was amplified
from fetal muscle cDNA (results not shown).
The degree to which the 3'-end coding sequence of the
D M D L gene is conserved among various vertebrate species
was examined using a 1.9-kb FcoRI-Z/m dlll fragment of
Bfm3 that contains at least seven 3' exons (14). Fig. 4 shows
that this region of the D M D L gene is very highly conserved
since multiple homologous fragments are observed in all of
the species tested, including the chicken, and that this
homology extends to the nematode. In the case of Fig. 4 A
and B, the hybridization conditions are such that dystrophin
sequences are not detected in human DNA.
The mapping of the D M D L locus to the same region of
mouse chromosome 10 as the dy mutation suggested the
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F ig . 3. PCR amplification o f the 3' end of the D M D L and
dystrophin transcripts. (U pper) Schematic representation o f the 3'
coding regions o f the D M D L and dystrophin transcripts. The num
bers denote nucleotide position from the 5' end o f Bfm3 (14) and
dystrophin (4), respectively. The open arrows indicate the direction
in which oligonucleotide primers would be extended during PCR and
the filled-in arrows denote the regions that would be amplified, with
lengths o f products indicated in base pairs. The hatched box denotes
the region of the dystrophin transcript that exhibits differential
splicing (9). (Low er) Photograph o f the electrophoretic separation of
PCR-amplified fragments from adult (A ) and fetal (F) muscle R N A
samples following the procedures outlined in the text. The size
standard is the 1-kb ladder (B R L ), and the negative control for
amplification (denoted as - ) consisted o f samples with all ingredients
and oligonucleotide primers but lacking exogenous c D N A . The
arrows indicate those fragments that hybridized with the 1.9-kb
f c o R I-Z /m d lll fragment of Bfm3 (B5' and B3') and the 4.3-kb £coR I
insert o f the 3' dystrophin c D N A , C f l l 5 (ref. 24; D5' and D 3'); the
detection o f D3' products also involved hybridization with an oligo
nucleotide that mapped within the D 3' region (nucleotide positions
10,408-10,379). The concentration o f M g C b in each PCR is indicated
under the photograph together with the regions o f each transcript that
were amplified.

Dmdl gene as a candidate for dystrophia muscularis. Prior to
investigating this hypothesis, polyclonal antibodies to a fu
sion protein containing the carboxyl-terminal region of the
human D M D L protein were used to examine the normal
distribution of this protein in mouse tissue. The antibodies
detect a protein in wild-type mouse muscle of 400,000 Mr
(Fig. 5A), which is equivalent in size to dystrophin (Fig. 5B).
A comparison of Fig. 5 A and B indicates that the 400,000 Mr
protein is produced in mdx mouse muscle, which shows no
detectable dystrophin. Therefore, a survey of tissue distri
bution of the 400,000 Mr protein was made in the mdx mouse
in order to avoid problems of interpretation associated with
cross-reactivity between D M D L antibodies and dystrophin.
The 400,000 M r protein is ubiquitously expressed in the
adult mdx mouse (Fig. 5C), a finding consistent with our slot
blot assay of human D M D L mRNA. Comparisons of relative
staining intensity indicate that expression is relatively high in
lung and low in brain, with the remaining tissues (skeletal
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muscle and liver; the latter tissue was tested because dys
trophin is not expressed in liver (Fig. 5D2). The dy^ mouse
produces approximately the same amounts of the 4(X),(X)0 Mr
protein in both tissues as the mdx mouse (Fig. 5 A and D /);
the staining in dy~^ muscle, however, may be complicated by
cross-reactivity between the antibodies and dystrophin. The
dy^^ mutation is one of at least five mutant alleles at the dy
locus and gives rise to the less severe phenotype compared
with dy mice (28). The analysis of the dy mouse shows no
significant difference between the levels of expression of the
400,000 Mr protein in liver (Fig. 5 D i) and muscle (results not
shown) compared with the same tissues in dy^^ and mdx mice.
D IS C U S S IO N

'/"0.3
F i g . 4. Cross-species hybridization w ith human 3' D M D L cD N A
(Bfm 3). Five micrograms to 10 fig o f chromosomal D N A s from
Chinese hamster (C H ), mouse (M ), human (H ), nematode (N em ),
and several other species was digested (E c o R l, A ; H in d ll, B; and
H in d lll, C ), electrophoresed, and Southern blotted. The blots were
hybridized with Bfm3 (A) and the 1.9-kb E c o R I-Z /i/jd lll fragment of
Bfm3 containing the 3' coding region o f the D M D L transcript (B and
C ). Th e sizes o f the hybridizing fragments in human and nematode
D N A s are indicated in kb.

muscle, heart, spleen, liver, and kidney) showing approxi
mately equal amounts of the 400,000
protein.
The D M D L antiserum was used to compare the levels of
expression of the 400,000
protein in mdx and dy^ mouse
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F i g . 5.
Western blot analysis o f mouse tissues with polyclonal
antibodies to the D M D L protein. (A ) Muscle tissues from mdx, d y ^ ,
and wild-type (wt) mice were screened with polyclonal antibodies
against the D M D L protein. (B) Same as A , except that a monoclonal
antibody against dystrophin (M A N D Y S 1; ref. 23) was used. (C ) mdx
adult mouse tissues (spleen, sp; liver, li; kidney, k; lung, lu; brain, b;
heart, h; skeletal muscle, sm) were screened with polyclonal antibod
ies against the D M D L protein. (D1 and D 2) Tissues were screened
with polyclonal antibodies against the D M D L protein (D /) and
M A N D Y S 1 (D2). The arrowhead indicates the mobility ofa400,(XX)
M r protein. Apart from dystrophin degradation products (B), the lower
molecular weight proteins detected in this analysis are nonspecific, as
they are also stained when control nonimmune serum was used.

The data presented here show that the D M D L gene is
ubiquitously expressed in humans and mouse, although the
level of expression is tissue dependent; placenta and lung
express the D M D L gene at relatively high levels, whereas the
brain expresses this gene at relatively low levels. In view of
the homology between dystrophin and the D M D L gene, RNA
and Western analyses were used to examine tissue distribu
tion in order to obtain consistent data. The polyclonal anti
sera to the D M D L protein appear to be specific for the
product of the mouse chromosome 10 (human chromosome
6) D m dl gene for two reasons. (/) The 400,000 Mr protein
detected in mdx mice-is equivalent in size to that predicted
from the length of the transcript. (//) The tissue distribution
determined by Western analysis of mdx mouse tissue paral
lels that observed in the human mRNA analysis, although
direct comparisons of the steady-state levels of mRNA and
protein are not straightforward. The hybridization and wash
ing conditions for the mRNA study were such that dystrophin
transcripts were not detected. This analysis also showed the
temporal expression of the D M D L transcript, especially in
human heart, suggesting that this protein may play a role in
mammalian development.
The D M D L gene is very highly conserved in evolution and
it is multiexonic in species as diverse as gerbil and nematode.
Sequence comparisons of the D M D L gene among species,
therefore, may indicate conserved regions that are function
ally important domains of the D M D L protein. Mutational
analysis of the nematode might also aid in identifying the
biological consequences of alterations in the D M D L gene,
although the evolutionary distance between human and nem
atode may mitigate against predicting pathophysiological
effects in humans.
The lack of detectable isoforms inferred from the PCR
analysis of the 3' end of the D M D L transcript contrasts with
that of dystrophin. The functional significance of the pro
posed dystrophin isoforms has not been determined and the
consequence of developmental regulation of alternative splic
ing within the 3' end of dystrophin remains unclear. The
difference in detectable splicing at the 3' end of dystrophin
and the D M D L transcripts may indicate varying protein
interactions. It remains to be determined if the D M D L
protein is associated with membranes in the same way as
dystrophin (7, 8); however, studies with monoclonal anti
bodies that react specifically with the D M D L protein should
enable its localization to be determined and hence provide
clues as to its function.
Although our immunological studies do not provide evi
dence that mutations within the dy locus map to the D M D L
gene, we cannot unequivocally exclude the possibility that dy
and d y^ mice are synthesizing an abnormal D M D L protein.
Both mice carry allelic mutations that result in different
pathological symptoms (28). These symptoms, therefore, do
not correlate with large intragenic deletion events within the
D M D L gene such that, as is found for dystrophin in Becker
muscular dystrophy and D M D patients, the severity of the
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phenotype can be predicted according to the size and abun
dance of the protein produced from the mutated locus (3).
Mutations within the dy locus may be microdeletions or point
mutations that do not disrupt the translational reading frame.
It is relevant that a single base change in the coding region of
the cardiac jS-myosin heavy chain results in familial hyper
trophic cardiomyopathy in humans (29, 30). In this disorder,
initial analysis of the expression of cardiac /3-myosin using
immunohistochemical techniques failed to reveal changes in
patients (31, 32). A detailed comparison of the sequence of
the wild-type mouse D M DL gene with that of the dy mouse
will be needed to determine the involvement, if any, of the
D M D L protein in the dy phenotype.
Recently, dystrophin-related proteins of 400,000
have
been detected using polyclonal antibodies against dystrophin
(33, 34) and the D M D L gene product (35). In the case of
dystrophin antisera, immunolocalization studies show stain
ing in the pia mater of mdx mouse brain (33) and the
neuromuscularjunctions of D M D patients and mdx mice (34).
These studies compare with the sarcolemma localization
determined for dystrophin in human and mouse muscle (36,
37) and indicate cross-reactive protein(s) with different subcellular interactions from dystrophin. It is unclear if these
proteins are products of the D M D L gene because these
studies have used polyclonal antibodies to dystrophin that
may show cross-reactivity to a number of polypeptides. The
preliminary work reported for the chromosome 6-encoded
D M D L protein (35) indicates ubiquitous expression in all
tissues tested in D M D patients. Although this study is
confirmed by our results, R N A quantitation was not per
formed to support the view that no cross-reactive proteins
were detected. A more rigorous analysis would require a null
mutation within the D M D L gene and monoclonal antibodies
specific to the DMDL.protein. The data reported by us and
others do not rigorously exclude the possibility that further
dystrophin homologues exist that are themselves members of
a family of high molecular weight proteins that share epitopes
with the carboxyl-terminal region of dystrophin. Monoclonal
antibodies will be needed to determine the localization of the
protein product of the D M D L locus, and mutation studies of
the D M D L gene should aid in assigning a function to this
protein.
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protein (D R ? or ‘utrophin’ ’) is localized
in normal adult muscle primarily at the neuromuscular ju n c tio n ^ .
In the absence o f dystrophin in Duchenne muscular dystrophy
(D M D ) patients, D R P is also present in the sarcolemma^ . D R P
is expressed in fetal and regenerating muscle and may play a
similar role to dystrophin in early deveiopment^’^~^ although it
remains to be determined whether D R P can functionally replace
dystrophin in adult tissue. Previously we described a 3.5-kilobase
complementary D N A clone that exhibits 80 per cent homology to
the C-terminal domain of dystrophin'^. This sequence identifies a
13-kilobase transcript that maps to human chromosome 6 (refs 2,
I I ) . Antibodies raised against the gene product identify a poly
peptide with a relative molecular mass of about 400K in all tissues
examined^’*’'^. To investigate the relationship between D R P and
dystrophin in more detail, we have cloned and sequenced the whole
D R P cD N A . Homology between D R P and dystrophin extends over
their entire length, suggesting that they derive from a common
ancestral gene. Comparative analysis of primary sequences high
lights regions of functional importance, including those that may
mediate the localization o f D R P and dystrophin in the muscle cell.
D y s t r o p h in -r e l a t e d

Because D RP is under-represented in amplified cD N A
libraries, we constructed an unamplified library using messenger
RNA extracted from the human glioma cell line IN157, in which
DRP is abundantly expressed in the absence of dystrophin.
Initially the library was screened with a 1.9-kb fragment derived
from the B3 cD N A referred to previously, thereafter a stepwise
screening procedure led to the isolation of nine overlapping
clones covering the complete DRP cDNA. A single large open
reading frame of 10,299 base pairs (bp) is preceded by an ATG
initiation codon and 550 bp of 5' untranslated sequence. The
stop codon is followed by about 2 kb of 3' untranslated region
containing an A A TA A A poly(A) consensus sequence. The open
reading frame encodes a protein of 3,433 amino acids with a
predicted relative molecular mass of 395K a size similar to
dystrophin
427K).
D N A and amino-acid sequence comparisons of DRP and
dystrophin show the overall structure to be similar with a puta
tive actin-binding domain in the first 250 amino acids, a long
region containing multiple repeats followed by a cysteine-rich
domain*^. In the first 250 amino acids, 80 per cent of the residues
are conserved between DRP and dystrophin. This region of
dystrophin is known to bind actin in uj/ro'"*''* and computer
analysis identified two actinin-type actin-binding motifs at
amino-acid positions 33-42 and 107-131 in DRP. Figure 1 shows
an amino-acid comparison between DRP, dystrophin and the
consensus sequence for a-actinin''*. The proposed 15-aminoacid actin-binding domain of a-actinin'^ is also conserved in
dystrophin and DRP with nine exact matches and three con

served matches. These data suggest that DRP, like dystrophin,
binds actin and consequently may have a similar cellular func
tion to that of dystrophin.
DRP and dystrophin are similar throughout most of their
lengths, although DRP lacks two large regions in the second
half of the rod domain. Excessive emphasis has been placed on
the 'spectrin repeats’ of dystrophin as the repeats are much more
variable than those of spectrin, which suggests that their struc
ture may differ. The predictions of coiled-coil regions are very
closely related between human, mouse and chicken dystrophin
sequences (data not shown). Although a broadly similar pattern
is seen in DRP, there are significant differences in the rod
domain. Whether these predictions are consistent with existing
models for the structure of dystrophin is not clear, but they
suggest that the structure is more irregular than previously
described. This may reflect lower evolutionary constraints on
the structure of this region in the two proteins. Indeed, large
deletions of this domain in dystrophin result in only a very mild
phenotype'**. An interesting feature at the very end of the carboxy
terminus is the pair of predicted coiled-coil regions which are
virtually identical in all four published sequences. The function
of this region is unknown.
In dystrophin, part of the C-terminal domain and the adjacent
cysteine-rich region are involved in the binding of the dystrophin
glycoprotein complex'^’^®. Absence of the carboxy terminus of
dystrophin is associated with severe phenotypes in most mus
cular dystrophy patients^'"^^. Comparison of the C-terminal
regions of DRP and the dystrophins (Fig. 2) shows that this
region is highly conserved with an 80 per cent exact match and
about half of the remaining residues conserved. Strong conserva
tion of the glycoprotein-binding region suggests that DRP may
bind to the sarcolemma in dystrophic muscle through the gly
coprotein complex in a similar manner to dystrophin. It remains
to be seen whether interaction occurs between DRP and
glycoproteins in tissues other than muscle and whether such
interaction is important .to the function of DRP in these
tissues.
□
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FIG. 2 A m ino-acid sequence com parison o f the C te rm in i o f human
dystrophin^^ (3 ,0 7 5 -3 ,6 8 5 ), m ouse dystrophin (3 ,0 7 5 -3 ,6 7 8 ; J. S. C ham berlain, J. Pearlman, D. Muzny and N. Farwell, unpublished data), chicken
dystrophin^'* (3 ,0 7 9 -3 ,6 6 0 ) and DRP (utrophin; 2 ,8 3 3 -3 ,4 2 7 ). Sequences
were aligned usin g the program PILEUP (UWGCG). Blocked regio n s indicate
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FIG. 1 Sequence com pa riso n betw een the N te rm inu s of hum an dystro p hin ^^
(residues 1 1 -2 3 1 ), DRP (utrophin; residues 2 7 -2 4 6 ) and the a -a c tin in
consensus sequ e n ce^'’ . The sequences were aligned w ith the aid o f the
com puter prog ra m PILEUP (UWGCG^^); boxes enclose co nse rve d residues
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