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A bstract

' ABSTRACT ^

^

Generalised Progressive Retinal Atrophy (GPRA) is a collective term describing a number of
phenotypically and genotypically heterogeneous, autosomal recessive retinal dystrophies and
degenerations segregating in specific breeds of dog. All result in blindness and collectively,
show much similarity to Retinitis Pigmentosa, a group of important human inherited retinal
degenerations. GPRA in the Irish setter is given the locus designation rcd-1 (Rod-Cone
Dysplasia Type 1) and presents as an early onset photoreceptor dystrophy with rapid,
progressive loss of cells complete by approximately one year. Biochem ically, the earliest
detected

ab norm ality

is

an

accum ulation

of retinal cGM P, due to a defective

phosphodiesterase activity. Therefore, the possibility that a m utation in the rod cGM P
phosphodiesterase beta subunit (|xieb) gene causes rcd-1 in Irish setters was investigated.
The normal canine pdeb cDNA, was cloned and sequenced, spanning the entire
coding region to the poly-A tail. Additionally, partial intron/exon characterisation and
nucleotide substitution analysis was undertaken to investigate the relationship of canine pdeb
to its homologue in other species and to other members of the photoreceptor PDE family. A
recently reported G to A transition in the pdeb gene described in rcd-1 setters in the USA was
confirm ed in affected dogs in the UK. In addition, GPRA in two other breeds, m in iatu re
longhaired dachshunds and Tibetan terriers was shown not to be due to this mutation, which
creates a premature stop codon at residue 807. A rapid, non-isotopic diagnostic test was
developed and used to show cosegregation of the mutation with rcd-I phenotype in an Irish
setter pedigree. Anchored PGR has been utilised to generate upstream sequence information
from genomic DNA, and in tandem with mapping of the 5' end of the transcript has revealed
sequence motifs in the proximal promoter of the canine pdeb gene which are conserved with
the human gene.
The tissue distribution of pdeb transcripts was investigated by Reverse TranscriptasePCR and Northern analysis and the results show that transcription is not confined to the retina,
but can be detected in a variety of different tissues.
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Introduction

Heritable retinal dystrophies occur in a variety of mammals - humans, dogs, mice and
cats represent a subset upon which clinical and scientific attention has been focussed. As a
category, they consist of a large and ever-increasing collection of naturally occuring,
heterogenous progressive disorders exhibiting autosomal dominant and recessive as well as Xlinked phenotypes, most of which result in retinal degeneration and total blindness of affected
individuals. In human medicine, these diseases are recognised as the 'Retinitis Pigmentosa'
(RP) and M acular Dystrophy groups whilst in veterinary m edicine they are term ed th e
'Generalised Progressive Retinal Atrophies' (GPRA).
Although sporadic cases of canine GPRA may occur in dogs of any breed, certain
subtypes are found to segregate in a breed specific manner, and anecdotal evidence indicates
that both historically and currently, certain of these diseases constitute a significant cause of
inherited blindness in particular breeds. The fact that these disorders are recessive in the dog
(apart from a recently described, X-linked form) and that pedigrees tend to be highly inbred,
predisposes to a high incidence of asymptomatic carriers in a given breed, even if affected
anim als are easily detected before they are mated. However, this detection is not always
feasible. In addition, certain of the GPRAs discussed later do not become clinically evident
until after sexual m aturity, at which time affected individuals may have already produced
offspring.
M olecular genetic studies identifying the locus of, or mutations in, genes causing
these disorders will enable specific genetic tests to be developed in order to genotype
individuals, a much more rapid and inexpensive alternative to test m atings, w hich are
currently the only way to reliably detect carrier animals. In some forms of the disease, even
affected individuals may be undetectable by any other means during the first year of life (see
table 1.4). Investigation of these naturally-occurring diseases can also give particular insight
into retinal and photoreceptor molecular biology. Additionally, new candidate genes cloned
in one species can be screened in others, and in this way, animal models with m utations
segregating in genes homologous to those found in human RPs may be discovered. Such
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animal models may provide invaluable means to gain further knowledge of disease
pathogenesis and also to critically test different therapy modalities which could then go to
clinical trial on humans.
Normal retinal morphology, biochemistry and genetics will be reviewed, focussing
upon canine and other mammalian species. The 'candidate gene approach' is considered, with
particular reference to inherited retinal dystrophies known to be due to mutations in retinal
genes and finally, some of the canine retinal dystrophies are discussed.

1.1 The normal eye
The mammalian eye is a spheroid organ which is highly sophisticated in structure and
function (see Figure 1.1). It is one of a pair of organs which is responsible for gathering
information from the electromagnetic spectrum (in the wavelength range approximately 400700 nm for the human eye) which is interpreted by the brain as vision. The structure and
function of the eye is superficially analagous to that of a camera. It contains a transparent
cornea and lens which admit and focus light. The amount of light entering the posterior
chamber is controlled by intrinsic muscles regulating the iris aperture, whilst the extrinsic
muscles adjust the position of the globe in the orbit. The eyelids and lacrimal glands serve to
protect the cornea, whilst the eyelids themselves can also regulate the amount of light entering
the anterior chamber.
These structures function largely to focus the incident beam through transparent
ocular media onto the light sensitive laminar tissue lining the posterior chamber. This tissue is
comprised of layers of neural cells, collectively termed the retina and absorbs photons of light
energy. These are converted into nerve impulses which are conducted, via the optic nerve to
the brain.

1.2 Retinal structure and development
The retina is a highly specialised, laminated, neural cell layer which lines the posterior
chamber and is derived from the embryonic neuroectoderm of the optic cup, which is an
outgrowth of the primitive forebrain. In vertebrate retinae, maturation results in the
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development of distinct strata which gives the characteristic layered appearance in
microscopic cross section. The axons from the innermost layer, the ganglion cells, exit the
eye to form the optic nerve which carries nerve impulses to the brain. Retinal thickness in the
dog increases from the ora serrata (0.1 mm) back to the optic nerve (0.5 mm). The fully
differentiated structure in the dog is shown in Figure 1.2.
Classically, ten layers of the retinal pigment epithelium (RPE) and retina, are
recognised, and the dog is no exception (Parry, 1953a). The former is a single layer of
cuboidal cells, the basal surface of which lies on Bruch's membrane, adjacent to the vascular
choroid which supplies the outer third of the retina. In dogs, there is a reflective half moon
shaped portion of the superior retina, termed the tapetum lucidum or tapetal fundus in which
the RPE is non-pigmented, as opposed to the non-tapetal layers where the RPE is darkly
pigmented. The size of the tapetal fundus varies considerably

between

breeds.

Interphotoreceptor matrix fills the subretinal space between photoreceptors and RPE. Its
functions may be numerous, however it is known to provide support for the developing
photoreceptors and glial cells via diffusion of trophic factors, and for attachment to the RPE.
It is composed of carbohydrates such as glycosaminoglycans linked to glycoproteins and is
also involved in the cycling of retinoids between photoreceptors and RPE via the
interphotoreceptor retinol binding protein ((IRBP), Millichamp, 1990).
The photoreceptor perikarya form the outer nuclear layer (5-12 nuclei deep) and are
separated from the photoreceptor inner and outer segments by the zonulae adhérentes of glial
and photoreceptor cells which constitute the external limiting membrane. Rod spherules and
cone pedicles synapse with bipolar and horizontal cells in the outer plexiform layer. The
nuclei of these cells, along with amacrine and Muller (glial) cells form the inner nuclear layer.
Functionally, the visual pathways from rods and cones are segregated through different
populations of bipolar cells through to synapses with the population of ganglion cells. This
takes place in the inner plexiform layer and the axons of the ganglion cells then exit the eye
through the lamina cribrosa at the optic nerve papilla (Dowling, 1987).
The innermost structure, the internal limiting membrane is formed by the flattened
edges of the Muller cells at the vitreal interface.
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Figure 1.2a. Stylised light microscopic section of a mammalian retina showing the arrangement
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Figure 1.2b. Structural features of mature rod and cone photoreceptor cells and their close
apposition with microvilli of the retinal pigment epithelium which phagocytose shed disc
material from the tips of the outer segments.
5

Introduction

1.2.1 Early stages of retinal development
The neural layers are derived from the inner layer of the optic cup, (the 'ventricular*
cells) which, when induced by the lens, differentiate and proliferate, forming three zones:
epidymal, mantle and marginal. In the dog, this formation is complete by 25 days of
gestation (Aguirre et al, 1972). These zones eventually develop into photoreceptor outer
segments, photoreceptor cell bodies and bipolar cells, and ganglion cells respectively
(Sidman, 1961; Hinds and Hinds 1974). The outer layer of the optic cup forms the retinal
pigment epithelium (Noden and de Lahunta, 1985).
Mitosis of the cells in the optic cup which commences following invagination is the
main cause of the increase in size of this structure. Cell division continues, in the mouse, well
beyond parturition. Thymidine-^H incorporation by dividing cells coupled with light
microscopy (Sidman, 1961) and detailed electron microscopic studies (Hinds and Hinds
1974, 1978, 1979) have given the following picture of retinal development in the mouse.
Table 1.1 shows the corresponding timetable of embryonic eye development in the dog.
Following the commencement of peripheral optic cup mitosis, at about gestational
day 11 (Coulombre, 1965), postmitotic daughter cells then migrate inwards to take up their
appropriate relative positions and differentiate into the retinal strata. In the newborn mouse,
two distinct retinal layers are recognisable, one containing ganglion and amacrine cells, whilst
the other contains a mixed population of Muller cells, horizontal and bipolar cells and
developing rods and cones.
The proportion of rods and cones in the mature retina varies greatly between species,
with the rat, for example, containing almost entirely rods whilst the ground squirrel is
composed predominantly of cones (West and Dowling, 1975). The canine retina is rod-rich
but somewhat intermediate, with cones comprising 5% of the photoreceptors (Huang et al,
1994) and as many as 20% in the central retina (Parry, 1953a).
Thus, although all of the cell types are formed simultaneously, cellular differentiation
is completed in different cells at different times across the retina. It commences with the
innermost layer, the ganglion cells (whose axons form the optic nerve) at the centre of the
fundus and proceeds, bidirectionally, through the different cell strata, in an outwardly radial
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fashion. This means that morphogenesis of photoreceptors is incomplete at birth in a number
of species, including dogs (Aguirre 1972 and Table 1.1), cats (Tokuyasa and Yamada, 1959),
rabbits (Noell, 1958) and rats (Galbovy and Olson, 1979; Gonzalez-Fernandez et al, 1993) as
well as the mouse (Olney, 1968). This is significant in terms of disease phenotypes in the dog
and mouse. In the former, diseases which affect photoreceptors before they are fully mature
are termed dysplasias rather than degenerations, where the onset of cell loss occurs after
maturation.

1.2.2 Maturation of photoreceptors
Despite the early development of the optic cup in the dog, the formation of
photoreceptor inner segments begins at between 1 and 7 postnatal days at the posterior pole
and progresses peripherally with time (Aguirre et al, 1972).

Structures formed

Gestational (G) or Postnatal (P) day

Optic vesicle

G 17

Optic cup

G19

Lens vesicle

G25

Retinal ganglion cell layer

G33

Eyelids fused

G33

Inner plexiform layer

Birth

Inner and outer retinal
nuclear layers

P7-13

Eyelids open
Rods and cones

P14
P40-60

Table 1.1 Timetable of some of the embryological landmarks in the development of
the canine eye. (Based on a table from Noden and de Lahunta, 1985).

Inner segment development at the microscopic level begins with the formation of a
single cytoplasmic bud at the distal end which protrudes through a pore in the external
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limiting membrane. This bud will eventually form the photoreceptor inner segment and may
contain organelles such as mitochondria, golgi vesicles and ribonucleoprotein particles
(Coulombre, 1965). In the dog, the bud contacts the RPE, in posterior polar areas of the
retina, at between P5 and P7 days of age (Aguirre et al, 1972; Gum et al, 1984). A primitive
cilium then projects from this bud in a cytoplasmic protrusion. This extension fills with
vesicles and from postnatal day 9, elongates, developing membrane invaginations on the
contralateral side to the cilium. The invaginations form horizontally elongated sacs
(Tokuyasa and Yamada, 1959; Coulombre, 1965; Aguirre et al, 1972; Gum et al, 1984).
Growth and flattening of the sacs is followed by their arrangement into a regular array of
stacked discs. Over days P10-P13 there is inner segment elongation to accompany the
disorganised but growing outer segments (Aguirre et al, 1982). By postnatal day 25,
photoreceptors in the canine central retina have elongated outer and inner segments which
resemble adult cells, whilst the peripheral ones lag in developmental appearance by about 13
days (Mieziewska et al, 1993). The distal tip of the outer segment becomes buried in the
cytoplasmic processes of the pigment epithelial cell which phagocytose old disc material as it
is shed (Bok, 1985). New discs are constantly being added at the base of the outer segment as
this is a continuous process (Young, 1967). In the dog, tritiated leucine injection studies
indicated that rod disc turnover proceeds at an average rate of approximately 2/^m
displacement or 87 new discs per day, with complete outer segment renewal in 6 days
(Buyukmihci and Aguirre, 1976). Cones appear to mature at a similar rate, although their
morphology, like their function is slightly different: the disc membranes retain continuity
with the cell membrane and they renew their protein in a more diffuse manner in the dog
(Buyukmihci and Aguirre, 1976), as in other species (Young, 1969).
In dogs, the eyelids are closed for approximately two weeks postnatally, whilst the
formation of retinal strata is completed. However, clearing of the ocular media and full
photoreceptor structural development are not achieved until 42-60 postnatal days
(Parry, 1953a; Aguirre et al, 1972; Gum et al, 1984; Noden and de Lahunta, 1985;
Mieziewska et al, 1993).
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1.3 The normal phototransduction cascade
Phototransduction is the term used to describe the high gain, fast kinetic, signal
transduction cascade which takes place in mature photoreceptor cells, converting quanta of
light energy within a particular range of wavelengths into electrochemical changes. These
result in membrane hyperpolarisation, reduction of neurotransmitter release, and initiation of
the ultimate conduction and integration of the visual signal in the brain. Amplification occurs
at every stage, therefore feedback and adaptation mechanisms are employed to modulate the
cascade.
Over the last fifteen to twenty years, there has been a major advance in understanding
not only the molecular basis of this process, but also, aspects of its regulation and
consequently, the field has been extensively reviewed (Chabre and Deter re, 1989, Koutalos
and Yau, 1993, Yau, 1994). Work has focussed upon transduction in rod photoreceptors, but
a similar, though not identical cascade is thought to occur in cones. In these cells, different
photopigments with different absorption spectra mediate colour vision (Nathans et al, 1986).
Figure 1.3 summarises the process in rods.

1.3.1 The stimulation pathway
The receptor for photic stimulation is rhodopsin, which consists of the apoprotein
opsin and a chromophore, 11-cij retinal, which is common to all vertebrate visual pigments.
Rhodopsin is a member of a large family of seven-transmembrane helix, G protein-linked
receptors (Khorana, 1992) as are the odorant receptors mediating olfaction, another major
sensory input (Buck and Axel, 1991).
The chromophore is important in determining the absorption spectrum of rhodopsin
and is linked to the Lys296 residue whilst the counterion was identified by site-directed
mutagenetic studies to be G lull3 (Sakmar, et al, 1989, Nathans, 1990). In terms of the
tertiary structure, these residues face inwards into the centre of the ring of transmembrane
helices, in fairly close apposition (Baldwin, 1993). In the dark state, the counterion-Schiff
base salt bridge maintains the opsin in an inactive conformation (Robinson et al, 1992) but
when a photon of light is absorbed, the energy converts the retinal into the trans form, which
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causes an alteration in conformation of the receptor, regulated by histidine residues, to the
metarhodopsin II active state (Weitz and Nathans, 1992). This change eliminates the salt
bridge and exposes residues necessary for the activation of transducin, the G protein coupled
to rhodopsin. Two residues in particular, Glul34 and Argl35 are conserved in the receptor
family and are required for transducin activation (Franke et al, 1992).
Transducin itself is a heterotrimeric GTP binding protein and provides the link
between rhodopsin and the phosphodiesterase (PDE) which hydrolyses the effector molecule,
cyclic guanosine monophosphate (cGMP). The three constituent subunits. T a, TP, and Ty all
have separate isoforms in rods versus cones (Lerea et al, 1986, Peng et al, 1992). T a and Ty
are both post-translationally modified, a refinement which has significant functional
implications. Ty is famesylated, which is necessary for GTP binding (Fukada et al, 1990)
whilst T a is N-terminally fatty acylated in a heterogeneous manner. The precise nature of the
acyl group affects GTPase activity and is also thought to influence the avidity of association
of the subunits as indicated by the concentration of differently acylated transducin Nterminal and random nonamers required to half-maximally inhibit GTPase activity (Kokame,
et al, 1992). Isoprenylation similar to that of Ty protein also modifies the a and 6 subunits of
the PDE ipdea and pdeb respectively), which will be discussed later.
Binding of metarhodopsin II to the heterotrimeric GDP-bound form of transducin
catalyses the loss of GDP and binding of GTP, which in turn dissociates Ta-GTP from the two
other subunits (as well as rhodopsin). This stimulates the PDE by removing the inhibitory
effect of the PDEy-subunit (pdeg). The exchange of GTP for GDP constitutes the switch from
the inactive to the active, dissociated state. Under basal conditions, this is the rate limiting step
in the transduction process (Bourne et al, 1990). X-ray crystallographic studies have further
defined the nature of the conformational change resulting from this exchange (Lambright et
al, 1994) whereby interactions specific to the y-phosphate of GTP propagate to regions on
one face of the molecule which alters the position of three 'switch' regions. Two of these are
found in other G proteins whilst the third is specific to the heterotrimeric subset. Such
intramolecular shifting of switches I and II would reduce the affinity of T a from Tp, and Ty
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whilst portions of switches II and III contain regions which have been implicated in binding
pdeg and activating the PDE holoenzyme.
Tp, and Ty were initially thought to have no functions other than to inhibit T a , but
the existence of different isoforms (Levine et al, 1990 and Peng et al, 1992), which interact
specifically (Pronin and Gautam, 1992) has suggested some alternative functional importance
for Tpy. In other G protein systems, notably in relation to type II adenylate cyclase,
conditional activation of certain enzymes by these subunits has been observed (reviewed by
Lefkowitz, 1992). Furthermore, Tpy is able to stimulate a phospholipase-C-B2 isozyme
present in human HL-60 granulocytes (Camps et al, 1992). The relevance to
phototransduction or retinal cell biology has yet to be established.
The exact mechanism of activation of PDE by Ta-GTP is still unclear, although the
functional significance of the isoprenylation of both p d ea (famesylated) and p d e b
(geranylgeranylated) may be to allow the proteins to bind to the disc membrane (Anant and
Fung, 1992). The pdeg subunit appears to use the same domains to interact with both T a GTP and the PDE catalytic subunits mediating enzyme inhibition (Takemoto et al, 1992,
Artemyev et al, 1992 and Brown, 1992), but the belief that pdeg was bound and removed by
Ta-GTP from the active enzyme has been challenged by work which suggests that no such
dissociation occurs upon activation (Clerc and Bennet, 1992 and Arshavsky et al, 1992). The
observed dissociation may have been promoted by the dilutions of protein used in the
experiments (Clerc and Bennet, 1992).
In either event, the activation of PDE results in a dramatic increase in the rate o f
hydrolysis of cGMP, which is synthesised constitutively by the rod guanylate cyclase (GC).
The GC enzyme has been purified (Koch, 1991) and a photoreceptor-specific clone
identified which may correspond to the protein (Shyjan et al, 1992). The rapid localised fall
in cGMP acts directly upon the photoreceptor cell membrane (Figure 1.3) to decrease the
cationic conductance which helps to maintain the 'dark current' (Fesenko et al, 1985). The
cGMP gated channel is a member of the same superfamily as the voltage-gated Na^+, Ca^+
and K+ channels (reviewed by Jan and Jan, 1992) but contains a cGMP binding domain
similar to that of the cGMP-dependent protein kinase (Kaupp et al, 1989 and Pittler et al.
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1992). It is this conductance, principally of Ca^+ and Na^+, which was found to be identical to
that induced by light, thus completing the transduction process in the rod photoreceptor (Yau
and Nakatani, 1985). Such channels have also been found in cells of the pineal gland which
show

a photosensitive circadian rhythm and are also known to express other

phototransduction proteins (Dryer and Henderson, 1991).

1.3.2 Recovery, modulation and the role of calcium
The pathway of activation discussed above is only a part of the transduction process
which is subject to essential control mechanisms which act at different levels in the cascade to
'turn off and modulate, the response to light.
The inactivation of metarhodopsin II is carried out by the combined action of
rhodopsin kinase and arrestin. If these proteins are inhibited, the photoresponse is prolonged
(Palczewski et al, 1992). Rhodopsin kinase is also isoprenylated (like pdea, pdeb and Ty)
which appears to mediate its binding to photoactivated rhodopsin, by allowing translocation
to the disc membrane, since elimination of the farnesyl group diminishes the kinase activity
(Inglese et al, 1992). The rapid, ATP-dependent phosphorylation of rhodopsin suspected by
Liebman and Pugh (1980), targets serine and threonine residues near the C-terminus and
promotes the binding of arrestin (48K protein), thus quenching the metarhodopsin II
activation of transducin which initiates the cascade (Koutalos and Yau, 1993). In Limulus
photoreceptors, the inactivation of metarhodopsin is increased 10-fold by light adaptation,
(Richard and Lisman 1992). The mechanism may involve a Ca^+ feedback system and is
discussed later.
At the subsequent stage involving Ta-GTP, inactivation is self-mediating due to the
intrinsic GTPase activity which may be influenced by the N-terminal fatty acyl group
(Kokame et al, 1992) and is also enhanced by the binding of pdeg. This acceleration of GTP
hydrolysis by T a occurs, therefore, as a consequence of activation of the effector stage of the
pathway and shows a further level of complexity. Cyclic GMP itself prolongs the life of
activated Ta-GTP thus increasing the stimulation of PDE when background illumination is
low. During prolonged exposure to light, the cGMP levels fall and Ta-GTP is deactivated
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faster (Arshavsky and Bownds, 1992). Control of GTPase activity may also be exerted by
another protein, phosducin which, when unphosphorylated, inhibits this activity. In the
protein kinase A-phosphorylated state, this effect is blocked and GTPase activity remains
unaffected (Bauer et al, 1992).
Thus, PDE activation is partly contingent upon Ta-GTP, but there is also a
mechanism which slowly inactivates PDE even in the presence of irreversibly activated T a,
which may be the presence of free pdeg subunits that compete for binding to pdea and pdeb
(Erickson et al, 1992).
The Ca^+ feedback mechanism is responsible for reducing the gain of visual
transduction in conditions of background illumination so that the ability to register changes
in light intensity is not prevented by saturation of the cell's response (Matthews et al, 1988,
Nakatani and Yau, 1988). Such illumination causes cGMP gated channel closure and
decreased intracellular Ca^+, the effects of which are several.
Cyclic GMP synthesis by GC is increased as intracellular Ca^+ falls, a process which is
protein-mediated (Koch and Stryer, 1988). This role was originally attributed to recoverin, a
23kDa protein (Dizhoor et al, 1991) but in the light of subsequent experiments
demonstrating no effect of recombinant or purified recoverin on GC this conclusion was
withdrawn (Hurley et al, 1993). The true identity of the protein in the bovine retina has
recently been revealed as a discrete 23kDa Ca^+-binding protein termed GC A ctivating
Protein {gcap) (Gorczyca et al, 1994).
Ca^+-calmodulin mediates effects upon the 240kDa protein component of the cGMPgated ion channel heterodimer. Calmodulin dissociation at low cGMP concentrations (and
hence low intracellular Ca^+) increases the rate of cation influx by switching to a high-affinity
state for cGMP, thus aiding recovery of the cell whilst increasing the sensitivity to small
changes in cGMP during transduction (Hsu and Molday, 1993).
A third Ca^+-mediated effect is upon rhodopsin phosphorylation itself, and
consequently upon PDE activity. Frog S-modulin protein, a recoverin homologue, increases
the lifetime of active PDE at high Ca^+ concentrations by inhibiting rhodopsin
phosphorylation (Kawamura, 1993). It does this by interacting with rhodopsin kinase in a
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Ca2+-dependent manner (Chen and Hurley, 1994). Therefore, at low Ca^+ concentrations,
rhodopsin phosphorylation would rapidly inactivate the receptor.
More recently, two reports have added additional complexity to the puzzle. A
cooperative effect of reduced intracellular Ca^+ concentrations was reported to reduce the
catalytic rhodopsin activity under conditions where rhodopsin phosphorylation was limited
by the ATP concentration (Lagnado and Baylor, 1994). The cooperativity suggests that the
effect is mediated by a specifc Ca^+-binding protein whose identity is as yet unknown. Also, a
role in phototransduction for the rds/peripherin protein has been tentatively proposed, since
patients with different mutations in this gene showed similar abnormalities in dark adaptation
and prolonged rhodopsin regeneration (Kemp et al, 1994).
Phototransduction is a complex biochemical pathway. Whilst much of the stimulatory
pathway has been described, more intriguing details regarding its regulation are still
surfacing. There are many potential loci for mutations in the genes encoding the proteins
already described which may be responsible for ultimately causing the death of the
photoreceptors. Intimate knowledge of the normal pathway in conjunction with biochemical
and electrophysiological data from diseased individuals has been of particular importance in
adopting a 'candidate gene' approach in the molecular genetic investigation of inherited
retinal dystrophies.

1.4 Gene expression in the retina
1.4.1 Early retinal development
Morphological changes have been used to define stages in retinal maturation but
another criterion would be the expression of genes associated with phases of maturation
towards the final, differentiated postmitotic state. Little is known about genes expressed early
on in development which affect cell differentiation. Certain of the paired class of
homeodomain-containing transcriptional regulators (reviewed by Gruss and Walther, 1992;
Beebe, 1994) have been proven to be functionally significant in the development of the eye,
largely by virtue of cloning disease loci. An example of this is pax-6, mutations in which
cause different phenotypes depending upon the gene dosage. In mice, null allele
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heterozygotes have small eyes whilst affected homozygotes show anophthalmia, craniofacial
and central nervous system defects. A similar situation occurs in humans, where different
mutations in single dosage cause congenital cataracts and aniridia, but double dosage gives
rise to anophthalmia, craniofacial and central nervous system defects (Glaser et al, 1994).
Another example is the chxlO gene which is expressed in all neuroblasts of the optic cup,
where a mutation in exon 3 causes the ocular retardation phenotype in the mouse (Mclnnes et
al, 1994).
Since chxlO is also expressed in the inner nuclear layer of the mature retina (Liu et
al, 1994) there is an exciting possibility that other, as yet undiscovered homeobox genes may
play a significant role in maintaining the retina. However, most of the known homeobox
genes are expressed very early in eye development, in mitotically active cells (Gruss and
Walther, 1992; Beebe, 1994) whereas retinal dystrophies by definition have, at worst, a
recognisable retinal structure before cell loss begins. Thus, genes important in these diseases
would be expected to be expressing themselves at a very late stage in retinal maturation.
Two other homeobox genes have been identified and shown to be expressed during
murine eye development. Hox-8, is expressed in the developing optic cup vesicle in layers of
cells which histologically mark the domain of the neural retina and surface ectoderm of the
corneal epithelium whilst hox-7 is expressed at a later stage in the ciliary body domain
(Monaghan, 1990).

1.4.2 Photoreceptor gene expression
Studies have been carried out on mice (Bowes et al, 1988, 1989) rats (GonzalezFemandez et al, 1993) and dogs (Farber et al, 1992) which give some indication as to the
order of gene expression in the neonatal retina.
The mRNA levels of the phototransduction proteins opsin, arrestin, transducin (T) a ,
p and Y subunits and rod cGMP phosphodiesterase

subunit (pdeb) in the mouse were

examined by slot blotting and densitometry. Messenger RNA expression at birth was detected
at low levels for pdeb, Tp and arrestin which increased over the first 9 postnatal days after
which it begins to plateau towards adult levels by 24 days. Opsin, Ty and Ta appear slightly
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later on, becoming detectable at 5, 6 and 8 postnatal days respectively (P5, P6 and PS).
Transcript levels also rise rapidly, attaining almost adult (day 24) values by day P12 (Bowes et
al, 1988, 1989). Immunocytochemical methods in the same study conferred greater
sensitivity, demonstrating detectable levels of arrestin, Ty, opsin proteins at P4 and T a
proteins at birth, and days P4 and P7 respectively. Amounts equivalent to adult protein
expression were attained 3 days subsequent to detection except for arrestin which remained
constant into adulthood (Bowes et al, 1988). Presence of phosducin protein by western
analysis is detected at P3 days, increasing to adult levels over the first 2 weeks. It is also
complexing with Tpy at a very early stage (Lee et al, 1990). This tends to indicate a relative
maturation to an almost 'adult' gene transcription state at between 12 and 14 days.
Northern and slot blot studies on the Irish setter dog demonstrate a similar, though
prolonged timescale of gene expression in the neonate (Farber et al, 1992). Expression of
mRNA at birth was not ascertained as the earliest samples were taken at 7 postnatal days.
Opsin, arrestin, pdeb, and T a transcripts all increase fairly rapidly to reach more or less adult
levels by 60 postnatal days. This is in good agreement with the estimates from photoreceptor
morphology and cytology. The rod cGMP phosphodiesterase a and y subunits seem to rise
much more slowly, not attaining adult levels for 100 days or more. However, the relative
increases in transcript are all 3- to 7-fold between 7 and 60 days. Levels of the Tp and
phosducin transcripts appear to reach their maximal level much sooner, at about three weeks
but since the former is expressed in other neuronal cell types, this may not reflect the message
in the photoreceptors.
Studies of other photoreceptor genes in the rat indicate that interphotoreceptor retinol
binding protein (IRBP) and its cellular counterpart (CRBP) are both expressed at birth whilst
opsin expression becomes detectable by postnatal day 6. This may support a role for IRBP
and CRBP in the establishment of final photoreceptor maturation, possibly via the transport of
growth factors. One particular factor which may be important for the maintenance of the
mature photoreceptor is basic fibroblast growth factor, whose expression in the retina
increases from postnatal day 25 onwards (Gonzalez-Femandez et al, 1993).
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These studies together, not only infer roles for certain proteins based upon the
presence of their transcripts, but also provide a framework against which photoreceptor
maturation may be measured at the nucleic acid level. Against such data, specific transcripts
may then be measured in attempts to reveal mRNA defects in candidate genes prior to cell
loss.
The goal of retinal maturation is to develop a highly ordered arrangement of specific
cells designed to transduce light energy into a biochemical signal which can be transmitted to
the brain to be integrated into a visual signal. Although all the cell types and
interphotoreceptor cell matrix play essential roles in maintaining development, structure and
viability, the crux of the signalling process is the biochemical pathway of visual transduction
which takes place in the photoreceptors.

1.5 The 'candidate gene approach' and phototransduction
The candidate gene approach, positional cloning and subtractive/differential
hybridisation strategies have all been successfully applied to problems of determining the
aetiology of various ophthalmic genetic diseases in different species.
The 'candidate gene approach' is usually targeted towards a gene or genes within a
known biochemical pathway and/or biochemical lesion. It is very rapid and powerful, and
does not necessarily need a large pedigree if many individuals from the normal population
are also screened.
Positional cloning locates the disease gene to a site or sites in the genome which can
then be refined and is not constrained by the necessity for any prior knowledge of the
disease, other than the pattern of inheritence of a well-described phenotype in a pedigree of
sufficient informative meioses.
Subtractive and differential hybridisation techniques are somewhat intermediate. This
approach uses subtractive hybridisation to generate a panel of tissue-specific cDNAs which
are then differentially screened in normal and affected individuals to detect alterations in
mRNA size or levels, or genomic restriction fragment length polymorphisms (RFLPs) which
cosegregate with the disease of interest. This technique has the advantage that novel, tissue-
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Specific transcripts may also be isolated, and that sequence information regarding transcripts
implicated in disease is readily accessible. However, all methodologies use the term 'candidate
gene', therefore some confusion may arise.
In canine genetics, although work is ongoing to generate a map of the genome using
informative (largely di- and tri nucleotide repeat) microsatellite markers (Holmes et al,
1993a, 1993b; Ostrander et al, 1993), coverage and physical mapping of markers is as yet
insufficient to undertake a linkage study of a disease. Additionally, the subtractive/differential
hybridisation approach has not been used to date to investigate canine inherited ophthalmic
disease. In practical usage therefore, the context of the term 'candidate gene' applies to
'forward' rather than 'reverse' genetics.

1.5.1 Definitions of a 'candidate gene'
The term 'candidate gene' has a subtly different definition, depending upon the
context of its use.
In the positional cloning of a disease gene which has been localised by genetic
linkage, and whose physical localisation is being mapped, the term may be used to describe
known genes or expressed sequences which reside in the same region of genomic DNA and
are normally transcribed in the tissue of interest. This presupposes no known biochemical
role for such genes or expressed sequences, although linkage localisations have mapped to
candidate genes whose function is known. Notably, this occurred when a form of autosomal
dominant Retinitis Pigmentosa (adRP) was mapped to chromosome 3q (McWilliam et al,
1989), the localisation for the rhodopsin gene. Subsequently, a mutation was found to
cosegregate with the disease in an adRP family (Dryja et al, 1990). Similarly, gene with a
tissue-specific transcript identified by subtractive hybridisation which appears to hybridise
differentially on normal versus diseased tissue Northern blots, and/or which detects RFLPs
which cosegregate with disease may also be termed a 'candidate gene'.
Alternatively, a 'candidate gene' may also be investigated in situations where a disease
believed to be phenotypically identical in a different species, has been shown to be caused by
one or more mutations in the homologous gene. This situation may arise where biochemical
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information concerning the disease in a given species is imprecise or difficult to obtain. This
may be due to the inability to carry out invasive experiments upon human tissues, for
example. Candidate gene investigations of this type have also proven fruitful in the field of
human ophthalmic genetics, and specific examples will be discussed later (see section 1.6).
Finally, if a biochemical pathway is well characterised, and possibly some information
known as to the biochemical defect present in affected individuals, then the problem of
identifying the 'candidate gene' responsible may be approached from a different direction.
The route taken is to ascertain the DNA sequences encoding the protein or proteins suspected
of being defective in the disease. This can be achieved in different ways.
•

Protein sequencing of the N-terminus and/or cleavage fragments of a protein will
generate information about amino acid sequence and by definition, partial DNA
sequence (only partial due to codon degeneracy).

•

Functional experiments may indicate whether the protein is known to belong to a
family which has a particular structure or function mediated by a previously-defined
region of nucleotide sequence (e.g. homeobox motif, or a zinc finger motif).

In either case, the following avenues may then be pursued:(i) antibodies may be made and used to screen expression cDNA libraries from
normal tissues in which the protein is expressed, or
(ii) degenerate oligonucleotides may be synthesised and used to screen cDNA
libraries and/or amplify target sequences using the polymerase chain reaction
(PCR). PCR products may themselves be used to screen the cDNA libraries.
The cDNAs for these genes may then be sequenced to fully characterise the mRNA
from which they are derived. Since, for a particular species, this information may have
already been gained in the process of analysing the normal protein function, the second and
third approaches are not mutually exclusive.
Therefore, in this context, the 'candidate gene' is a gene suspected of harbouring a
disease-causing or contributary mutation based upon biochemical evidence. The investigation
attempts to show cosegregation of the disease of interest with alterations in the expression
and/or nucleotide sequence of the gene. Such mutations may cause splicing abnormalities.
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frameshifts, introduce amino acid changes, alter the level of transcription, reduce mRNA
stability and/or create stop codons.
For screening purposes, genomic DNA is the nucleic acid of choice for revealing
mutations since it is easy to obtain in large quantities suitable for many separate PCRamplifications (e.g. from a blood sample), and sampling is relatively harmless for the
individual. Additionally, mutations in introns, for example, at splice sites can be detected in
this manner, but for complete screening of a gene a knowledge of intronic organisation and
nucleotide sequence is required. Various techniques are available to do this analysis rapidly,
such as single-stranded conformational polymorphism ((SSCP) Orita et al, 1989),
heteroduplex analysis (Keen et al, 1991), chemical cleavage of mismatches (Cotton et al,
1988) and denaturing gradient gel electrophoresis (Gray, 1992). These methods and others
have been recently reviewed (Cotton, 1993) and serve to target sequencing experiments
towards regions which differ between normals and affecteds.
Since the process of phototransduction is central to photoreceptor biochemistry, then
an alteration in function, or absence of, any of the proteins involved in this cascade might be
expected to alter vision, or even lead to a more serious derangement of cell function, possibly
leading to cell death. A dysfunction at any stage of the cascade might result in alterations at
the effector point of the system. Since the pathway has been so well elucidated, biochemical
and electrophysiological experiments have, in some instances given indications as to the cause
of inherited retinal degenerative disease. Particular examples of this will be discussed later
(sections 1.6 and 1.7). However, since this complex intracellular pathway involves
multisubunit protein interactions, biochemical information may serve to narrow down the
search rather than to implicate a particular gene. Therefore, identification of the precise locus
of an inherited disease has to be genetic.

1.5.2 Phototransduction and other retinal genes which have been cloned
An added attraction of the candidate gene method with respect to photoreceptor
dystrophies is that many of the genes encoding proteins involved in the phototransduction
pathway have already been cloned in different species. At the commencement of this study.
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no canine visual transduction genes had been cloned, but table 1.2 summarises the updated
information.
Other retinally expressed genes which may be involved in disease have also been
cloned, such as those mediating vitamin A metabolism (IRBP and CRBP). The protein irbp is
synthesised by photoreceptors (Porrello et al, 1991) and shuttles retinoids in a lightdependent manner to the RPB where the isomerase required to convert the molecule back to
the cis form is expressed (Carlson and Bok, 1992). Antibody screening of a bovine retinal
expression library first isolated cDNAs which were then used to screen human retinal cDNA
and genomic libraries (Liou et al, 1986 and 1989). Additionally, crbp constitutes the
intracellular component of the retinoid transport system and was also isolated by antibody
screening of a liver cDNA expression library (Colantuoni et al, 1985).
Also available for candidate molecular genetic investigation are the genes encoding
proteins thought to be important in maintaining the structure of the outer segment discs, such
as rds/peripherin (identified by screening a bovine retinal cDNA expression library with
antibodies (Connel and Molday, 1990)), The gene encoding this protein has also been
implicated in photoreceptor degenerations (see section 1.6). Rom-1 is another gene encoding
a putatively structural protein which is homologous to rds/peripherin (55% at the nucleotide
level). Both these proteins can exist as disulphide bonded dimers and it has been suggested
that non-covalent associations occur between the different molecules in the disc membrane.
Rom-1 was cloned using a differential screen of selected retinal cDNA clones to isolate
retinal-specific clones (Bascom et al, 1992).

1.6 Retinal genes implicated in disease
Much is already known about the normal function, expression and nucleotide
sequence of phototransduction and other retinal genes. This will increase as novel retinal
genes at the localisations for X-linked RP, adRP on chromosomes 7p (Ingleheam et al, 1993),
7q (Jordan et al, 1993), 8 pericentromeric (Blanton et al, 1991), 17p (Greenberg et al, 1994),
19q (Al-Maghtheh et al, 1994) and for autosomal recessive RP (arRP) on Iq (van Soest et al.
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Chr.
Species cDNA genomic
cloned structure Local.

Gene

bovine
murine

yes
yes

yes
yes

human
canine
bovine
murine
human

yes
yes
yes
yes
yes

yes
yes
yes
no
yes

bovine
murine
human

no
no
no

4
1

bovine
bovine

yes
no
yes(partial)
yes
yes

no
no

6

murine

yes

no

18

beta

human
bovine

yes
yes

no
no

5q31.2-34
6

gamma

murine
human
bovine

yes
yes
yes

yes
yes
no

5
4pl6.3
19

murine

yes

no

11

human
bovine

yes
yes

no
no

17q21.1
6

murine
human
bovine
human

yes
yes
yes
yes

no
no
no
yes

5
4pl4-ql3

bovine
human
bovine
human
human
bovine
murine
bovine
murine
human
bovine
murine
human

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

no
no
no
yes
no
no
no
no
no
no
no
no
yes

Rhodopsin

Transducin alpha-1

beta-1

gamma
cGNO’ PDE alpha

cGMP-gated chaimel

Arrestin

Rhodopsin kinase
Czümodulin
Recoverin
Guanylate cyclase
GCAP
Phosducin

Pcripherin

6
3q21

3p21

2q24-37

ni-19JI-10

17pl3.1

lq24-32
17
6pl2

Reference
Nathans & Hogness, 1983
Baehr et al, 1988
Al-Ubaidi et al, 1990
Nathans & Hogness, 1984
Petersen-Jones et al, 1994
Yatsunami et al, 1985
Raport et al,1989
Fong, 1992
Sugimoto et al, 1985
Danciger et al, 1990c
Fong et al, 1987
Blatt et al, 1988
Tao et al, 1993
Ovchinnikov et al, 1987
Gallagher et al, 1992
Baehr et al, 1991
Danciger et al, 1990a
Pittler et al, 1990
Lipkin et al, 1990
Gallagher et al, 1992
Bowes et al, 1990
Collins et al, 1992
Ovchinnikov et al, 1986
Gallagher et al, 1992
Tuteja and Farber, 1988
Danciger et al, 1989
Tuteja et al, 1990
Kaupp et al, 1989
Gallagher et al, 1992
Pittler et al, 1992
Pittler et al, 1992
Wistow et al, 1986
Yamaki et al, 1990
Ngo et al, 1992
Lorenz et al, 1991
Fischer et al, 1988
Ray et al, 1992
Mununaki et al, 1992
Shyjan et al, 1992
Palczewski et al, 1994
Palczewski et al, 1994
Kuo et al, 1989
Groshan et al, 1993
Abe et al, 1990
Comiell & Molday, 1990
Travis et al, 1989
Travis et al, 1991
Kajiwara et al, 1991

Table 1.2. Rod phototransduction genes wliicli have been cloned in various mammalian species.
Chr. Local. = chromosomal localisation
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1994) have been cloned. Autosomal recessive RP on 4pl6 will be discussed in Chapter 4.
However, the role of certain known genes in human and murine disease has been discovered.

1.6.1 Rhodopsin
No naturally-occurring animal models have yet been identified as possessing
mutations in the rhodopsin gene, yet investigation of human RP has revealed a wealth of
different defects (reviewed by Al-Maghtheh et al, 1993).
The interest in the rhodopsin gene was first stimulated by a report that adRP in a
family was closely linked to a marker locus, C17 (D3S47) on chromosome 3q at which
rhodopsin was known to map (McWilliam et al, 1989). The first report of a rhodopsin
mutation which cosegregated with disease was a C to A transversion which altered residue 23
from a conserved proline to histidine (Dryja et al, 1990a). This opened the floodgates for a
vast amount of candidate gene investigation of rhodopsin in many different RP families. This
proved to be extremely fruitful, with 47 mutations having been identified in adRP to date (AlMaghtheh et al, 1993, 1994; Table 1.3). In all, rhodopsin mutations account for about 30%
of adRP cases (Dryja et al, 1991).
These mutations are spread throughout the gene, with no apparent clustering in any
region. No single mutation has been found to account for a large portion of disease: despite
the fact that the Pro23His change is responsible for approximately 12% of adRP in the USA,
it is not present in Europe (Dryja et al, 1990b).
Clinically, most rhodopsin RP shows a diffuse (D-type) pattern (Lyness et al, 1985),
with relatively early initial rod loss followed by cones (Type-1, Massof and Finkelstein,
1981). Some patients have sector RP where the classical bone spicule pigmentation is seen but
visual field loss consistently occurs only in one or two quadrants in a given family, usually
inferior nasal (Berson and Howard, 1971). The latter phenotype tends to be associated with
mutations in the first exon at codons 58, 106 (Al-Maghtheh et al, 1993) and 23
(Heckenlively et al, 1991) although Berson and coworkers, (1991) found a more variable
phenotype for the codon 23 mutation. This tendency may merely reflect the individuals
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Exon
1
1
I
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
4
4
4

4
5
5
5
5
5
5
5

Codon
4
17
23
23
28
45
46
51
51
53
58
68-71
87
89
90
106
106
110
125
135
135
135
167
171
178
181
182
186
188
190
190
190
211
220
222
249
255/'256
267
296
340-348
341-343
344
345
347
347
347

Sequence change
ACA-AAA
ACG-A1PG
CCC-CAC
CCC-CTC
CAG-CAC
TTT-CTT
CTGCGG
GGC-GTC
GGC-CGC
cec-C G c

ACG-AGG
delrCTGCGCACGCCT
GTC-GAC
GGT-GAT
GGC-GAC
GGG-TGG
GGG-AGG
TGC-TAC
CTG-CGG
CGG-OT
CGG-TGG
CGG-GGG
TGC-CGC
CCA-CTA
TAC-TGC
GAG-AAG
GGC-AGC
TCG-CCG
GGA-AGA
GAC-GGC
GAC-AAC
GAC-TAC
CAC-CCC
m-TGT
TGC-CGC
GAG-TAG
ATC-del
CCC-CTC
AAG-GAG
42bp-det
8bp-del
CAG-TAG
GTG-ATG
CCG-CTG
CCG-TCG
CCG-CGG

Amino acid change

Reference

Thr-Lys
Thr-Met
Pro-Hi*
Pro-Leu
Gin Hb
Phc-Leu
Leu-Arg
Gly-Val
Giy-Arg
Pro-Arg
Thr-Arg
delieu-Arg-Thr-Pro
Val-Asp
Giy-A^)
Giy-Asp
Gly-Trp
Gly-Arg
Cys-Tyr
Leu-Arg
Arg-Lcu
Arg-Trp
Arg-GIy
Cys-Arg
Pro-Leu
Tyr-Cys
Glu-Lys
Gly-Ser
Ser-Pro
Gly-Arg
A^)-Gly
Asp-Asn
Asp-Tyr
His-Pro
Phc-Cys
Cys-Arg
Giu-stop
Ue-del
Pro-Leu
Lys-Ghi
8 a.8L-del
2a.a.-del and firameshift
Gln-stop
Val-Met
Pro-Leu
Pro-Ser
Pro-Arg

Gat et aL, unpublished
Sung et a l, 1991a
Diyja et al, 1990a
Dryja et ai, 1991
Gal et al., unpublished
Sung et ai, 1991a
Rodriguez et ai, 1993
Dryja et al., 1991
Dryïa et aL, 1992
Inglehearn et ai, 1992
Dryja et ai, 1990b
Keen et al.. 1991a
Sung et al, 1991a
Sung et al, 1991a
Sieving et al., 1992
Sung et al, 1991a
Inglehearn et al, 1992
Dryja et al., 1992
Dryja et al., 1991
Sung et al., 1991a
Sung et al., 1991a
Gai et aL unpublished
Dryja et al., 1991
Dryja et al. 1991
Sung et al., 1991a
Diyja et al., 1991
Sheffield et al., 1991
Dryja et al, IW l
Dryja et al, 1991
Sung et al., 1991a
Keen et al., 1991a
Stone et al., personal communication
Keen et al., 1991a
Gai et aL unpublished
Gal et al., unpubüshed
Rosenfeld et al, 1992
Inglehearn et ai, 1991
Sheffield et al, 1991
Keen et al. 1991a
Restango et al. 1993
Gai et zi. personal communication
Sung et al, 1991a
Dryja et al, 1991
Dryja et al, 1990b
Dr^a et al., 1990b
Gai et al.. 1991

Table 1.3 The spectrum of rhodopsin mutations which cosegregate with disease
phenotype in adRP. del. = deletion, a.a, = amino acid. Data and references from
Al-Maghtheh et al, 1993.
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Studied, as a mutation at codon 190 also showed a sectorial RP phenotype (Fishman et al,
1992).
Other notable specific mutations are at lysine 296 (the 11-czj retinal attachment site)
which gives rise to a constitutively active rhodopsin (Robinson et al, 1992), severe phenotype
(Keen et al, 1991a) and Gly90Asp which also activates rhodopsin (Rao et al, 1994) but is
associated with congenital complete nyctalopia. The difference lies in the fact that, although
both opsins are active without retinal, the Gly90Asp mutant is able to bind it when present, but
in the dark, the proportion of native, (active) opsin is great enough to markedly elevate the
dark-adapted threshold, but not, apparently, to lead to cellular degeneration (Rao et al, 1994).
The cell biology of some of the different mutations has been studied. Thirteen of the
mutations listed in Table 1.3 have been expressed in cell culture and assayed for rhodopsin
yield, ability to regenerate by binding l l - m retinal and subcellular localisation (Sung et al,
1991). Mutant rhodopsins could be divided into two classes, one of which was essentially
wild-type in character, whilst the other. Class II accumulated to significantly lower levels,
regenerated variably, or not at all with retinal and was inefficiently transported to the plasma
membrane.
The Class I types represented extreme C-terminal mutants along with a conservative
Phe45Leu and possible pathogenic mechanisms were not revealed by this study. However, the
Class II mutants can be further subdivided into groups that are predominantly intracellular
(Ila) and another, showing significant cell surface localisation. This has led to the hypothesis
that certain mutant proteins do not fold properly and do not get transported from the
endoplasmic reticulum, particularly for mutations near CysllO and C ysl87 which are
proposed to disrupt disulphide bond formation. Other mutations causing changes in charge
and hydrophobicity in intradiscal and transmembrane domains might theoretically affect disc
membrane-spanning conformation.
The relationship of this classification to phenotype is unclear. Pro23His has been
reported to show a sectorial phenotype (Heckenlively et al, 1991), yet it is grouped in the
same class (II), as mutants which cause Type 1 RP. The rest of the Class I mutants generally
cause Type 1 RP as well, although the individual phenotypes do appear to be variable (Fitzke
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et al, 1991). A more thorough, prospective correlation of mutation with phenotype and more
detailed experimental cell biology are required to clarify this relationship between cellular
localisation and clinical disease. A more direct aetiological link between certain rhodopsin
mutations and transducin activation was found for expressed rhodopsins harbouring
mutations at locations in the cytoplasmic domains. The proteins which bound 11-cfj retinal
were spectroscopically normal but failed to activate transducin (Min et al, 1993).
In order to gain more knowledge about the rhodopsin mutations, and presumably to
test therapeutic options, various artificial mouse models have been, and are being developed.
For example, two lines of Pro23His transgenic mice have been generated (Olsson et al, 1992,
Naash et al, 1993). Overexpression of mutant rhodopsin from the transgenes appears to lead
to retinal degeneration in either case, in agreement with the hypothesis that presence of an
abnormal opsin is sufficient to cause disease, but the kinetics of mutant opsin expression may
differ from that of a mutation in one allele of the endogenous gene. Another departure from
the naturally-occurring rhodopsin mutants is that one of the lines of mice had additional
transgenic mutations in order to detect the presence of the mutant protein (Naash et al,
1993). Although the phenotype appeared to mimic Pro23His adRP, this model might not be
considered to be a truly accurate murine counterpart. Despite their obvious merit, these are
not naturally occurring retinal dystrophies and they do not apply to recessive disease, where
both alleles of the endogenous gene of interest would have to be knocked out before
introduction of the transgenic mutant copy.
Autosomal recessive RP is also included in the catalogue of rhodopsin mutants. A
nonsense mutation at codon 249 which is a functional null mutation, has been identified in a
single patient (Rosenfeld et al, 1992). However, a Gln64Ter mutation, presumed also to be
null has been found in a family with adRP (Macke et al, 1993). Another report has
implicated an Glul50Lys missense mutation as a cause of arRP due to a proposed inability of
this cytoplasmic loop to activate transducin, since this region of the opsin is important for that
function normally (Kumaramanickavel et al, 1994).
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Recently, a heterozygous missense mutation (Ala292Glu) was suggested to be
causative of congenital stationary night blindness in a single patient, but the rest of the family
was not available for analysis, so a formal characterisation associating this allele with disease
was not possible (Dryja et al, 1993). It is possible that this patient represents the early
predegenerate stage of a form of RP.

1.6.2 Cyclic GMP phosphodiesterase beta subunit
In 1974, the first abnormality of cyclic nucleotide metabolism in an animal with an
inherited retinal dystrophy was documented (Farber and Lolley, 1974). They found an
abnormally high concentration of cGMP in the rd (retinal degeneration) mouse (C3H) retina
in the early postnatal period after day 6 of development.
The rd mouse retina never fully develops, so that at postnatal day 10, the rod outer
segments are abnormally arrested in their elongation and then they prematurely degenerate in
the second and third weeks (Fletcher et al, 1986). As such, this represents a dysplasia rather
than a true degeneration, like several of the canine GPRAs (see Table 1.4), two of which are
discussed in section 1.7.3. Cones are not initially arrested in development and continue to
survive for many months (Carter-Dawson et al, 1978).
In the normal mouse, cGMP levels increase by approximately 10-fold as outer
segments elongate (Fletcher et al, 1986) since about 90% of the cGMP is located in the
mature outer segment layer (Orr et al, 1976). In affected mice, cGMP levels are increased
from day 6 and are substantially elevated by postnatal day 10 (see Figure 1.4), despite a low
guanylate cyclase activity (Fletcher et al, 1986). This was found to be due to a defective
cGMP phosphodiesterase (PDE) activity which was present before any of the morphological
abnormalities could be distinguished (Farber and Lolley, 1976).
Although irbp synthesis (Smith et al, 1992) and retinal opsin levels are normal until
the commencement of degeneration, a defect in rhodopsin phosphorylation was discovered in
the developing rd retinas from day 9 onwards. It is possible that a defect in phosphorylation
would reduce PDE actvity but detection of this functional difference was only possible at a
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Figure 1.4a. Cyclic GMP content of control and mutant
mouse retinas. Each point on the graph represents
pooled values from 2 to 5 samples whose agreement
varied by less than 15%. Data from Fletcher et al, 1986.
The key is given on the graph.
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Figure 1.4b. Cyclic GMP PDE activity of control and
mutant mouse retinas. Substrate concentration was
50/fM. Each point on the graph represents the mean
of 3 samples whose agreement varied by less than 15%.
The key is given on the graph. Data from
Fletcher et al, 1986.
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Stage subsequent to the decrease in cGMP hydrolysis, so the question of cause or effect
remained unresolved at this time (Shuster and Farber, 1986).
Experiments performed directly on the PDE enzyme were to provide further data. In
affected mice, no in vitro enzyme activity with, or without normal sedimentation
characteristics was identified. Also, no immunoreactivity to a monoclonal antibody specific
for the normal outer segment active enzyme could be detected (Lee et al, 1988). Further
studies using polyclonal antibodies demonstrated the presence of im m u n o reactiv e
polypeptides, with different (slower) sedimentation characteristics to that of normal, agematched mice. There was a delayed appearance and then a reduction in the intensity of PDE
a and 6 subunits (pdea and pdeb) which comigrate at about 88 kDa on SDS polyacrylamide
gels, over the phase of photoreceptor degeneration. The y subunit was below the detection
limit even in normal retinae (Lee et al, 1988). Immunoprécipitation showed that synthesis of
PDE in rd mice (measuring the cross-reactive, comi grating pdea and pdeb) appeared to
commence at a normal time until photoreceptor degeneration began, after which it decreased.
The more sensitive technique of radioimmunoassay showed that at all stages, the amount of
PDE present was actually less than controls and that this might imply an increased PDE
degradation due to a specific, enhanced proteolytic activity. However, the relative contribution
of pdea and pdeb to the lack of synthesis, or to the increased amount of PDE degradation
could not be measured.
At this point, approaches diversified and two molecular genetic strategies were
responsible for the identification of the disease gene. A subtractive hybridisation approach
generated photoreceptor specific clones from rd/+ retinal cDNA subtracted with
photoreceptorless mature rd/rd retinal driver cDNA which had been biotinylated. One of
these clones, zr.408 hybridised differentially to predegenerate rd RNA on northern blots,
mapped to the same murine chromosomal location as the disease, and detected restriction
fragment length polymorphisms in affected and heterozygous mice (Bowes et al, 1989;
Danciger et al, 1990b). Sequence comparison of zr.408 with bovine PDE subunits indicated
greatest homology with pdeb (Bowes et al, 1990), whilst pdea and pdeg were mapped to

30

Introduction

locations on chromosomes 18 and 11 respectively, both unlinked with the disease (Danciger
et al, 1989, 1990a)
A mutation was first discovered, however, by a group using a candidate gene
approach who had started to screen each of the PDE subunits. They found a C to A
transversion which created a premature stop codon in exon 7 (Tyr347X), resulting in a
theoretical truncation of the protein which would remove the active site (Pittler and Baehr,
1991). In addition, a murine retrovirus Xmv-28, has been mapped to the first intron of pdeb,
is specifically present in 11

strains of mouse tested and recent work has shown that it is

retinally transcribed. It has been proposed that this contributes to the rd phenotype based
upon precedents set by insertion of murine retroviruses into introns at the 5’ end of other
genes (Bowes et al, 1993). This requires clarification, but the fact that pdeb is defective
genetically was confirmed by the rescue of the phenotype in rd mice expressing a transgenic
normal bovine pdeb cDNA (Lem et al, 1992).
In terms of human disease, all 22 exons of pdeb have been screened by SSCP analysis
in 14 patients from 13 unrelated autosomal recessive RP (arRP) families and no diseasecausing mutations identified. Intronic and exonic polymorphisms were used in segregation
analysis to exclude linkage of PDEB with arRP in a further family (Reiss et al, 1992). The
search for mutations in PDEB in arRP and simplex RP is however, far from complete and
more recent, significant discoveries will be discussed in Chapter 4.
Autosomal dominant RP should also be considered. Although no mutations have
been reported in PDEB in adRP patients, a detailed biochemical study of a 17-year-old donor
revealed elevated cGMP and reduced cGMP PDE activity (Farber et al, 1987). Although this
does not implicate PDEB, or the PDE holoenzyme itself, it is suggestive of a similar
biochemical and perhaps, genetic lesion to the rd mouse and to the rcd-1 Irish setter which is
discussed later (see section 1.7.3.1).
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1.6.3 Rds/peripherin and Rom-1
The rds/peripherin gene plays an important role in retinal dystrophies of mice and
man, where mutations give rise to a startling range of phenotypes. The rds (retinal
degeneration slow) mouse will be discussed first for historical reasons.
The rds model is an example of a dysplasia in which photoreceptors appear never to
develop outer segments and where cell loss is comparatively slow, commencing at 14-21
postnatal days, taking about a year to complete. At a time when normal outer segments are
elongating, free-lying, membrane-bound vesicular bodies accumulate in the 'outer segment'
layer, and the RPE appears full of ingested material. The photoreceptor cilium is the only
persisting outer segment structure. Most photoreceptor nuclei remain intact for weeks, then
gradually degenerate (Sanyal et al, 1980; Sanyal and Jansen, 1981; Cohen, 1983).
Cyclic GMP levels and PDE activity are reduced in rds homozygotes and intermediate
in heterozygotes (Sanyal et al, 1984; Fletcher et al, 1986). This is probably due to the
reduction in outer segment material present, which would agree with findings that rds is not
an autosomal recessive trait, but appears to be double dominant (Hawkins et al, 1985).
Phenotypic expression has been shown to be dose-dependent, with heterozygotes having
retarded outer segment development with disarrayed whorls of outer segment discs, reduced
incorporation and scleral displacement of pH]-leucine, RPE phagosomes of abnormally large
size with altered turnover are also present and a very slow loss of photoreceptors occurs
throughout life (Hawkins et al, 1985).
Subtractive cloning and differential hybridisation techniques identified a
photoreceptor specific gene with aberrant expression in rds retinas, which mapped to murine
chromosome 17, along with the disease and which contained a large exonic insertion (Travis
et al, 1989). This sequence was found to be the murine homologue of peripherin which was
isolated from a bovine retinal expression library and immunolocalised to the rim region of
photoreceptor outer segment membranes (Connell and Molday, 1990). The protein exists as
disulphide-linked dimers and is thought to play a role in maintenance of the disc structure
(Connell et al, 1991). Formal proof that the rds phenotype is caused by this genetic lesion
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was provided by a complete rescue of the degeneration in rds/rds mice transgenic for the
normal rds/peripherin cDNA (Travis et al, 1992).
The first reports of mutations in the human RDS/peripherin gene revealed a 3 bp
deletion at codon 118 or 119 (Farrar et al, 1991) another 3 bp deletion of codon 219, a T to
C transition causing Pro216Leu and a C to T transition causing Leul85Pro (Kajiwara et al,
1991). All of these caused adRP and since then, other mutations have been described in adRP
patients (Farrar et al, 1992; Wells et al, 1993; Griining et al, 1994). The number of mutations
reported in this gene, like rhodopsin, is still expanding.
The fascinating aspect of the RDS/peripherin mutation spectrum is that it has also
been responsible for adult vitelliform macular dystrophy (possibly a null allele, like the rds
mouse (Wells et al, 1993)), butterfly-shaped pigment dystrophy of the fovea (Nichols et al,
1993), autosomal dominant retinitis punctata albescens (which is also a possible null allele,
(Kajiwara et al, 1994)), adRP associated with bull's eye maculopathy (Kikawa et al, 1994),
autosomal dominant cone-rod degeneration (Nakazawa et al, 1994) and retinal pattern
dystrophy (a 4 bp insertion which causes a premature termination - possibly a null allele
(Keen et al, 1994)). Thus, it appears that certain mutations, all of which could be null alleles,
result in distinct phenotypes, whilst others preferentially affect either rods or cones, or both in
the case of concurrent adRP and maculopathy.
The apparent selectivity of these mutations might be reflected in slightly different
interactions between RDS/peripherin and structural proteins which are specific to either rods
or cones. Evidence that such an interaction does occur in rods has been uncovered in three
RP families in which the inheritence pattern has been termed 'digenic'. Affected individuals
carry a Leul85Pro allele of RDS/peripherin and one of two single bp deletions in the ROM-1
gene. The former may be recessive or just a polymorphism which is nonpathogenic even in
the homozygous state, but disease results when in combination with the latter null mutation.
These two genes are unlinked genetically but their proteins interact in normal photoreceptors.
Such non-complementation has not been previously described for a retinal dystrophy
(Kajiwara et al, 1994). Investigations into other human and animal hereditary retinal
dystrophies may reveal other examples of this form of inheritance.
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1.7 Canine retinal dystrophies
The part that retinal genes play in human and murine disease is obviously significant
but in canine retinal dystrophies, this question remains largely unanswered. Although some
biochemical evidence exists to implicate certain groups of genes, in particular breeds of dog,
no candidates have yet been shown to mediate disease. The clinical, electroretinographic and
biochemical details have been reviewed (Millichamp, 1990; Curtis et al, 1991).

1.7.1 Classification of canine Generalised Progressive Retinal Atrophy
Retinal degenerations in dogs were first reported in the Gordon Setter in Sweden by
Magnusson in 1911, at which time the similarity to the Retinitis Pigmentosa complex in
humans was noted. Subsequently, canine retinal degenerations have been classified under the
collective term Progressive Retinal Atrophy. The addition of 'generalised' is to distinguish the
autosomal recessive primary photoreceptor diseases from the recently described X-linked
PRA (XLPRA, Acland et al, 1993), retinal pigment epithelial dystrophy, lipid retinopathies
and retinopathies which have remained unclassified due to a lack of detailed investigation
(Millichamp, 1990). Generalised Progressive Retinal Atrophy (GPRA) is further subdivided
into photoreceptor dysplasias and degenerations, which are summarised in Table 1.4, along
with some of the salient clinical features demonstrating the phenotypic heterogeneity of the
disease group. It must be noted that GPRA is not exclusive to those dogs cited in the table and
can be found in many different breeds. All result in eventual blindness, showing the typical
clinical features of tapetal hyperreflectivity and retinal vascular attenuation of late stages of
disease depicted in Figure 1.5.
XLPRA has been confirmed in its pattern of inheritance and represents the only
naturally-occurring animal model for X-linked RP (XLRP). Ophthalmoscopic evidence of
GPRA is detected by 18 months of age in affected males, with some patchy disease evident in
obligate heterozygous females. At the light and electron microscopic level, there is shortening
of rod and cone inner segments and rod outer segments in affected males less than 1 year old,
along with rod nuclear pyknosis and ectopic photoreceptor nuclei in the interphotoreceptor
matrix (Acland et al, 1993). The ERG of affected males has been characterised, with

34

BREED
Photoreceptor dysplasias
Irish setter
Collie
Norwegian elkhound
Norwegian elkhound
Miniature schnauzer
Belgian shepherd

OJ

U\

Photoreceptor degenerations
M iniature/Toy Poodles
English Cocker Spaniel
American Cocker Spaniel
Labrador retriever
Tibetan terrier
M iniature longhaired
dachshund
A k ita
Samoyed

DISEASE

ONSET OF NYCTALOPIA

ONSET OF FUNDUS
ABNORMALITIES

Rod/cone dysplasia type 1
Rod/cone dysplasia type 2
Rod dysplasia
Early retinal degeneration
Photoreceptor dysplasia
Unclassified

6 weeks
6 weeks
6 weeks
6 weeks
6-12 months
Blind by 8 weeks

3-4 months
3-4 months
5 months
6 months
1-2 years
11 weeks

6 weeks
6 weeks
6 weeks
6 weeks
8 weeks
4 weeks

prcd
prcd
prcd
prcd
Progressive Retinal A trophy

3-5
3-5
3-5
3-5
1-2

3-5 years
3-5 years
3-5 years
3-5 years
12-18 months

10 months
12 m onths
?
?
10 months

5-7 months
5-18 months
2-4 years

4 m onths
10 m onths (usually)
16-24 m onths

years
years
years
years
years

Progressive Retinal A trophy 6 months
Progressive Retinal A trophy 1-3 years
Progressive Retinal A trophy 3-5 years

ERG DIAGNOSTICALLY
INFORMATIVE

Table 1.4. A sum m ary of the different canine generalised progressive retinal atrophies and their salient clinical features.
Nyctalopia = night blindness; ERG = electroretinographic. Clinical features in individuals of a given breed m ay vary
from the values given. Data from Curtis et al, 1991.
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\ . Fundus photograph o( a norm al do^. Note
the lighter area above the optic nerve head,
rhis is the tapetal Inndns of norm al
reflectivity and with retinal l)lood vessels
of norm al calibre. I be d ark er area at the
bottom is the non-tapetal fundus.

b. I' undus photograph of a PRA-aftected dog ii
a fairly advanced stage of retinal degeneration.
The tapetal fundns is hyperreflective due to a
thin retinal covering, the blood vessels are
attenuated and there is pallor of the optic
nerve head.

Figure 1.5 Fundus photographs of a norm al (A) and PRA-affected dog (m iniature
longhaired dachshund. B) illustrating the principal ophthalm ic clinical features
of retinal degeneration hich are common to the disease in dilTerent breeds.
From C urtis and B arnett. 1993.
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decreases in rod and cone amplitudes detected at between 6 and 12 months. Cone latencies
are also reduced at this time. The decline progresses steadily over the next 6 months after
which, responses deteriorate rapidly (Aguirre and Acland, 1994). RFLP mapping has only
excluded the Duchenne Muscular Dystrophy locus to date, using cross-hybridising probes
(Hershfield, et al, 1994) but it will be interesting to see which, if any of the human XLRP loci
are implicated in this canine model.
The dysplasias are diseases in which there is abnormal photoreceptor development in
the early postnatal period (see section 1.2) followed by subsequent cell degeneration which
eventually encompasses the inner retinal layers. Degenerations occur after the photoreceptors
have achieved morphological and functional maturity.
Certain of the GPRAs will be discussed: those that have been have been extensively
characterised both clinically, ultrastructurally and in some cases, biochemically, and which
may be homologues of the human and murine dystrophies already characterised. The later
onset diseases will be discussed first, since
(i) they are the least well-defined biochemically, and
(ii) two of them are kept as breeding colonies for research in the UK.
The dysplasias contain examples of disease where phenotypic and biochemical
evidence have revealed similarities to certain of the murine retinal dystrophies.

1.7.2 Photoreceptor Degenerations
1.7.2.1 Progressive Rod-Cone Degeneration
In the breeds in which these diseases have been well-defined clinically a n d
electroretinographically, crossbreeding experiments have demonstrated that they have a
common locus, termed Progressive Rod-Cone Degeneration (prcd) (Aguirre and Acland,
1988, 1989). The phenotype was first investigated in the Miniature (and Toy) Poodle as a
recessively inherited condition (Barnett, 1965). The clinical scenario is one of night blindness
between 3 and 5 years, at which point ophthalmoscopic signs such as tapetal hyperreflectivity
and retinal vascular attenuation are already present. This contrasts with the dysplasias, where
night blindness usually preceeds the ophthalmoscopic signs. Prcd then progresses to optic
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hypertrophy/hyperplasia creating pigmented spots between the lighter areas. Most dogs
develop posterior subcapsular cataracts which progress to maturity. Blindness is complete by
5-6 years of age (Aguirre et al, 1982; Barnett, 1965b).
Crossbreeding experiments demonstrated that the disease in the poodle is allelic with
the forms of PRA seen in English and American cocker spaniels (Aguirre and Acland, 1988)
and also in Labrador retrievers (Aguirre and Acland, 1991). The age of onset is considerably
more variable than the dysplasias, both within and between breeds which may indicate that
there are allelic mutations at the same locus, or that the disease expression is altered in
different genetic backgrounds. This is seen particularly in relation to the phenotype in
English cocker spaniels where the onset of disease is later, less severe and has a slower and
more variable time course. Interestingly, the disease seen in the affected progeny o f
spaniel/poodle matings was indistinguishable from that seen in poodles (Aguirre and Acland,
1988).
There is regional, retinal variation in disease severity in prcd heterozygote poodles,
with posterior polar and equatorial regions preferentially affected early on with peripheral
spread later in the disease. Leucine and fucose incorporation into opsin are normal in the
very early stages of the disease but abnormally slow band displacement, representing a 4358% reduction in outer segment renewal rates were found in predegenerate prc<i-affected
rods. This is the earliest detectable abnormality and is present by 14.5 weeks, at which time
the ERG may, or may not appear normal. This is probably due to phenotypic variability
within the breed (or to different anaesthetic regimes known to affect the ERG). As a normal
outer segment length is maintained in predegenerate rods, then disc shedding and
phagocytosis by the RPE must be concomitantly reduced. Under electron microscopy, the
rod, then cone outer segments become irregular, then shortened and disorientated, suggesting
ruptures of, and damage to the cell membrane. A critical point appears to be reached where
the disorientated rod outer segments appear unable to maintain their length. They then
shorten rapidly, generating vesicular profiles in the interphotoreceptor matrix, and progress to
inner segment degeneration with nuclear pyknosis and phagocytic cell invasion (Aguirre et
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al, 1982; Aguirre and O'Brien, 1986). Variation of phenotype with breed exemplified by
English cocker spaniels also occurs at the electon microscopic level, with fewer vesicular
profiles present (Aguirre and Acland, 1988).
No abnormalities in cyclic nucleotide metabolism have been detected (Acland et al,
1980). The IRBP was investigated for abnormalities, but its loss only occurs secondary to that
of photoreceptor inner segments (Wiggert et al, 1991). Biochemical investigations then
focussed upon opsin.
Microspectrophotometry and retinal extraction studies on opsin from prcd-affected
and normal poodles showed that the absorption spectra were the same (peak absorption at
506nm wavelength) as was the amount of pigment extracted per eye. Apparent changes in
distribution were secondary to the degenerative process (Parkes et al, 1982). Further
investigations of opsin mRNA in situ and immunoreactivity showed that, in intact,
predegenerate cells, opsin transcription and translation is normal. There is a decrease in opsin
transcription and loss of immunoreactivity in cytoplasmic domains once degeneration begins,
but before cell death, possibly indicating a generalised cellular dysfunction as it coincides
with the 'critical point' after which outer segments rapidly shorten (Huang et al, 1994).
Imaging fundus reflectometry confirmed the presence of a spectrally and
functionally normal opsin which decreases in amount in when photoreceptors begin to
degenerate (at 1.1 years of age). As well as emphasising the variation in retinal expression of
phenotype both within and between animals, this study did reveal an intriguing piece of data.
Heterozygotes are clinically normal and have normal ERGs, but pigment levels measured in
the central 25® of the retina were lower than control normal dogs (Kemp and Jacobson,
1992). This raises the possibility that although overt disease is inherited in a recessive manner,
heterozygotes are not entirely normal. A previous report has documented fluorescein
angiographic abnormalities in poodle prcd heterozygotes with normal ERGs (Koskinen et al,
1985).
Differences in photoreceptor function have also been observed in rds mouse
heterozygotes (Hawkins et al, 1985) whilst mutations in the human rds gene are known to
cause adRP (Farrar et al, 1991; Kajiwara et al 1991). Additionally, both intra- and inter
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family variation is observed in RP (Berson, 1976), all of which would make prcd a good
model for human inherited retinopathies. Investigation of this disease may therefore benefit
from a candidate gene approach at this stage and the possibility that the same gene is involved
in GPRA is currently under investigation (Petersen-Jones and Sargan, p e rs o n a l
communication).
Subsequent to the discovery of abnormal plasma levels of polyunsaturated fatty acids
in some humans with RP (Converse et al, 1983; Bazan et al, 1986; Anderson et al, 1987),
prcd miniature poodles were also investigated.
In particular, plasma docosahexaenoic acid (DHA) is reduced in humans, in affected
poodles (Anderson et al, 1991a) and also in Abyssinian cats with autosomal recessive PRA
(Anderson et al, 1991b). DHA is a 22:6n-3 essential fatty acid (FA) which comprises
approximately 50% of the FAs in the rod outer segment. In the affected poodles, plasma
levels of some precursor fatty acids are elevated, whereas no discrepancy is observed between
normal and rcd-1 affected Irish setters (Anderson et al, 1991a). Other workers did, however
find abnormalities in arachidonic acid (20:4n-6) and DHA in affected setters (Bazan et al,
1985; Birkle et al, 1985), so the specificity of this phenomenon in the poodle is unclear.
Initial studies implicated a A4-desaturase enzyme present in the liver as a candidate
gene, since neither normal nor affected retinae appeared to convert intravitreally injected
precursor linolenic acid (18:3n-3) and were therefore assumed to be dependent upon
circulating DHA released from the liver (Wetzel et al, 1990). However, in vivo studies of rat
liver function have implicated a different pathway for the conversion of 22:5n-3 to DHA
which does not involve that desaturase (Voss et al, 1991). Therefore, this candidate appears to
have been ruled out.
The most recent work has demonstrated the presence of DHA pathway precursors in
the RPE (Wang and Anderson, unpublished observations cited by Alvarez et al, 1994),
although only 22;5n-3 is found in any amount in the poodle retina. The retina in normal and
prcd affected poodles is able to convert 22:5n-3 to 22;6n-3 but slightly less was converted in
the affected dogs (Alvarez et al, 1994).
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The biological consequences of this ability of the retina to convert 22:5n-3 to 22:6n3 requires further clarification but results indicate that the same enzyme system may be
operating in the retina as in the liver, since identical intermediates are present in both tissues.
This does not rule out the effects of a mutation in a liver-specific enzyme which forms the
major contribution to transporting the DHA necessary to maintain the rod outer segments
from the liver. Indeed, prcd poodles challenged with high levels of dietary DHA have levels in
the liver which are higher than controls (Alvarez et al, 1994). However, the fact that decreased
plasma DHA is seen in prcd, arguably in the Irish setter rcrf-7and in RP conditions known to
have different genetic loci (X-linked RP, adRP for example), makes it appear more likely that
this is a secondary effect of photoreceptor dysfunction rather than a primary cause.
The overall picture for prcd is that it seems to be a good model for human RP, with
temporal, structural and biochemical parallels, but with few good biochemical clues which
would point towards particular candidate genes, as yet. Additionally, this form of PRA is also
very common in the breeds in which it is found, possibly due to the fact that even affected
dogs may not be detected until after they have produced offspring. Continuing research to
identify the genetic locus for this disease is therefore, very important.

1.7.2.2 GPRA in Tibetan terriers
This disease is reported to be widespread in Europe (Curtis et al, 1991) and a small
breeding colony is maintained at the AHT in Newmarket, Suffolk. There is considerable
variation in the onset of clinical signs, even within a single litter but night blindness generally
presents between 12 and 18 months of age, concomitant with peripheral tapetal
hyperreflectivity and granularity. Within a few months, vascular attenuation and mottled
depigmentation of the non-tapetal fundus have commenced, with optic nerve atrophy then
following, over a variable time course of up to 3 years . Posterior cortical cataracts develop
between 4 and 6 years of age (Millichamp et al, 1988).
ERG abnormalities at 10 months show a reduction in rod and cone responses but
later, reflect rod loss, followed by cones. However, isolated, perfused retinas from 9 week-old
affected dogs indicate that transduction kinetics are abnormal at this stage (Millichamp,
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1985). At this time histology shows disorganised rod and cone outer segments with
abnormally long lamellae and vesicular profiles in the interphotoreceptor matrix.
Degeneration of outer segments which follows is almost complete by 8 months of age
(Millichamp et al, 1988).
No candidate genes have yet been implicated. Biochemically, opsin concentrations
measured by microspectrophotometry are normal in 9-10 week old predegenerate affected
dogs (Millichamp et al, 1988), whilst fundus reflectometry shows a decline in a normal opsin
which is secondary to outer segment loss (Curtis and Kemp, 1988). The phototransduction
abnormalities implied by the ERG of isolated retinae do not result in elevation of cGM P
(Millichamp, 1985). It is not known whether or not this disease is allelic with any of the other
PRAs, but the early ERG and morphological changes may indicate a gene which influences
the late stages of photoreceptor maturation.

1.7.2.3 GPRA in Miniature longhaired dachshunds
This condition has only been recently described in the literature and a breeding
colony is maintained at the AHT. Preliminary observations indicate an autosomal recessive
trait (Curtis et al, 1991), the locus of which has not been tested in relation to any of the
known PRAs. Ophthalmoscopic signs are similar to prcd and the Tibetan terrier but the
temporal distribution differs. The onset is relatively early, at 6-12 months with the ERG
remaining relatively unaffected during the first few weeks of life, in contrast to the dysplasias.
Indeed, the ERG shows a normal trace at 10 weeks, but is markedly reduced by 9 months.
Histologically, there is selective rod outer segment attenuation and irregularity by 10.5 weeks
with gross degeneration and cone involvement detectable by 25 weeks (Curtis and Barnett,
1993).

1.7.3 Photoreceptor Dysplasias
Two of these dysplasias will be discussed, as they show significant biochemical
abnormalities which suggest a particular candidate gene approach. Other members of the
disease group shown in Table 1.4 have been characterised clinically and histologically, but
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there is, as yet, no biochemical evidence to implicate particular genes (rd-Aguirre, 1978; erdAcland et al, 1987; pd-Parshall et al, 1991; Belgian shepherd-Curtis et al, 1991).

1.7.3.1 Rod-Cone Dysplasia Type One (rcd~l) in Irish setters.
This disease has been known for many years and was first described histologically by
Parry in 1953 (Parry, 1953b). The ERG features were characterised soon afterwards (Parry et
al, 1955). Later characterisations of the clinical and electroretinographic signs confirmed and
extended the initial findings (Aguirre and Rubin, 1975; Buyukmihci et al, 1980). Briefly,
rcd-1 is inherited as an autosomal recessive trait whose clinical manifestation commences with
night blindness at 6-8 weeks of age and culminates in total blindness by about 1 year. Tapetal
abnormalities on ophthalmoscopic examination appear as an increase in granularity at 3
months, progressing to hyperreflectivity due to retinal thinning between 4 and 6 months when
retinal vessel attenuation commences. At every stage, the disease is more advanced centrally
until the later stages, with tapetal hyperreflectivity being most marked initially around the
optic papilla and edges of the tapetum lucidum. Changes progress peripherally into the non
tapetal fundus (Parry, 1953b; Buyukmihci et al, 1980) and cataracts form in later life (Curtis
et al, 1991)
Rod ERG responses fail to develop at all, whereas cone responses are initially present
though reduced in amplitude and of longer latency at 6 weeks. By 6 months, even these have
disappeared.
In the period of postnatal retinal development (see section 1.2.2), rods never achieve
functional or structural maturity, as their development appears to be arrested. Histologically
their morphology is abnormal from 16 days onwards, with inner segments remaining
diminutive, with short, disorientated and disorganised outer segment discs (Aguirre et al,
1982; Aguirre and Rubin, 1975; Buyukmihci et al, 1980). Intravitreal injection of p H ]leucine from day 16 onwards showed that the morphogenesis of rod outer segments is
defective, as the radioisotope, although present in the inner segments did not even form a
band in the outer segment. This contrasts with the early defect seen in the prcd poodles. Label
did accumulate in RPE phagosomes, underlining the specificity of the rod defecit in early
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disease. There is further shortening of outer and inner segments and pyknosis of nuclei in the
outer nuclear layer (which can be detected as early as day 16 (Aguirre et al, 1982)),
progresses significantly from day 25, leading to a transitory prominence of the remaining
cones before they too degenerate (Buyukmihci et al, 1980). Histological sections are shown
in Figure 1.6.
Up to 16 days old, the time from which development seems to be arrested, opsin
synthesis appears to be normal as does retinal protein synthesis in general when compared to
a 14.5 day old normal Irish setter (Aguirre et al, 1982). Additionally, dysplastic retinas are
able to form phosducin/Tpy complexes in a normal manner, as can rd mice (Lee et al, 1990).
In contrast the initial findings, other groups have detected abnormalities in opsin. A slight
decrease in opsin synthesis and a deficiency in light-dependent opsin phosphorylation have
been observed at days 22-26, prior to cell degeneration (Schmidt et al, 1986). Opsin also
appears to be structurally altered in a fashion which may, in part be consistent with altered
phosphorylation but also with a change in conformation (and proteolytic clipping later on in
the disease). These changes did not affect interaction with transducin (Cunnick et al, 1988)
and as the study was conducted on 4 and 8 week-old affected dogs, the primary or secondary
nature of these changes is open to question.
The failure of normal development and subsequent photoreceptor degeneration has
been associated, like that of the rd mouse, with an abnormal increase in the concentration of
retinal cGMP. From 9-10 days of age, as the outer segments mature, the cGMP levels increase
such that by 3 weeks of age, the levels are 8-10 fold higher than the controls (see Figure 1.6).
The initial increase in cGMP occurs at a time when the morphology of the photoreceptors is
equivalent to that of age matched controls and is the earliest abnormality detectable in this
disease. Heterozygotes have cGMP levels indistinguishable from normal controls (Aguirre et
al, 1982).
The elevation above control levels (up to 10-15 fold) is maintained through the major
phase of photoreceptor degeneration but reduces as the cells die. In the liver, brain and
RPE/choroid which were also studied, there is no measurable increase in cGMP levels,
indicating that the retinal PDF appears not to play a significant functional role in the majority
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of cells in these tissues (Aguirre et al, 1978). However, this does not rule out the possibility
either of expression or functional significance in a subpopulation of the cells in these tissues.
Indeed, the expression of PDEB has been detected in northern blots of different neural tissues
(Collins et al, 1992) and some neurodegeneration has been implied histologically by a
reduction in the number of hippocampal dentate gyrus cells in the brains of rd mice (Wimer
et al, 1991).
Cyclic AMP levels are unaffected in the early stages of the disease and decrease
secondarily to cell loss as time progresses.
In an extension of this work, microdissection studies not only confirmed the
accumulation of cGMP, but also pinpointed the greatest buildup to an abnormal cellular
location, the outer plexiform layer (Barbehenn et al, 1988). This is shown in Figure 1.7.
Although Orr et al, (1976) observed that cGMP increases to 3 times its normal levels
in the rabbit OPL upon prolonged dark adaption (possibly representing a cellular pool for
cGMP or indicating a role in synaptic function), the dogs used in the study were all light
adapted and showed a much larger difference between normal and affected cGMP levels. The
raised cGMP could be caused by increased synthesis or reduced hydrolysis. Guanylate
cyclase activity is normal in affected dogs (Barbehenn et al, 1988) and the accumulation of
cGMP was found to be due to a deficiency in the high-Km value cGMP PDE enzyme activity
localised to the photoreceptors (Aguirre et al, 1978; Liu et al, 1979; Lee et al, 1985).
The exact mechanism of the reduction of PDE activity has remained somewhat
obscure, with one study implicating a reduction in calmodulin 'protein activator' activity in
tandem with the absence of an early postnatal 'switch' to an adult, calmodulin-independent
PDE enzyme as being responsible for the reduced cGMP hydrolysis (Liu et al, 1979). Later
work demonstrated the presence of reduced amounts of an immunologically cross-reactive,
histone-activatable PDE in retinal homogenates from rcd-1 affected setters (and an absence,
in rd mice) (Lee et al, 1985). This indicated that the rod PDE might be normal, but present in
reduced amount or that a mutated and unstable holoenzyme was being produced which was
relatively insensitive to transducin activation. Alternatively, it did not rule out the presence of
a cross-reactive enzyme or compatible subunit(s) from the separate cone cell population
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which could have accounted for the residual activity, but it did focus the site of the
biochemical lesion firmly upon the PDE enzyme complex.
Since this disease shows many similarities to the rd mouse discussed earlier, which
appeared to be caused by mutation of the PDEB subunit (Bowes et al, 1990; Pittler and
Baehr, 1991), and was later confirmed by transgenic rescue of the phenotype (Lem et al,
1992), this made it a strong candidate for investigation in rcd-1 Irish setters.
Just prior to the commencement of the experimental work presented in this thesis,
additional evidence further strengthened this hypothesis. Northern slot blot hybridisations
indicated that PDEB is markedly reduced in affected dogs at postnatal day 12, at which time,
cells are predegenerate and levels of opsin, arrestin, PDEG and T a are normal (Farber et al,
1990).
Insofar as the cellular degeneration is concerned, lectin cytochemical studies
demonstrated that the interphotoreceptor matrix (IPM) appears to be normal in lectin
specificity and distribution early in the disease and only alters structure to mirror the
morphological changes of the dysplastic and degenerating cells. In particular, cone matrix
continues to be produced as long as there is a photoreceptor cell body in the
interphotoreceptor space (Mieziewska et al, 1993). Although the IPM is still produced and
there appears to be no defect in it with regard to its lectin binding properties, cones still
degenerate in a disease where the biochemical lesion appears to be specific to the rods. This
does not rule out the diffusion, through the IPM of chemical signals which may trigger cell
death in cones, but much more work is required to unravel this mystery.

1.7.3.2 Rod-Cone Dysplasia Type Two {rcd-2) in Rough collies
This disease was first described in 1978 by Wolf et al, and shows many similarities to
the other photoreceptor dysplasias rcd-1 and rd. It is inherited as an autosomal recessive trait
which has been shown to be aetiologically distinct from rcd-1 and erd in the Norwegian
elkhound (Acland et al, 1989).
Night blindness is evident by 6 weeks of age and is coupled with a progressive loss in
photopic vision such that affected animals are blind by 6-8 months (Wolf et al, 1978)
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although some residual vision in good illumination may persist for somewhat longer (Curtis
et al, 1991). The typical signs of tapetal granularity progressing to hyperreflectivity are seen
at 3.5-4 months with retinal blood vessel attenuation and optic disc pallor developing over the
ensuing 2 months. The ERG is demonstrably abnormal from 16 postnatal days onwards.
Ultrastructural studies have demonstrated that this, too is a disease which begins as an
arrest in photoreceptor development, characterised by the presence, at day 9 onwards of
absent or very poorly developed outer segments. These segments show a very limited,
retarded, incomplete elongation and by 14-18 days, some rod inner segment and perikaryon
loss had begun. The rudimentary outer segments continue to develop before degenerating
and some were still visible at 3 weeks but these were extremely disorganised and disorientated.
Cones appeared to last longer than rods before cell death, with mainly cone inner segments
and perikarya remaining at 2-2.5 months. Like the setter, the inner layers remained normal
and the cellular changes were present initially in the central retina before spreading to the
periphery with time. In comparison with rcd-1, collies appear to be more severely and rapidly
affected at a given age (Santos-Anderson et al, 1980).
Cyclic nucleotide metabolism was investigated at a biochemical and histochemical
level in affected dogs, which showed a specific abnormal accumulation of cGMP (10 fold that
of controls between 2 and 8 weeks), a reduction in the calmodulin-independent cGMP PDE
activity of 25% and a reduction in the calmodulin levels in retinal homogenates. The increase
in cGMP is shown in Figure 1.6. The retinal cAMP levels remain close to normal throughout
the developmental period, as do the cAMP and cGMP levels in the RPE/choroid complex.
It must be noted that only the the low-K^ PDE activity was tested, which is associated
primarily with the inner layers of the retina and not solely with the photoreceptors (Lolley
and Farber, 1975), but an increase in activity was noted in normal dogs concomitant with
outer segment development, so this appears to reflect an activity present in outer segments.
Histochemical localisation of the outer segment-specific cGMP PDE activity revealed a lower
activity in affected dogs which appeared later than normal postnatally and became absent
when the outer segments were lost. It was not possible to show that a decline in activity
preceded cGMP accumulation as in the Irish setter. Another significant difference to rcd-1
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was that the cGMP PDE present at 45 days appeared to be calmodulin-independent, like that
of normal dogs (Woodford et al, 1982).
This work has not distinguished the contribution of rods and cones to the enzyme
activities measured, but taken at face value, they could be consistent with a homozygously
mutated PDE enzyme which had a reduced efficacy. The high-Km activity specific to rods
needs to be specifically investigated in order to more definitively target a candidate gene.
Alternatively, a solely molecular genetic approach would be to assess the relative levels of
phototransduction gene transcription in predegenerate retinae which may reveal an unstable
message, or to screen pdea, pdeg and possibly T a directly for mutations, the latter since it
may have an altered binding affinity for the PDE subunits or holoenzyme which would affect
cGMP hydrolysis both in vivo and in vitro.

1.8 Mechanisms of photoreceptor cell death
There exists a broad spectrum of inherited retinal dystrophies in animals and man and
the specific localisations of only a few are known. The number of genetic loci is undoubtedly
much larger than the present state of knowledge suggests, yet all appear to result in
photoreceptor cell death characterised histologically as apoptosis, or programmed cell death
(PCD) (reviewed by Gregory and Bird, 1994). In addition, mutations in rod-specific genes
such as rhodopsin cause cone degeneration in the course of the disease (Al-Maghtheh et al,
1994) whilst the question of increased cone suvival in the canine dysplasias rem ains
unresolved. This implies some form of intercellular communication in the initiation of PCD.
What is PCD and how is it mediated?
PCD itself is a physiological process which occurs during embryogenesis and normal
cell turnover (Glucksmann, 1956), its function being to remove cells which are no longer
required or are damaged in such a way as to cause no detriment to the surrounding cells. It
appears that this alternative to cell death by necrosis is regulated genetically (Gerschenson
and Rotello, 1992) and unlike its counterpart, occurs asynchronously in isolated cells..
Apart from the histological features, the event which is thought to kill the cell prior to
membrane-enclosed cell fragmentation, is the irreparable internucleosomal scission of the
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genomic DNA (Schwartzman and Cidlowski, 1993). This produces a ladder of DNA
fragments which are 180-200 bp multimers and can be visualised by agarose gel
electrophoresis and southern blotting. Another method of detection is by visualising the
fragmented strands of DNA in situ using a terminal deoxynucleotidyl transferase mediated
dUTP-biotin nick end labelling (TUNEL) technique followed by avidin-peroxidase staining
(Gavrieli et al, 1992).
These techniques have been used to study photoreceptor loss in rd, rds and transgenic
rhodopsin mutant mice (Chang et al, 1993; Lolley et al, 1994; Portera-Cailliau et al, 1994).
Since PCD is part of normal postnatal retinal development, then it is observed in the first two
weeks. However, in the affected mice, it continued for a varying length of time depending
upon the particular mutation but during a period of photoreceptor cell loss, except that in rds
mice, the loss of photoreceptors continued after the apparent cessation of TUNEL detected
PCD. Despite this finding, it seems as though a final common pathway of PCD is adopted in
these animal models.
PCD may also be triggered by non-genetic insults to RPE and also to photoreceptors,
such as retinal detachment (Cook et al, 1994) and light-damage, respectively. In the latter
model, PCD was inhibited by cycloheximide, flunarizine, aurintricarboxylic acid and partially
by phorbol myristate. These reagents block protein synthesis, calcium channels,
endonucleases and stimulate protein kinase C respectively. This implies important roles for
protein synthesis, calcium regulation and phosphorylation pathways in initiating the pathway
which culminates in DNA fragmentation (Li et al, 1994; Chang et al, 1994).
The addition of a cGMP PDE inhibitor to developing eye rudiments of Xenopus
laevis in culture causes a disruption in normal cell morphology. At increasing concentrations,
developing outer segments became progressively more disorganised and degenerated in
increasing numbers (Lolley et al, 1977). The link between high cGMP and PCD has already
been demonstrated in the rd mouse (Lolley et al, 1994). PCD may also be inextricably
linked, in turn with intracellular calcium levels, since these would be expected to be high in
the presence of high levels of cGMP when the ion channel would be maintained in an open
state (see section 1.3.1). The high cGMP-PCD link may however be an effect peculiar to the

51

Introduction

developing retina, as survival of lumbar motor neurons in chick embryos treated with a cGMP
analogue was greatly promoted (Weill and Greene, 1984).
The genetic events regulating PCD are undoubtedly complex. The events leading to
the induction of the PCD 'machinery' are unclear and in the case of the rd/rd, rds/rds double
homozygote, in which cGMP levels are as high as rd/rd mice but remain so for longer, with a
slower rate of cell loss (Fletcher et al, 1986), the effects of the two mutations appear to be
antagonistic. Using certain photoreceptor transcripts as indicators of cell function, there is
also evidence for the interaction of effects produced by the two mutations (Viczian et al,
1992). Until very recently, little was known about genes mediating cell loss until studies of
Caenorhabditis elegans identified several influential genes, one of which, ced-9, has a known
human homologue, BCL-2 which may be involved in calcium regulation. A number of other
genes have been implicated in various different cell types (Gregory and Bird, 1994). Of these,
the protein products of the clusterin and c-fos genes have been shown to be increased in the
period of cell death in the rd mouse (Wong et al, 1993 and Rich et al, 1994).
Mechanisms of cell loss have not been investigated in any canine PRAs. Histological
evidence suggests that the final mechanism is one of PCD, but the initiation events remain
unstudied.

1.9 Aims of the thesis
The aims of this thesis were to characterise the normal canine cDNA of rod cGMP
phosphodiesterase beta subunit (PDEB) at the nucleotide sequence level, then to screen this
candidate gene for mutations in PRA affected and carrier dogs maintained in breeding
colonies at the Animal Health Trust, Newmarket. A rapid diagnostic test was to be developed
for any mutations which cosegregated with disease in order to identify asymptomatic carriers
or subclinically affected dogs.
In addition, further genomic characterisation of intron/exon organisation and
upstream sequence information was undertaken. It was intended to map the start site of the
major PDEB transcript expressed in the canine retina in order to perform a preliminary
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promoter element characterisation. The final goal of the thesis was to ascertain the tissue
distribution of PDEB expression in normal dogs.

53

Materials and methods

CHAPTER 2: MATERIALS AND METHODS
2.1 Blood S am pling O f AHT B reeding Colony M em bers
Venepuncture into the cephalic vein was carried out using sterile, prepackaged
needles and syringes and 10ml of venous blood was withdrawn. This was placed into a sealed
blood tube containing potassium EDTA and gently agitated to mix the reagent. The samples
were immediately stored at 4^C and then transported at ambient temperature to the laboratory
within 48 hours of sampling and stored at -2CPC awaiting genomic DNA extraction.

2.2 P re p a ra tio n O f Nucleic Acids From Tissue
2.2.1 DNA ex tractio n from whole blood
Individual blood samples (approximately 10ml) were thawed slowly on ice, and their
volumes increased to 25ml with water. Erythrocyte lysis was achieved by incubation with lysis
buffer (25ml) for 30 minutes on ice. Intact lymphocytes were pelleted at 3,500 X g for 15
minutes, and the supernatant reduced to 8ml by aspiration. A further 42ml of lysis buffer was
added to the supernatant on ice for 10 minutes to ensure complete lysis of the erythrocytes.
Intact lymphocytes were pelleted at 3,500 X g for 15 minutes and resuspended in 3ml of
suspension buffer. Overnight rotary incubation with 10% (w/v) SDS and proteinase K
(0.4m g/m l) at 37®C was followed by a further 2 hour rotary incubation at 37^C with 0.6M
sodium perchlorate. The suspension was extracted with an equal volum e of phenol,
phenol:chloroform (1:1, v/v) and twice with chloroform respectively at 5,000 X g. The DNA
in the aqueous layer was precipitated with 3M sodium acetate (0.1 volume) and 100% ethanol
(2.5 volumes). The precipitated DNA which formed on tube inversion was removed with a
sterile needle and washed in 70% ethanol. The DNA was dissolved in an appropriate volume
of TE buffer at 4®C over a period of one to two days. Integrity and yield of genomic DNA
was estimated by electrophoresis (Section 2.4.2) in a 1% agarose gel (EMC, Kodak/IBI).
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2.2.2 Extraction of RNA from tissues
Normal dogs were euthanased by intravenous injection of sodium pentobarbitone and
tissues were immediately dissected out to minimise the risk of RNase mediated degradation.
Small portions (less than 500mg aliquots) of the different tissues were placed into Nalgene
2ml cryo tubes and immediately flash frozen in liquid nitrogen where they remained until
being placed in a -8CPC freezer for long term storage prior to RNA extraction.

2.2.3 General considerations when extracting RNA
Inhibition of endogenous RNases is of primary importance when initially handling
and homogenising the tissue. Therefore, immediate flash freezing and storage at -8(PC
minimise post mortem degradation whilst powerful nuclease inhibitors/protein denaturers
present in the extraction buffers maintain the integrity of the RNA once in aqueous solution.
Subsequently, since physical separation of protein from nucleic acid by various means allows
the RNA to remain intact, reducing the risk of contamination by exogenous RNases assumes
paramount importance. Therefore, during all procedures gloves were worn throughout.
Equipment and solutions used were treated overnight with a 0.1% Diethylpyrocarbonate
(DEPC; Sigma) solution and then autoclaved (with the exception of Tris based solutions
which were made up in pretreated DEPC water). Glassware was baked at 200^C for 2 hours
after autoclaving, whilst plasticware was baked at 12CPC for the same duration. To avoid
cross-contamination of pestles and mortars between batches of samples, they were treated with
DEPC as above and then baked at >210°C for 3-4 hours. Whenever possible, sterile, yirradiated plasticware such as Falcon tubes and pipette tips were used, as these can be assumed
to be RNase free.

2.2.4 Extraction of total cellular RNA
For total RNA extraction, the acid guanidinium thiocyanate-phenol-chloroform
extraction method of Chomczynski and Sacchi (1987) was used. This procedure was used
only upon the first few retinae, with direct poly-(A)'*’ extraction methodologies being used
thereafter. Briefly, retinae from individual eyes were homogenised with 5ml of solution D.
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The homogenate was then transferred to a centrifuge tube and the following were added;
0.5ml of 2M NaOAc pH4, 5ml of phenol, 1ml of chloroform/isoamyl alcohol mixture (49:1,
v/v), and thoroughly mixed. The sample was vigorously shaken for 10 seconds and then
cooled on ice for 15 minutes. The layers were then separated by centrifugation at 10,000 X g
for 20 minutes at 4^C. The aqueous phase was transferred to a fresh tube and mixed with an
equal volume of isopropanol before storing at -20°C for at least 1 hour. The sample was then
centrifuged at 10,000 X g for 20 minutes at 4^C. The resultant pellet was dissolved in 1.5ml
of solution D and 2 volumes of absolute alcohol were added before centrifugation at 10,000
X g for 10 minutes at 4°C. The resultant RNA pellet was washed in 70% alcohol and air dried
before resuspension in an appropriate volume of DEPC water.

2.2.5 Extraction of poly-(A)+ RNA
The method used to isolate poly-(A)"^ RNA directly from up to 100mg of
homogenised tissue involves extraction in a buffered solution containing high concentrations
of a powerful chaotropic agent and nuclease inhibitor (typically guanidinium thiocyanate) in
combination with a detergent such as N-lauroyl sarcosine. Following this, the salt
concentration is increased and the nuclease inhibitor is diluted. This allows the poly-(A)''"
RNA to form hydrogen bonds with the oligo-dT cellulose, whilst precipitating a number of
proteins during a short incubation. Additionally, it obviates the need for a phenol/chloroform
extraction step. Subsequent multiple washes with first a high salt (0.5M NaCl), then a low salt
(0. IM NaCl) buffer remove the DNA/degraded proteins/cell debris and non-polyadenylated
RNAs respectively, leaving the poly-(A)+ RNA adsorbed onto the oligo-dT cellulose resin.
This is eluted from a spin column containing the resin by the addition of TE buffer which
may be warmed to enhance the release. The poly-(A)+ RNA may be quantified
spectrophotometrically at this stage before precipitation. This potassium acetate/ethanol
concentration of the RNA uses glycogen as a carrier and is necessary to adjust the final
volume to between 5-20/^l, depending upon the intended use.
Reagents for this procedure were supplied in kit form from both Pharmacia
(QuickPrep Micro mRNA Purification Kit) and Invitrogen (Micro-Fast Track mRNA Isolation
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Kit) and were used exactly according to the manufacturers' instructions except in the initial
phases of tissue disruption. Here, a pestle and mortar were used to crush the tissue to a fine
powder under liquid nitrogen. The powder was then added to the required volume of lysis or
extraction buffer and any clumps of cells further homogenised by passing through a syringe
fitted with a 21 gauge needle 5-10 times, taking care not to introduce too many bubbles.
Subsequent manipulations were carried out as directed in the protocols.

2.2.6 Spectrophotometric quantitation of RNA
Poly-(A)'*^ RNA to be used for Northern Blot analysis was quantified by placing 50ml
into a quartz cuvette which had been pretreated for 1 hour with a 1:1 (v/v) mixture of
concentrated HCl and methanol, then rinsed with DEPC water. The optical density (O.D.) at
260nm and 280nm was measured using a Pharmacia Ultrospec Plus spectrophotometer. An
O.D. value of 1.0 is equivalent to a concentration of 40/<g/ml. The ratio of the absorbances
was then calculated to give a measure of purity as well as yield, with a value of 2.0 indicating
pure RNA.

2.3 The Polymerase Chain Reaction (PCR)
2.3.1 General considerations
PCR was performed in proprietary buffers and used with the specific Therm us
aquaticus (Taq) polymerase supplied by the manufacturer (NBL, Bioline and Advanced
Biotechnologies). Initially, reactions were carried out with 1-5 units of polymerase per tube.
However, experience proved that using 0.5 units or less gave equally good and often better
results (i.e. the desired band was more specific and abundant).
Two classes of lOX buffer were used: inti ally lOOmM Tris-HCl/500mM KCl based,
pH 8.8 at 25®C (NBL and Bioline) and latterly 750mM Tris-HCl/200mM (NH4) 2S0 4 , pH 9.0
at 25®C (Advanced Biotechnologies). These higher pH values are thought to protect strands
against depurination and subsequent nicking during thermocycling (Barnes 1994 and Cheng
et al 1994).
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Primer design, thermal cycling conditions, dNT? concentration and magnesium
concentration were initially based on parameters reviewed by Innis and Gelfand (1990) and
Saiki (1990). Different sets of primers were individually optimised, based upon their 3’
complementarity and primer melting temperatures calculated either by comparing sequences
by eye, and using the formula
4(G+C)+2(A+T) = dissociation temperature Td
then reducing the annealing temperature by 2-5®C (for primers up to 20 bases in length), or,
more accurately for longer primers by using computer software to test primer pairs (see
section 2.9,1). Where consensus sequence primers were used, the reduction in temperature
was initially greater than 2-5°C.
Cycle length and number varied between 30 and 40 cycles, depending upon the
template, particular methodology, and the model of thermocycler used. These will be noted
individually. Once optimised, PCRs were generally performed on the same machine, it being
one of the following models: a Hybaid Thermal Cycler, a Hybaid OmniGene, or a Perkin
Elmer Gene Amp PCR system 9600.

2.3.2 Standard parameters for a typical PCR
Unless otherwise stated, the following constitute a 'standard' PCR reaction in a 50/^1
volume
• IX concentration of proprietary buffer
• dNTPs at 20-50//M each dNTP
• Each primer at 10-20pmol
• MgCl2 at 1.5-2.0mM
In terms of cycling conditions, a routine initial dénaturation step of 94-95®C was
followed by cycling parameters of denaturing for 5-30 seconds, annealing for 30 seconds
and extending at 72°C, allowing approximately 1 minute per kilobase to be extended.
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2.3.3 Use of 'Touchdown’ PCR , 'Hot Starts' and dimethyl sulphoxide
(DMSO)
Certain modifications of the standard reaction were used in different situations in
order to improve the fidelity of the amplification.
'Touchdown PCR' involves setting an initial annealing temperature above the
calculated melting temperature of both primers. In each susequent cycle, the annealing
temperature is reduced by 0.5 or l.O^C until a level is reached which is arbitrarily set slightly
below the primer melting temperatures. The remaining cycles are then carried out at this
annealing temperature. Theoretically, the first templates to be primed and extended will be
those with a perfect match to the primers as the thermal stringency is very high. Over the first
few cycles, these products will then form the bulk of the template for subsequent cycles, so
that despite the slightly lower temperature, the kinetics will favour the perfectly matched
product.
The technique of 'Hot Starting' (Chou et al, 1992), was routinely used when
amplifying first strand cDNA in order to increase fidelity. There are a number of ways to
achieve this end, utilising wax beads (Perkin Elmer) and, more recently, a neutralising
antibody specific to Taq polymerase (Clontech). However, the cheapest and most convenient
method used (given that relatively small numbers of tubes were being processed at any one
time) was to add the enzyme after the temperature of the cycler had exceeded 80°C. At this
stage any secondary structure in the template or inappropriate primer annealing will have
been denatured by the thermal energy. Routinely, the enzyme was added at 94®C in an
extended initial dénaturation step with perfectly acceptable results.
DMSO (as well as glycerol) acts to effectively lower the melting and strand separation
temperatures (Wong et al, 1991 and Chester and Marshak, 1993). This facilitates the
dénaturation of the template and primer/template duplexes, thus enhancing the specificity of
the reaction. However, since concentrations greater than or equal to 10% (v/v) can inhibit Taq
polymerase activity by 50% or more, (Innis and Gelfand, 1990) DMSO was only used in
certain PCRs from a genomic background which were giving multiple bands and the
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maximum concentration used was 10%. A beneficial effect was only observed for certain
primer/template combinations and was by no means a universal phenomenon.

2.3.4 Visualisation of PCR products: agarose gel electrophoresis
Products of the PCR reactions were routinely size fractionated by electrophoresis
through a 2% (w/v) agarose gel (1% ordinary agarose, 1% low melting temperature (LMT)
agarose) in 1 X TAE buffer with 0X 174/Hae III as molecular size standards. Bands were
visualised by staining the gel in ethidium bromide solution (0.5/^g/ml) for 20 minutes and
placing it on a UV transilluminator for photography.

2.3.5 Visualisation of PCR products: polyacrylamide gel electrophoresis
In order to accurately resolve small differences in size between fragments
approximately lOObp in length, non-denaturing 8% polyacrylamide gels were used. For a
50ml gel, 16ml of 25% acrylamide (19:1 acrylamide:bisacrylamide) concentrate (Sequagel,
National Diagnostics) was mixed with 5ml 10 X THE buffer and 29ml of SDW.
Polymerisation was catalysed by the addition of 20^1 TEMED and 600p,l 10% ammonium
persulphate. The mixture was quickly poured into a vertical slab gel unit (Sturdier SE 400,
Hoefer Scientific Instruments) and left to polymerise. DNA was loaded with sucrose/orange G
loading buffer and run at approximately lOOV overnight. Bands were visualised by staining
in ethidium bromide solution (0.5/^g/ml) for 10 minutes and placed on a UV transilluminator
for photography.

2.4 Southern Blotting
2.4.1 DNA digestion with restriction endonucleases
Genomic DNA, cloned DNA and PCR products were digested with a number of
restriction endonucleases according to manufacturers instructions (BRL, NBL, New England
Biolabs and Pharmacia). Incubation was generally carried out for a minimum of 16 hours for
genomic DNA. Digestion reactions were checked for completion on agarose gels prior to
Southern blot preparation. Reactions in high salt buffers (e.g. EcoRl digestions) were often
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subjected to the addition of spermidine (an enzyme concentrator) to a 5mM concentration to
avoid partial digestion. Once the digestion was complete, reactions were stopped by the
addition of EOTA in the loading buffer.

2.4.2 Electrophoresis of DNA (modified from Sambrook et al, 1989)
Digested genomic DNA was separated for analysis by agarose gel electrophoresis. To
achieve separation in the size range 0.5kb-20kb, 0.8%-1.0%(w/v) agarose gels (20cm x 20cm
for southern blots; smaller gels for plasmid or cosmid digests) were made in 1 X TAE buffer.
Digested genomic DNA (10-I5pig) was loaded in 1 X loading buffer and electrophoresed at
30V for 16 hours (overnight) in 1 X TAE buffer. Following electrophoresis, gels were stained
in ethidium bromide solution (0.5/^g/ml) for 20 minutes and placed on a UV transilluminator
for photography.

2.4.3 DNA dénaturation
Electrophoresed DNA was denatured before blotting by immersing the gels in
dénaturer for 30 minutes. After rinsing in distilled water the gels were immersed in
neutraliser. The pH of the gels was monitored using litmus paper, but two incubation periods
each of 15 minutes with a fresh buffer exchange were routinely used. Gels for transfer onto
Hybond-N or -N"^ (Amersham) were then rinsed in 20 X SSC and assembled for transfer
using the same buffer.

2.4.4 Capillary transfer
Capillary transfer of DNA from an agarose gel to a membrane was first described by
Southern (1975). Although based on the same principles, the techniques described below
have since evolved from this original article and details have become membrane specific.
Equilibrated gels were placed on a wick of 3MM Whatman paper which was assembled
over a reservoir of 20 X SSC. Membranes were cut to exactly the same size as the gel and
placed on top. This assembly was then covered with a further two pieces of 3MM Whatman
paper soaked in transfer buffer. Care was taken throughout not to introduce bubbles between
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the various layers. A stack of paper towels were then placed on top to a height of several
inches and a uniform weight (500-750g) was added. Transfer was accomplished overnight,
after which the membrane was marked where the lane positions had been, and DNA was fixed
to the membrane according to manufacturers instructions by either baking at 80^C for 2
hours or by UV crosslinking after drying at 80^C for 10 minutes with an Amersham UV
Crosslinker set for 70,000 /<J/cm^.

2.4.5 Probe preparation
For both Northern and Southern blots, probes used were generated by PCR from
retinal cDNA templates or plasmid clones. The desired band was then purified before
labelling.

2.4.6 Purification of probe template using an LMT agarose gel (m odified from
Sambrook, Fritsch & Maniatis, 1989)
PCR-generated DNA fragments were electrophoresed through a 1.5% low melting
temperature agarose gel (NuSieve; PMC). After staining with ethidium bromide the insert
DNA was visualised under UV light and carefully cut out of the gel in a minimal volume of
agarose. This procedure was carried out as rapidly as possible to avoid overexposure of the
DNA to UV light. A volume of TE buffer or SDW was added on the basis of 3m l/1g of
agarose slice and the agarose DNA plug was then incubated at 65®C for 10 minutes to melt
the gel. In order to estimate the concentration of the DNA, aliquots were then electrophoresed
in a 1.5% agarose gel alongside known quantities of 0X 174/Hae III molecular standards.
The stock of template for labelling was then split into 30-50ml aliquots and stored at -2CPC
prior to the labelling reaction.

2.4.7 Radioisotopic labelling of probes
The method is based on the 'random priming' procedure developed by Feinberg and
Vogel stein (1983,1984) where random hexanucleotides are annealed to denatured template
strands and [a-^^P]dCTP is incorporated into the new complementary strands by the action
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of the Klenow Fragment of E. coli DNA polymerase I. The reagents were supplied in kit form
by Pharmacia in aqueous form or in a vitrified state (Ready To Go DNA labelling kit).
Briefly, 50-100ng of gel-purified DNA template was boiled for 7 minutes, then incubated at
37°C for 10 minutes. The template (maximum volume of 25/<l) was then mixed with the
random hexanucleotides, 5-10 units of Klenow Fragment, 40-50 piCi of [a-^^P]dCTP of
specific activity 6000 Ci/mmol to a total volume of 50pi\ and incubated at 37®C for 1 hour.

2.4.8 Estimation of incorporation of radioisotope into the synthesised
probe
After incubation, 1/<1 of the labelling reaction was carefully spotted onto the centre of
a glass microfibre filter (Whatman GF/B) and a hand held monitor clamped above it such that
the meter was reading approximately 100 counts per second. The filter was then washed with
10ml of ice cold 5% (v/v) TCA which was drawn through the filter by a vacuum. The filter
was then replaced in the same position underneath the monitor and the new meter reading
recorded. The specific activity (SA) of the probe could then be estimated, using the following
formula :-,

Where

(piCi)(2.2 X 109)(F)
----------------------------------Di + [(4x325)(F)(/^Ci/S)]

SA

=

J4d

= ptCi of dCTP in reaction

F

= Fraction of input label incorporated into DNA

Di

= Mass of input DNA template (ng)

S

= Specific activity of dCTP (Ci/mmol)

325

= Average molar mass of a deoxyribonucleotide

Thus, for 50ng of template at 50% incorporation of 50/^Ci of dCTP, SA is
approximately lxl0^dpm//^g of DNA, whilst for lOOng, it drops to 5.2x10^ dpm///g. All
probes used exceeded 50% incorporation.
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2.4.9 Purification of labelled probe
Pharmacia NICK translation columns or S400 micro-spin columns were used exactly
according to the manufacturer's protocols to separate the desired probe from the
unincorporated nucleotides and hexamers.

2.4.10 Nucleic acid hybridisation to Southern blots (Sam brook, Fritsch and
Maniatis, 1989)
Hybond-N and -N"*" filters were prehybridised for at least 1 hour at 65®C in 30ml of a
solution containing 10% dextran sulphate, 6 X SSC, 0.5% (w/v) SDS, 125/^g/ml denatured
herring sperm DNA and 5 X Denhardt's reagent. The volume was reduced to 20ml and 50lOOng of heat denatured oligo-labelled PCR product (or 2-4ng of oligo-labelled \ Hindlll)
was added and carefully mixed. Hybridisation was carried out overnight at 65®C.
Filters were then rinsed twice in 100ml 2 X SSC immediately following hybridisation.
Washes consisted of a single wash at room temperature with 2 X SSC/0.1% SDS, followed by
two 5 minute washes at 65®C with 1 X SSC/0.1% SDS. Stringency was further increased by
two 15 minute washes at 65®C in 0.5 X SSC/0.1% SDS. Following exposure to X-OMAT AR
film (Kodak) overnight, two similar washes with 0.25 X SSC/0.1% SDS were carried out if
required.
All filters were kept moist and not allowed to dry to prevent irreversible binding of
the probe.

2.4.11 Membrane stripping protocols
Hybond-N and -N^" was stripped by pouring boiling 0.5% (w/v) SDS onto the filter
and allowing it to cool to room temperature and repeated several times.
Satisfactory removal of the probe was confirmed by autoradiography for an
appropriate time period.
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2.5 Northern Blotting
2.5.1 Denaturing gel electrophoresis of RNA
This procedure is modified from Sambrook, Fritsch & Maniatis (1989).
Gel plates, combs and electrophoresis tanks were soaked in absolute alcohol, air dried
and washed with DEPC-treated water prior to use.
Approximately 2pig of poly-(A)+ RNA (unless otherwise stated) was denatured in
buffer containing 50% (v/v) formamide, 4% (v/v) formaldehyde and IxMOPS buffer by
heating to SO^C for 5 minutes. The samples were immediately quenched on ice prior to
addition of an ethidium bromide/Ficoll/Orange G loading buffer (see section 2.10). The RNA
was electrophoresed through a 1% (w/v) agarose gel containing 6.7% (v/v) formaldehyde
made up in 1 X MOPS buffer. Running buffer (1 X MOPS) contained 6.7% (v/v)
formaldehyde and the 100ml gels were run for 2-3 hours at high voltage (120V) to prevent
sample diffusion. Following electrophoresis, gels were briefly placed on a UV
transilluminator covered with cling film for photography.

2.5.2 Capillary transfer
Gels were rinsed in DEPC-treated water and the membrane, Genescreen Plus
(DuPont), was marked on its concave side (when dry) as recommended, soaked in DEPCtreated water, followed by 10 X SSC for 15 minutes prior to blotting .
Transfer was set up as for Southern blotting (see section 2.4.4) over 3 hours with 10
X SSC as the blotting buffer. The membrane was then removed and rinsed in 2 X SSC before
air drying. Formaldehyde reversal and RNA fixing to the membrane was accomplished by
baking at 80®C for 2 hours. Using UV transillumination, the RNA was visible on the filter due
to ethidium bromide transfer with the sample, this allowed the positions of the 18S and 28S
ribosomal bands (total RNA) or RNA size standards (Gibco BRL) to be identified.

2.5.3 Permanent visualisation of RNA size standards
The positions of the RNA standards were permanently recorded by cutting the marker
lane from the rest of the filter, pretreating with 5% (v/v) acetic acid for 15 minutes followed
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by staining with 0.5M NaOAc/0.04% methylene blue for 10 minutes. The membrane was
then destained in SDW to the required extent, air-dried and stored wrapped in aluminium foil.
This was then used to mark the autoradiographs after probing and washing the membranes.

2.5.4 Nucleic acid hybridisation to Northern blots
The following method was slightly modified from that recommended for the
Genescreen Plus membrane by the manufacturer (DuPont). Probes for Northern blots were
prepared as described in section 2.6.2. Filters were rinsed with 2 X SSC and prehybridised at
60°C for a minimum of 15 minutes in 15ml of RNA hybridisation mix. Oligo-labelled
purified probe DNA (50 -lOOng) was boiled with herring sperm DNA (final concentration
100/^g/ml) for 10 minutes, quenched on ice and added to the hybridisation mix. Following
overnight incubation at 62®C, filters were washed in 2 X SSC solution at room temperature
for 5 minutes. This step was repeated, and depending on the required stringency, the filter was
washed twice with 2 X SSC/1% (w/v) SDS at 62% for 20 minutes, followed by two washes in
0.2 X SSC/1% SDS for 20 minutes each at 62^C. If necessary, a further two washes under
identical conditions except for the SSC, which was at 0. IX concentration were carried out
before autoradiography using Kodak X-OMAT AR film.

2.5.5 Membrane stripping protocols
For Genescreen Plus membranes, a 150ml aliquot of a solution containing 0.01%
(w/v) SDS and 0.01 X SSC was heated to boiling and poured onto the nucleic acid-bound
surface of the filter placed in a plastic container. This was placed on a shaking platform for 23 minutes. The whole process was repeated 5 times.
Satisfactory removal of the probe was confirmed by autoradiography for an
appropriate time period.
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2.6 Manipulation Of DNA
2.6.1 Purification of PCR products prior to restriction enzyme digestion
Prior to

restriction endonuclease digestion, PCR reactions (100|xl volume) were

checked by running 1/lOth volume on an agarose mini-gel (See section 2.3.4). Following
this, the aqueous layer was separated from the oil overlay by freezing the reactions at -20®C
and pipetting off the oil whilst the aqueous layer was still solid. The volume was adjusted to
lOOpl and the PCR product precipitated with 0.1 volumes 3M NaOAc and 300p.1 absolute
ethanol.
After 15 minutes at -80®C the DNA was pelleted at 13K rpm for 10 minutes in a
benchtop microcentrifuge at 4®C. The pellet was washed with 70% ethanol, vacuum dried for
10 minutes and resuspended in lOp.1 SDW. 5p,l of this was used in a digest

2.6.2 Vectors and E. coli strains used
Plasmid vectors for direct cloning of PCR products were supplied by Invitrogen (pCR
II, 3.9 kb) and Promega (pGEM-T, 3.0 kb). They are both pUC-derived and contain dT
overhangs at the cloning site in order to generate a sticky end which is compatible with the
terminal dA overhangs produced on any PCR product due to the template-independent action
of Taq polymerase.
Both carry the 6-lactamase gene for Ampicillin resistance whilst pCR II additionally
carries the Kanamycin phosphotransferase gene allowing for dual selection. The fl origin is
present to allow the generation of single stranded DNA, whilst SP6 and T7 promoters flank
the cloning site in opposite orientations, allowing SP6 and T7 sequencing primers to be used
on both types of vector to sequence into the inserts. The lacZ sequence present allows for
blue/white selection of recombinants (see section 2.6.6).
For UDG (Uracil DNA Glycosylase) or ligation independent cloning, the vector used
was pAMPl (Gibco BRL) which is a derivative of pSPORT (Gibco BRL) and as such, offers
Ampicillin resistance, fl intergenic region, lac promoter and repressor sequences, SP6 and T7
promoters. However, the particularly significant region is that of the cloning site which
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contains unique 12 bp overhangs based on the bases C, A and T. Complementary sequences
to these overhangs are included in the construction of the PCR primers (section 2.7.5).
In all cases, these plasmids were transformed into E. coli D H 5a host competent cells
(Gibco BRL or Invitrogen), genotype
supE44, A/acU169, (08O/acZAM15), hsdR ll, rgcAl, endAl, gyrA96, thi-l, relAl
permitting «-complementation with pUC based plasmids containing the N-terminal portion of
B-galactosidase and allowing blue/white colour selection (section 2.6.6).
The commercial canine spleen cosmid genomic library was generated from a size
selected Mbo I partial digest in the vector pWE 15, 8.16 kb in size (Stratagene). This cosmid
confers Ampicillin resistance and facilitates walking by flanking the cloning site with T3 and
T7 promoters for the generation of insert end-specific RNA s.
The host strain for the library is E. coli NM554, genotype
recAl, F",araA139, A(ara, leu)7696, A lacllA , gal, u-, galk-, hsr-, hsmt, strA, mcrA(-),
mcrB(-).

2.6.3 Preparation of PCR products for cloning and sequencing
Several methods were used for these purposes, the simplest of which was dilution of a
very clean PCR so that the ratio of molar ends of insert: vector was approximately 3:1. If a
reaction product required separation from excess primer-dimer, phenol:chloroform
(1: l)/chloroform extraction and S-400 micro-spin columns (Pharmacia) were used according
to the manufacturer's protocol prior to dilution or direct sequencing (section 2.8.3).

2.6.3.1 NA-45 Paper purification of PCR products
This method gives much greater specific purification than spin columns and was also
used to purify certain PCR products for direct sequencing.
The PCR reaction is run on a 1% agarose gel stained with ethidium bromide (section
2.4.2) at lOOV. Under UV illumination, a cut was made with a scalpel blade just ahead of the
band. Into this slit was inserted a pre-cut piece of DEAE paper (NA-45, Schleicher and
Schuell) and the gel rerun at lOOV for 5 minutes to transfer the DNA to the paper. Then, the
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NA-45 was washed in 0.5ml of 0.15M NaCl, O.lmM EDTA, 20mM Tris-HCl pH7.5 at room
temperature. DNA was eluted from the paper by 2 washes in l.OM NaCl, O.lmM EDTA,
20mM Tris-HCl pH7.5 at 65®C for 30 minutes each. The DNA was then precipitated by the
addition of 2 volumes of absolute ethanol and incubation at -20°C for 30 minutes. After
pelleting at 13K rpm for 10 minutes at 4°C, and 70% ethanol wash, the pellet was vacuum
dried for 10 minutes and resuspended in IOjaI of SDW.

2.6.4 Ligation of PCR products to plasmid vectors
2.6.4.1 Ligation dependent cloning
Ligase mediated cloning was performed for the majority of PCR products using
reagents supplied by Invitrogen (TA cloning kit) and Promega (pGEM-T Vector System)
according to the recommended protocols.
In each case 50ng of vector was ligated to an appropriate amount of purified PCR
product such that the ratio of molar ends of vector to PCR product is 1:1 to 1:3. Incubations
were carried out overnight at the recommended temperatures of 12°C (Invitrogen) and 15°C
(Promega). Reactions were stored at -20^C following withdrawal of an aliquot for
transformation of competent E. coli (section 2.6.5).

2.6.4 2 Uracil DNA Glycosylase or ligation independent cloning
The CloneAmp System (Gibco BRL) was used to directionally clone the 3' RACE
PCR products (section 2.7.5) precisely according to the manufacturer's instructions. Similar
to a normal ligation, 50ng of vector is used with 10-50ng of unpurified PCR product and is
incubated in the presence of the enzyme. However, the reaction is incubated at 37®C for only
30 minutes.
Uracil DNA Glycosylase renders the uracil residues in the PCR products (at the 5' end
of each of the primers) abasic and unable to base pair (Duncan, 1981) generating protruding
3' termini 12bp long. These are specific to each end of the product and anneal to their
complementary overhangs on the vector arms. This molecule is stable enough to be
transformed into competent E. coli.
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2.6.5 Transformation of competent E, coli
D H 5 a competent cells were supplied by Invitrogen or Gibco BRL and were
transformed exactly according to the manufacturer's recommended protocol with
satisfactorily reproducible results. The transformation itself was tested by the inclusion of a
pUC18 closed circular plasmid control and an SOC medium only negative control. Aliquots
of the recovered transformed E. coli were plated out and grown at 37®C overnight.

2.6.6 Growth media and selection of recombinants
LB broth (see section 2.10) and agar (bacteriological, 15g/l) were used for the growth
of all bacterial strains.
Antibiotic selection of transformants was achieved with SOpiglml (pCR 2, pGEM-T,
pWE 15) or 100/<g/ml (pAMPl) Ampicillin, 50/<g/ml Kanamycin (pCR 2, pWE 15), or a
combination of 50/^g/ml of both (pCR 2). In general, very few or no satellite colonies were
observed when Kanamycin was used whether singly, or in combination with Ampicillin.
Blue/white colour selection of transformants/recombinants by the process of a complementation was achieved by spreading 40j4\ of X-gal 20 mg/ml in dimethylformamide
on to the surface of an agar plate and allowing the solvent to evaporate about an hour before
plating out the transformation reaction (section 2.6.5). IPTG was not required since DH5a
cells do not contain a functional lac 1 gene and therefore the lac operon does not need to be
induced.

2.6.7 Plasmid and cosmid preparation
2.6.7.1 Plasmid midi-preps
One technique for preparing plasmid DNA for digestion and sequencing reactions
was a mid-range (midi) preparation technique modified from an alkaline-SDS method
described by Birnboim and Doly (1979).
A 50ml overnight culture was centrifuged at 3,000 X g for 10 minutes at 4®C, and the
resultant cell pellet was resuspended in Solution 1 (4ml). Chromosomal and other
macromolecular components were denatured on ice with 8ml of Solution 11 for 5 minutes.
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and precipitated on ice with high salt Solution III (4ml) for 15 minutes. The sample was then
centrifuged at 3,(X)0 X g for 10 minutes at 4°C, and the supernatant collected. Plasmid DNA
was precipitated from the supernatant with 0.6 volumes of isopropanol and pelleted at 3,000
X g for 10 minutes. The supernatant was removed and the pellet was dissolved in 4ml of TE
buffer and extracted with an equal volume of phenol. DNA was then precipitated with 0.1
volumes of NaOAc and 2 volumes of absolute alcohol.
The DNA was pelleted at 10,(X)0 X g and resuspended in 400/^1 of TE buffer. At this
stage contaminating RNA and protein was digested; firstly by incubation with RNAse A
(0.5mg/ml) and 3M sodium acetate

( ISjaI)

at 37^C for 30 minutes, followed by incubation

with proteinase K (I00}4glpi\) at 37°C for 30 minutes. An equal volume of phenol,
phenol:chloroform (1:1, v/v) and chloroform respectively were used to extract the plasmid
DNA and the DNA was precipitated from the resultant aqueous layer with 2.5 volumes of
absolute alcohol and 0.1 volume of 3M sodium acetate. The DNA was pelleted at 14,000 X g
for 5 minutes, and washed in 70% alcohol before air drying and resuspension in an
appropriate volume of TE buffer.
Yield was estimated by agarose gel electrophoresis of 2j4\ of the preparation along
with known quantities of molecular weight standards (X Hin<üII).

2.6.7 2 Plasmid and cosmid mini-preps
5ml of overnight broth culture was pelleted in a 50ml Falcon tube at 2500 rpm, 4®C
for 5 minutes in an MSE Mistral 30001 using a swing-out rotor. The supernatant was
discarded and the pellet subjected to a method which is essentially a scaled down version of
the midi-prep method (section 2.6.7.1).
The procedure for plasmids was performed initially with user-prepared solutions and
latterly, as for cosmids, with the Magic/Wizard Miniprep kits (Promega). The kit was used
exactly according to the manufacturer’s instructions. For cosmid preparation the SDW was
heated to 80®C before elution of DNA from the spin column.
The non-kit protocol comprised the resuspension, lysis and macromolecule removal
steps using solutions I, II and III as for the midi-prep. At this point, the pellet was spun down
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at 13K rpm in a benchtop microcentrifuge for 5 minutes, the supernatant was removed and
subjected to a phenoixhloroform (1:1 v/v) extraction followed by an NaOAc/isopropanol
precipitation. The pellet was washed in 70% ethanol before being dried and resuspended in
25y\ TE or SDW.
The plasmid and cosmid yields were quantitated by agarose gel electrophoresis as in
section 2.6.7.1.

2.6.8 Screening recombinant E, coli for inserts
Two methods were used to screen white colonies from the selection plates, (i)
restriction endonuclease digestion and (ii) colony PCR.
(i)

2 -5 j4 \

of plasmid DNA from each clone, depending upon the mini-prep yield, was

digested with a restriction endonuclease or combination thereof,designed to release the insert
from the multiple cloning site. Conditions were according

to

m anufacturer's

recommendations (see section 2.3.1). Reactions were fractionated and visualised on agarose
gels (section 2.3.2). DNA from those clones with the desired insert size were then sequenced
(see section 2.8.2).

(ii) In order to screen recombinant E.coli for vectors containing a desired insert,
single colonies were sampled using a sterile toothpick into \0]A of SDW in a 0.5ml
Eppendorf tube. The rest of the colony was subcultured onto a numbered reference plate or
inoculated into LB broth with the appropriate antibiotic. The inoculated SDW was heated to
95®C for 5 minutes in a heat block to lyse the cells and spun down at 13K in a benchtop
microcentrifuge for 1 minute to clear any cellular debris. \pi\ of the supernatant was used in a
standard PCR. Positive clones were selected for sequencing (section 2.8).

2.6.9 Screening a canine cosmid genomic library
The following manipulations were carried out in an attempt to isolate a clone
spanning the 5' end of the pdeb coding sequence, extending into the 5'-untranslated and
promoter regions.
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2.6.9.1 Plating out a canine cosmid genomic library master filter
A commercial canine spleen cosmid genomic library (Stratagene) of estimated titre
1.0 X 10^ cfu/ml was plated out onto a 20cm x 20cm charged nylon filter (Hybond-N"*",
Amersham) in the following manner.
Megaplates of LB agar were poured, containing 50//g/ml of either Kanamycin or
Ampicillin, dried, and a filter placed on the surface. A glycerol stock of the library stored at
-80^C was thawed on ice, diluted in 2.5ml LB/antibiotic broth and mixed by gentle inversion.
Five aliquots, each of 500/^1 were evenly distributed over the surface and gently spread in a
single direction at each stroke using a sterile glass spreader, to cover the majority of the filter
area. The filters were incubated at 37°C overnight until single colonies reached
approximately l-2mm diameter.

2.6.9 2 Making replica filters
Two replica filters were generated from the master. Megaplates were poured of
LB/antibiotic agar and Hybond-N"*" filters prewetted on their surface. The master filter was
removed from its agar bed and placed colony side up on a large sheet of Whatman 3MM
paper which had been exposed to UV light for 1 hour in a Microflow microbiological safety
cabinet to reduce the possibility of contamination. Ethanol soaked and flamed forceps were
used for all manipulations and gloves were worn at all times. The prewetted replica filter was
carefully placed on top of the master, taking care not to introduce bubbles or ridges between
the sheets. A second sheet of UV irradiated 3MM paper was placed over the filters and a glass
plate used to exert even manual pressure over the whole area of the filter when transferring
colonies. Asymmetric needle holes were then created to orientate the filters, which were
carefully separated.
The first replica was replaced on its agar plate, whilst the master was used to generate
the second replica in exactly the same fashion. The replicas were grown up at 37®C for
approximately 8 hours (or overnight at room temperature) whilst the master was recovered at
37°C for several hours, then stored at 4°C.
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2.6.9 3 Preparation of colony filters for hybridisation
Replica filters were placed on top of several sheets of Whatman 3MM soaked in
dénaturer for 7 minutes, blotted onto dry paper to remove the excess fluid, then onto Colony
blot neutraliser for two separate 3 minute incubations. This lyses the colonies and allows the
DNA to bind to the filter.
Colony debris was carefully removed by wiping the filter surface using a folded tissue
(Kleenex medical wipes) by hand under 2 X SSC and the filters air dried. Following a 10
minute incubation at 80®C, filters were UV crosslinked as in section 2.4.4.

2.6.9 4 Nucleic acid hybridisation to colony niters
Replica filters of colonies from the genomic library, and recombinant plasmid clones
were prehybridised for 1 hour at 65®C in 30ml 0.5M sodium phosphate buffer pH7.2, 7%
SDS, ImM EDTA (Church and Gilbert, 1984). 50-100ng of oligo-labelled purified probe
was boiled for 10 minutes, quenched on ice and added to 20ml of the original
prehybridisation solution covering the filters (the remainder was discarded). Hybridisation
was carried out overnight at 6 5 ^ .
Filters were washed exactly as for the Southern hybridisation protocol discussed
above in section 2.4.10.

2.6 9.5 Isolation of positive colonies on a primary screen
Positive signals at identical loci on both replica filters were marked, along with
orientation pinholes, on an overlying acetate which was secured on a light box. A few ml of
LB broth/antibiotic was placed on top of the acetate to facilitate fine positioning of the master
filter which was orientated so as to align the pinholes.
A sterile plastic loop was used to pick all the colonies in a 5mmdiameter
centered on the positive signal into 50//1 of LB broth/antibiotic. PCR screening
treatment of the positive pool is decribed in section 2.6 9.6.
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2.6.9 6 Genomic library / positive pool PCR
An aliquot of a canine genomic cosmid (pWE 15) library was directly screened for
the presence of a desired portion of exon 1 of the PDEB gene by diluting 2pi\ of the glycerol
stock into \OjA total volume with SDW. This was heated to 99®C in a heat block for 10
minutes before being spun down for 1 minute at 13K on the benchtop. 10 fractions each of
\pi\ were used in a standard 'hot start' PCR.
PCR was also utilised in order to test colonies in an area of 2-3mm radius, centered on
each replicated positive signal from a primary library screen. Colonies were lifted from the
master filter with a sterile plastic loop which was inoculated into 50f4\ of LB broth with the
appropriate antibiotic and incubated at 37®C, 225 rpm for 1 hour to allow for recovery and
some growth. To screen for bacteria containing a desired portion of pdeb exon 1 as part of a
cosmid insert, the tube was gently mixed to ensure resuspension and a 2/^1 aliquot used in a
standard 'hot start' PCR.
The rest of the pool was diluted with 100//1 of LB broth plus antibiotic and stored at
4°C overnight. For longer term storage, a 5ml culture was made of the pool which was grown
up overnight (37°C, 225rpm). A glycerol stock (final glycerol concentration of
approximately 15% v/v) was made from this culture and stored at -80*^C.

2.6.9 7 Secondary screening
A ICP dilution of each positive pool was made in LB broth/antibiotic and 5/d, 10/d
and lOOjA were plated out on an 8.5cm diameter plate of LB agar/antibiotic. The particular
volume giving approximately 250 or so colonies of good separation was diluted in broth to a
volume of 250}j\ and gently spread onto a circular filter using a sterile glass spreader. This
was grown up at 37®C overnight and treated exactly as for the primary filters to make
replicas, lyse colonies, fix DNA to the membrane, hybridise and wash for subsequent
autoradiography.
Positive signals were picked as single colonies into 50ja\ of broth/antibiotic and
processed in the same way as their primary screen counterparts (section 2.6.9.6).
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2.6.9 8 Tertiary screening
Southern blots were performed on Hybond-N membranes, using mini-prep DNA
(section 2.6.1.2) prepared from cultures of single colony secondary screen positives digested,
treated, probed and washed as described in section 2.4.

2.6.10 Dot blot protocols
Genescreen Plus membrane. A piece of membrane and a sheet of Whatman 3MM
were cut to fit a dot blot manifold. The membrane and pad were laid onto 0.4M Tris-HCl,
pH7.5 and soaked for 30 minutes. The DNA to be blotted was denatured in 0.25N NaOH for
10 minutes and chilled on ice. The DNA was diluted to the desired concentration in 0.125N
NaOH, 0.125 X SSC. The filter and pad were clamped into the manifold and the DNA added
to the wells. After 30 minutes, suction was applied for 30 seconds. The filter was removed and
air dried at room temperature.
Hybond-N and -N+: The DNA samples were heated to 95®C for 2 minutes, then
chilled on ice. One volume of 20 X SSC was added and the samples were spotted onto a
membrane prewetted with 10 X SSC in 2pi\ aliquots. The membrane was wetted in dénaturer
for 5 minutes followed by neutraliser for 1 minute. The filter was blotted dry, then air dried
and the DNA was fixed by UV irradiation as in section 2.4.4.

2.7 Polymerase Chain Reaction (PCR) Based Techniques
2.7.1 Reverse transcription PCR
This application of the PCR technique (modified from Innes et al., 1990) serves to
increase the sensitivity of detection of RNA molecules by several orders of magnitude, in
comparison to Northern blot analysis (Kawasaki, 1990) by combining cDNA and PCR
methodologies.
Initially, M-MLV reverse transcritpase was used on total RNA, and Superscript RNase
H" reverse transcriptase (BRL) was the enzyme of choice for the synthesis of cDNA from
poly-(A)"'' RNA. This enzyme was produced from a cloned M-MLV reverse transcriptase
gene from which the RNase H sequence had been deleted and was used in an attempt to
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extend further up the RNA template (Gerard et al, 1989; D'Alessio et al, 1990) to enable PCR
products to be generated from the 5' end of the coding sequence (see chapter 3).
Reverse transcription was primed using oligo-(dT)i2-l8 (Gibco BRL) except for
specific strategies for the Rapid Amplification of cDNA Ends (RACE) used to generate the 5'
and 3' untranslated regions of the transcript.
Fragments generated by all of these methodologies were cloned into a plasmid vector
and multiple copies were sequenced by the dideoxy chain termination method (See sections
2.6.4 and 2.8.1 respectively). They were also suitable for
(i) direct sequencing by both double- and single-stranded methods (See section 2.8),
and
(ii) use as probes for both Southern and Northern blots. (See section 2.4.5).

2.7.2 Generation of a PCR-ready cDNA library: first strand c D N A
synthesis
First strand synthesis from an mRNA template was carried out using an estimated 0.52]Àg of poly-(A)"^ RNA (depending upon the tissue of origin) equivalent to half of the RNA
extracted per aliquot of tissue. The volume was adjusted to \0y\ with DEPC-water, and gently
mixed with O.Spig of oligo-(dT)i2-i8 primer (Gibco BRL). This was heated to 70®C for 10
minutes to denature the RNA and was then chilled on ice, where the rest of the reaction was
assembled, except for the enzyme.
Final reagent concentrations were:
• 50mM Tris-HCl (pH 8.3 at 25°C)
• 75m M K Cl
• 3mM MgCl2
(First Strand Synthesis buffer, Gibco BRL).
• lOmM DTT
• 5(X)/<M of each dNTP
• 10 U Placental Ribonulease Inhibitor (Gibco BRL)
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The reagents were mixed gently with the primer and template and equilibrated at
37®C for 2 minutes before the addition of 200 U of Superscript RT RNase H" reverse
transcriptase to a total volume of 2Qpi\. Incubation was carried out at 37®C for 1 hour. No
separation of excess primer or degradation of residual RNA was undertaken. The tubes were
stored on ice before performing the initial PCR amplification and thereafter, at -20®C.
Total RNA was reverse transcribed from oligo-(dT)i2-i8 using the Pharmacia cDNA
synthesis kit, precisely according to the manufacturer's instructions. The principle is
essentially identical to that described above, except that M-MLV reverse transcriptase was
used and that the cDNA synthesis was traced by adding 20/^Ci of [a-^^PJdATP, specific
activity 3000 Ci/mmol to the first strand synthesis reaction. Before the second strand
synthesis, 5}A was removed, heat denatured in a thermal cycler for 3 minutes at 99°C and
quenched on ice. The sample was mixed with ice-cold loading buffer and loaded onto a 1%
agarose minigel along with labelled, alkali denatured X,Hind III markers (see section 2.7.3)
and electrophoresed at lOOV. The gel was dried on a vacuum drier and exposed to Kodak XOMAT AR film.

2.7.3 Radioisotopic labelling of X Hindlll markers
This procedure incorporates [a-^^P]dATP (specific activity 3000 Ci/mmol) into
fragments of the digest since they all have a 3' overhang which can be filled in using Klenow
DNA polymerase. The reaction was performed at room temperature for 10 minutes in Hind
III buffer with 2]iCi [a-^^P]dATP, 1/^g of À Hindlll and 2U Klenow DNA polymerase
(Pharmacia). A 5pi\ aliquot was removed and the remainder stored at -20^C. Prior to agarose
gel electrophoresis the aliquot was denatured in 0. IM NaOH for 15 minutes and mixed with
0.1 volumes of 10 X loading buffer.

2.7.4 Second strand cDNA synthesis and PCR amplification
Second strand synthesis based on the method of Gubler and Hoffman (1983) was also
carried out exactly as recommended by the manufacturer's protocol. Here, the RNA
component of the RNAxDNA duplex is nicked by E.coli RNase H and E.coli polymerase I is
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utilised to nick translate the second strand which is then blunt ended by Klenow fragment.
The cDNA was phenol:chloroform extracted and purified down an S-300 spin column. Ipl of
the column eluate was used directly in PCR reactions.
Following the PCR amplification, fragments were either sequenced directly using
biotinylated primers and magnetic streptavidin beads (Dynabeads M280, Dynal, see section
2.8.3.4) or cloned into a plasmid vector and transformed into competent E. coli (section
2.6.5) before sequencing. Prior to cloning, bands were purified from a 1% agarose gel onto
DEAE (NA-45 paper, Schleicher and Schuell), eluted, and added directly to the ligation
reaction. This protocol is discussed in section 2.6.3.1.

2.7.5 Rapid Amplification of cDNA Ends - 3' RACE
The methods for obtaining unknown 3' and 5' untranslated regions of a transcript for
which limited coding sequence information is known were first developed by Frohman et al
(1988). 3' RACE is the more simple application and is summarised in figure 2.1. Reagents
were supplied in kit form by Gibco BRL (3' RACE System).
The significant difference from a standard oligo-dT primed reverse transcription is
that the oligo-(dT) primer is tagged at its 5' end with a unique sequence shown below:
Mlu I

Spe I

5 -GGC GAG GCG TCG ACT ACT A C ( T \ j - y
Not I half site

Sal I

This is the Adaptor Primer, or AP. The stretch of dT nucleotides ensures that
priming occurs from the poly-(A) tail of mRNA and in addition, that there is unique
sequence upstream of it to which a PCR primer can be annealed, in conjunction with a gene
specific primer (GSPl and 2). The primer specific to the AP sequence is termed the

Universal Amplification Primer (UAP):
5 - CUA CUA CUA CUA GGC GAG G
UDG cloning region

-3'

Not I half site

The UAP is identical to AP (excluding the oligo-dT region) but carries an additional
12 nucleotides at its 5' end to facilitate ligation independent or Uracil DNA Glycosylase
(UDG) cloning (See section 2.6.4). The procedure of cDNA synthesis and RNA degradation
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was carried out exactly according to the manufacturer's recommendations. cDNA first strand
synthesis was carried out essentially as in section 2.4.8, with lOpmol of AP priming l.Opig or

(1) Anneal Adaptor Primer (containing oligo (dT)) to template mRNA
template mRNA
5

AAAAAAAAAAAAAAAAA

^
Gene

^
Gene

S p e cific
Prim er 1

S p e cific
Prim er 2

Binding sites on template

Ti l I'l l I I r iT r r n ^
A d a p to r P n m er

X

_

I

(2) Anchor primer is extended in reverse transcription by Superscript RT to generate cDNA
5
’
‘'
“
A A.A, A A A A A A A A A A.A AA A
3 '- ^ ----------------------------------------------------------------------- TTTTTTTTTTTTTTT
Adaptor Primer

I

\

(3) RNA template is degraded by RNase H to generate PCR-ready cDNA

3'

-

'

Tl lT l T11 11'l TI I I
■Adaptor Primer

(4) Amplify across 3' untranslated region using UAP and Gene Specific Primer 1, then 2 as a
semi -nested amplification to enhance specificity
3 ’ """ L

'C

Gene
Specific
Primer 1

'

Gene
Specific
Primer 2

I l l I TTl 11 I i n 11

Universal
Amplification Pnm er
(UAP)

Figure 2.1. Schematic flow diagram of the 3'RACE methodology

less of poly-(A)"^ RNA. Reverse transcription was conducted at 42^C for 1 hour whilst the
RNase H step was at the same temperature for 10 minutes.
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The efficacy of the reagents was tested with the control RNA (50ng//^l) both prior to
and in tandem with the retinal RNA samples. To overcome the possibility of genomic
contamination, primers were selected which would have resulted in several introns (based on
the murine and human genomic organisation) being spanned during the amplification. (See
Chapter 3).
An initial round of PCR was carried out with GSPl (See figure 2.1) and UAP - a
standard PCR with a 'hot start' at 80°C following an initial 7 minutes at 94°C to inactivate the
RNase H and Superscript RT. 35 cycles were carried out.
In order to generate a larger amount of clean product for cloning, a second,semi
nested amplification using GSP2 and UAP was then undertaken. The first round PCR was
diluted 1:1000 in SDW and in a tandem experiment, isolated on a 1% LMT agarose gel (See
section 2.4.6). 1/<1 of this was used as a template in the nested PCR. To facilitate UDG or
ligation independent cloning (See section 2.6.4), primer GSP2 was designed to contain the
following 12 nucleotides at its 5' end:

5'- CAU CAU CAU CAU

-3’

A standard PCR with 'hot start' was again used, but due to the presence of the 12
nucleotide overhangs in the primers, the first 5 cycles were annealed at 65^C, whilst the next
30 were annealed and extended at 72®C. This was done in an attempt to reduce non-specific
annealing of the 32mer primers in later cycles (by increasing the thermal stringency), whilst
allowing annealing to the correct site to continue to occur.

2.7.6

S' RACE to map the transcriptional start site of a gene
This method utilises the technique of single-stranded ligation of cDNAs ((SLIC),

Edwards et al, 1991) as opposed to the older method which involved homopolymeric tailing
(Frohman et al, 1988). This method relies on the ability of T4 RNA ligase to ligate single
stranded DNA molecules in the presence of hexamine cobalt chloride (Tessier et al, 1986).
All of the reagents were supplied in kit form by Clontech (5'-Amplifinder RACE kit)
This ligated Anchor contains unique sequence and a specific primer (the Anchor Primer) is
used with a gene specific primer for subsequent amplification. The method is another
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mtxlification of the 'anchored PCR' technique applied to a particular purpose and is
summarised in figure 2.2. I he Anchor itself is bkxrked at its 3' end by the addition of an
amine group during synthesis of the oligonucleotide, thus preventing self-ligation and the
formation of concatamers. I’his favours the ligation of Anchor to template. The sequence of
the Anchor and Anchor Primer are given below;

(1) Synthesise cDNA primed from PI. Hydrolyse RNA with NaOH and remove excess
prim er
P2
PI
A A A A A A A A A A A -3 '
T e m p la te
mRNA

(2) Add Anchor and T4 RNA ligase to attach Anchor to 3’ end of the
cDNA
N e w ly sy n th esised
cD N A

3’

H2N—
A nchor

P

~ir

PI

5'
T4 RNA
ligase

(3) PCR amplify template using anchor primer and P2 to obtain fragments spanning
the translational start site(s)

HiNi
A nchor prim er
(p lu s seq u en ce for ligation
in d ep en d en t cloning)

Figure 2.2. Schematic flow diagram of the 5'RACE SLIC
method
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Anchor sequence
3'NH2-GGAGACTTCCAAGGTCTTAGCTATCACTTAAGCAC-P 5’

There is an EcoRI site shown in bold type and a 5’ phosphate group (P) which is required for
ligation to the cDNA template.

Anchor primer sequence
5'-CrGGTTCGGCCCACCrCTGAAGGTTCCAGAATCGATAG-3'

The underlined bases are utilised in a particular form of ligation independent cloning
not used in this work. Note that the Primer anneals to the Anchor so as to give lObp between
the 3' end of the Primer and the start of the cDNA sequence which is useful in identifying
true Anchor ligation-Primer extension products rather than those generated by spurious
annealing of the Primer during the PCR.
The recommended protocol was followed precisely, except for two minor
modifications. cDNA synthesis utilises AMV reverse transcriptase, allowing a higher
incubation temperature to be used, compared to M-MLV. This represents an attempt to
overcome RNA secondary structure in what is usually a highly GC rich region. Therefore, the
reverse transcription reaction was carried out at 52®C for 40 minutes. Additionally, to help
relieve the same potential secondary structure in the cDNA before ligation, the purified
template was heated to 80®C for 5 minutes and quenched on ice just prior to assembling the
ligation reagents. These were mixed gently on ice before incubating at room temperature as
directed.
The PCR used \]A of a 1:10 dilution of the ligation reaction in a standard 'hot start'
reaction of 35 cycles. The fidelity of this protocol was tested using control human placental
poly-(A)'^ RNA and primers provided and also by taking aliquots of the control and retinal
cDNAs
(i) after cDNA synthesis, and
(ii) after removal of excess primer from reverse transcription.
These samples were PCR amplified using primers from confirmed sequence spanning
the putative first exon (See chapter 3) in order to differentiate from possible products
generated from genomic contamination and to verify the presence of intact cDNA at all
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major stages up to the ligation reaction. The position of the primer PI was also chosen for
this purpose.
The bands obtained upon PCR were isolated by 1% LMT agarose gel electrophoresis
(Section 2.4.6) for subsequent nested PCR and cloning (See section 2.6.3).

2.7.7 PCR amplification of cDNA from various different tissues
In order to examine the tissue distribution of various different transcripts at a highly
sensitive level, Ipl of the first strand cDNA generated from poly-(A)''' RNA was used as the
template in a standard PCR with 'hot start' for 35 cycles following an initial incubation at
9 5 ^ for 8 minutes to inactivate any residual reverse transcriptase activity.

2.7.8 Vectorette-PCR: a method for genomic walking
This process is also known as 'Chemical Genetics' since it does not involve a biological
system in which to propagate cloned DNA i.e. E. coli transformed with plasmid containing
insert. Briefly, it involves digestion of genomic DNA with different restriction endonucleases,
followed by ligation of a defined, presynthesised double stranded species of DNA compatible
with the ends generated by the cut. This piece of DNA is called a 'Vectorette 1' (ICI
Biological Products). The protocol is summarised in figure 2.3. Anchored PCR is then
performed using a specifically designed gene specific primer and a 'vectorette-specific' PCR
primer 1 to generate a product which reads into unknown sequence.
The binding site for the PCR primer 1 is not actually present initially, since the
vectorette itself contains a 'bubble' of mismatched sequence in the middle, which spans the
vectorette PCR primer 1 binding site. The site is only created when the strand complementary
to the PCR primer 1 sequence is generated. This strand should arise by DNA synthesis solely
from the gene specific primer within the restriction fragment of interest, thus reducing the
probability of obtaining unwanted products upon amplification.
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2.7.8.1 Construction of Vectorette genomic libraries
2//g of genomic DNA from an Irish setter dog of genotype r e d - 11+ and
ophthalmoscopically normal phenotype, sample number DBC5.1 was digested overnight with
one of the following restriction endonucleases in a volume of 100p,l according to the
manufacturer's recommendations:• Bam HI ^
• Hind III 2
• Pvu II 3
• Hae III 3
• Sau 3AI 1
• Rsa I 3
• T aq M
The extent of digestion was monitored by running 0.5p.g of the DNA on a 1%
agarose gel (see section 2.4.2). 3 pmol of the appropriate Vectorette 1 (I = Bam HI
compatible, 2 = Hind III compatible, ^ = blunt-ended ^ = Cla I compatible,) was ligated to
Ifdg of each of the completely digested genomic DNAs in the presence of the restriction
enzyme buffer, 2mM ATP, 2mM DTT and lOU of T4 DNA ligase (Pharmacia).
Except for the Sau 3AI digest/Bam HI vectorette ligation reaction, ligation of the
vectorette unit to the end of the genomic DNA fragment destroys the recognition site. This
means that the temperature can be cycled between the temperature optima for the ligase and
the restriction endonuclease (but not Tag I, whose temperature optimum is at 65°C) without
destroying the ligase activity. This allows ligated genomic DNA fragments to be recleaved,
thus favouring the attachment of vectorette units.
Therefore, the temperature was cycled between 20PC, 60 minutes and 31^C, 30
minutes for 5 cycles. The Sau 3AI digest was ligated to the Bam HI vectorette at 20®C for the
same duration as the temperature cycling, before denaturing the ligase at 70®C for 10
minutes.
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Following this incubation, 2(X)[xl of SDW was added to each of the vectorette genomic
libraries, which were then split into 20id aliquots and stored at -2(PC. 2pl was then used as a
^
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Figure 2.3. Schematic flow diagram depicting the Vectorette Chemical Genetics methodology
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template in a first round PCR reaction using the Gene specific primer 1 in figure 2.3 in
combination with the Vectorette 1 PCR primer.

2.7.S.2 PCR amplification of genomic Vectorette libraries
Two rounds of PCR were found to be required to generate sufficient specific product
for further manipulation. The PCRs were standard 'hot start' reactions, but significantly
different in terms of thermal cycling conditions.
The Vectorette PCR 1 primer supplied has a calculated dissociation temperature of
74®C using the formula given in section 2.3.1 and even at annealing temperatures as high as
68®C, gives a ladder of bands formed by spurious annealing . Therefore, the gene specific
primer had to be designed with its dissociation temperature very close to 74®C. This was done
using computer software and is discussed in section 2.8.1. The PCR reaction th u s
incorporated a combined aimealing/extension step at 72®C for 2.5 minutes following the 30
second, 95®C dénaturation step.
Additionally, to enhance the specificity of the amplification, the first 5 cycles were
carried out solely in the presence of the gene specific primer. The vectorette PCR primer was
then added and a further 35 cycles performed.
A further, semi-nested 'hot start' amplification reaction was performed on Ipl of either
(i) a 1:1000 dilution of the initial PCR, or
(ii) LMT agarose purified band of interest (see section 2.4.6) to generate quantities of
specific product that were easily visible with ethidium bromide staining, and suitable for
direct sequencing (section 2.8.3)or cloning into a plasmid vector (section 2.6.4).

2.7.9 Oligonucleotide probing of PCR products
PCR products were separated by 1.5% agarose gel electrophoresis and transferred to a
Hybond-N membrane as described in section 2.4.4. The oligonucleotide probe was prepared
by end-labelling with [y-^^P]dATP, specific activity 3000 Ci/mmol as described in section
2.8.3.2. The filter was prehybridised according to Church and Gilbert (1984) as in section
2.6.9.4 at 55-62®C. The temperature was chosen to be 2-3®C below the calculated
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dissociation temperature of the oligonucleotide, with an extra arbitrary allowance for
mismatches between primer and template. The labelled probe was added directly to the
prehybridisation solution and incubated for 2 hours, after which the filter was washed in 2X
SSC,0.1% SDS at room temperature and then at 55-62®C for 5 minutes. Further washes at 5562®C for 5 minutes, down to as low as 0.5X SSC, 0.1% SDS were sufficient to reduce
background counts. Autoradiography was carried out using Kodak X-OMAT AR film.

2.8 Sequencing Single And Double Stranded DNA
2.8.1 Overview of dideoxy chain termination sequencing
Sequencing reactions were carried out using Sequenase version 2.0 (USB), or T7
polymerase (Pharmacia) which are genetically engineered T7 DNA polymerases lacking 3' to
5' exonuclease activity. The dideoxynucleotide protocols described are a modifiied from
Sanger et al, (1977).
The ddNTPs lack a hydroxyl residue at the 3' position of the deoxyribose, which
prevents formation of a phosphodiester bond when incorporated into the elongating DNA
molecule and leads to chain termination. By using four different ddNTPs in four separate
reactions, populations of oligonucleotides are generated that terminate at positions occupied
by every A, C, G or T in the template strand. Band compressions on gels indicated the use of
the nucleotide analogues 7-deaza dOTP and 7-deaza dATP (Pharmacia) to try to alleviate
intrastrand secondary structure. This met with limited success and the best method for
resolving compressions was to sequence the opposite strand in the region of the
compressions. Sequencing reactions were carried out on double stranded plasmid DNA
prepared as described in the following section using SP6, T7 and M13 universal primers
initially, followed by insert specific oligonucleotides as required.

2.8.2 Dideoxy sequencing with Sequenase(USB) and T7 (Pharmacia) kits
Double stranded plasmid DNA (approximately l-2//g) was alkali denatured in sodium
hydroxide (2mM) and EDTA (20/^M) at room temperature for 10 minutes . The DNA was
then precipitated in lOOpil of absolute alcohol containing 5pi\ of 3M sodium acetate at -20®C
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for 30 minutes, and recovered by centrifugation at 14,000 X g (13K rpm in a
microcentrifuge) for 20 minutes at 4°C. The resultant pellet was washed in 70% alcohol,
dried and resuspended in water (10/^1). Manufacturers' instructions were then followed
precisely, using [a-^%]dATP as label.
To extend the sequencing reactions in order to read further into the clone of interest
long termination mixes (Pharmacia T7 protocol) were used which are effectively diluted
ddNTPs. Some success was achieved in increasing the readable squence using this protocol
but not to a reproducible, practically useful level.

2.8.3 Direct sequencing of PCR products
2.8.3.1 DNA purification
The sequence of interest was amplified from genomic DNA or cDNA with specific
primers synthesised from cDNA clone sequence. DNA was extracted with 1 volume of 1:1
(v:v) phenol/chloroform followed by 1 volume of chloroform at 14,000 X g for 1 minute. A
50}4\ aliquot of the aqueous phase was then purified through a Sephacryl S-400 spin column
(Pharmacia) following manufacturers instructions.

2.8.3.2 5 -end labelling of primer
Primer (lOpmoles) was labelled using [y-^^P]dATP in a final volume of IOjàI by
adding the following; 1/^1 of T4 polynucleotide kinase (5-10 units; Pharmacia), SjaI of [y^^PjdATP (3000Ci/mM) and

of One-Phor-All buffer (Pharmacia). The reaction mix was

incubated at 37®C for 1 hour.

2.8.3.3 Sequencing using Sequenase 2.0 (USB) and T7 (Pharmacia) kits
An aliquot of DNA (9pi\ for Sequenase, lOpil for T7) was mixed with 2pi\ (2.5pmol) of
labelled primer and heated to 95^C for 2 minutes then cooled on ice. The following were
then added on ice:• l)A of DTT, 2pi\ of reaction buffer (USB) or
• just 2]A annealing buffer (Pharmacia), then
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• 2]A of Sequenase (1:7 dilution) or T7 polymerase (1:4 dilution).
The reagents were then mixed gently before 3.5jA-4.0]4\ aliquots were removed to be
mixed with 2.5/^1 aliquots of each dideoxy nucleotide (as described in the manufacturers'
protocols). The samples were then incubated at 37®C for 5 minutes before the reaction was
terminated by the addition of 4}A of stop buffer.

2.8.3.4 Solid phase single-stranded sequencing of biotinylated D N A
strands
During the synthesis of certain PCR primers, a biotin group was added to the 5' end
(by Oswel DNA), in order to generate single stranded DNA for sequencing using streptavidinmagnetic beads (Dynabeads M280, Dynal).
A standard PCR reaction in lOOptl volume was carried out using one biotinylated
primer and one normal primer for 35 cycles. The success of the amplification was verified by
running 10//1 on a 1% agarose minigel. The remainder of the reaction was fractionated by
electrophoresis in a 1% LMT agarose gel made up using IX TBE as a buffer in both the gel
and the tank. The required bands were separated from artefacts, primer dimer, etcetera by
band excision from the gel under minimal UV exposure and transferred to 1.5ml
microcentrifuge tubes. 400//1 IX TBE was added and tubes were incubated at 65®C to melt
the agarose. The streptavidin-magnetic beads were resuspended by vortexing and 16/^1 added
to the DNA/diluted agarose. Binding of the biotin to the streptavidin was accomplished over
30 minutes at 65®C on a rotary platform.
From this point onwards, the anchored biotinylated DNA was separated from the
aqueous phase using a magnetic field applied to the microcentrifuge tube (Magnetic Particle
Concentrator, Dynal), thus allowing buffers to be easily exchanged with no loss of template.
The DNA was washed by resuspending the DNA/beads in 200/^1 SDW, then concentrating the
DNA/beads and removing the SDW. This was repeated before denaturing the template strands
in 0.15M NaOH on the bench for 5 minutes.
The non-biotinylated strand separated by this treatment was pooled from two identical
reactions and precipitated by adding 0.1 volumes 3M NaOAc and 2.5 volumes of 100%
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ethanol, then incubating at -20^C for 30 minutes. The DNA pellet formed by centrifugation
for 15 minutes at 13K rpm in a benchtop microcentrifuge at 4®C, was washed with 70%
ethanol and resuspended in SDW. This was then sequenced using a ^^P-labelled primer
according to the method described in sections 2.8.3.2 and 2.8.3.3.
The biotinylated strand bound to the beads was washed twice in SDW and the
sequencing reaction assembled using the reagents from the Sequenase and T7 kits, using [a ^^S]dATP following the manufacturers' protocols for double stranded plasmid DNA, taking
care to ensure even distribution of the DNA/beads in the solution. The sequencing primer
used was either the non-biotinylated one used in the original PCR, or else an internal primer
synthesised from previously ascertained sequence.

2.8.4 Polyacrylamide gel electrophoresis of sequenced DNA
Apparatus used for running sequencing gels was purchased from BioRad. The back
sequencing plate (holding the buffer reservoir) was silanised before assembly (Sigmacote,
Sigma). Acrylamide concentrate (19:1 acrylamide:bisacrylamide) in 8.3M urea solution
(Sequagel, National Diagnostics) was mixed with diluent (8.3M Urea) and buffer (10 X TBE
in 8.3M urea) to give a 6% gel solution in 8.3M Urea and IX TBE.
For a 50ml plug, 300pi\ of 25%(w/v) ammonium persulphate and 300jA of TEMED
were added and quickly mixed before pouring. For a gel volume of 150ml, ASOjA o f
25%(w/v) ammonium persulphate and 60pi\ of TEMED were added and quickly mixed before
pouring. Sequencing reactions were heat denatured at 90°C for 5 minutes before loading
onto a pre-warmed (50-55®C) 6% denaturing polyacrylamide gel and were electrophoresed
for the desired number of volt hours in IX TBE.
Samples containing DNA bound to magnetic beads were treated as above, the gel
matrix retarding the beads and template at the base of the well. This did not appear to affect
the sharpness if the bands on the autoradiograph.
After electrophoresis the gel was fixed in 10% methanol/10% acetic acid for 5
minutes on the front gel plate. Excess fixative was removed and a sheet of 3mm Whatman
paper was placed on top of the gel (to which it preferentially bound). The gel was covered
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with cling film and dried on Whatman 3MM paper for 3-4 hours under vacuum at 70°C
before exposure to X-OMAT AR (Kodak) film overnight. Longer exposures were used if
required following initial visualisation of the autoradiograph.

2.9 Computational Analysis Of Nucleic Acid Sequences
2.9.1 Use of localised software for sequence analysis
Analysis of nucleic acid sequences and potential open reading frames was performed
using a variety of software developed for the Apple Macintosh computer. Mac Vector software
(developed by IB! for use on an Apple Macintosh) versions 3.5, 4.0 and 4.1 was used
principally to store and align sequences of different clones/PCR products to highlight
mismatches or nucleotide deletions/insertions and to assemble sequence contigs with full
coverage from several clones. In addition, searches for restriction sites, and analysis of
sequences for recognised transcription factor binding motifs were performed
Geneworks is an alternative package for nucleic and amino acid sequence analysis
and was developed by Intelligenetics. Version 2.0 was used, principally for the selection and
testing of primer pairs for compatibility prior to their synthesis, as well as accessing sequences
from a CD-rom database.
Nucleotide sequences were compared and the synonymous and nonsynonymous
nucleotide substitution rates calculated according to Li et al, (1985). The synonymous rates
were used to construct a phylogenetic tree using the neighbour-joining method (Saitou and
Nei, 1987).

2.9.2 Use of networked facilities for analysis
The SERC Daresbury laboratory and Human Genome Mapping Group are both host
to a suite of programmes, developed by the Genetics Computer Group (GCG) at the
University of Winsconsin, which are accessed from a remote site via a computer network
service (Devereux, Haeberli & Smithies, 1984). This original VAX system has recently been
converted to UNIX. 5' upstream and coding PDEB DNA sequences were analysed using this
software.
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In order to chose PCR primers from evolutionarily conserved regions of the cDNA
coding sequence, the GAP program was used to compare the cDNA sequences of the murine
and bovine PDEBs. This program uses the algorithm of Needleman and Wunsch, (1970).
Areas of sequence conservation revealed by this comparison enabled consensus
oligonucleotides to be synthesised.
Sequences of canine PDEB were compared with entries in the GenBank database
latest version using the FAST A algorithm (Pearson & Lipman, 1988) to evaluate similarity
scores. Default settings allow the reverse complementary strand to be analysed along with the
entered sequences. FAST A was also used to compare PDEB 5' upstream sequence with the
Eukaryotic Promoter database in an attempt to identify upstream motifs which were shared
with those of other genes. Again, default settings were used.
Signal Scan was also used to analyse the 5' PDEB sequence by searching for known
eukaryotic transcription factor binding motifs (Prestridge, 1991), using the Mammalian
subset of Ghosh's transcriptional factor database (Ghosh, 1990). This program uses Staden
format.
MFOLD was used to predict optimal secondary structures for the 3'-most 539bp of
the normal and mutant canine PDEB cDNA sequences. The program calculates the minimal
energy values for a folded RNA and this version uses the Turner energies (Freier et al, 1986).
The data were plotted graphically using the Squiggles function.

2.10 Reagents And Suppliers
2.10.1 General reagents
• TE buffer: lOmM Tris-HCl pH7.5, 0.1 mM sodium EDTA pH8, autoclaved
• 10 X loading buffer: 25%(w/v) ficoll (Mr 400kD), 0.25%(w/v) Orange G, 0.25M
EDTA in 1 X TAE buffer
• 20 X SSC: 3M NaCl, 0.3M sodium citrate
• 10 X TAE: 0.4M Tris-acetate, lOmM sodium EDTA, pH8
• 3M NaOAc (sodium acetate): 408.1 g/1 of the salt dissolved in water and adjusted
to pH4.8 with glacial acetic acid. Autoclaved.

93

M aterials and methods

2.10.2 Solutions used for nucleic acid preparation and Southern blotting
• Solution D: 4M guanidium thiocyanate, 25mM sodium citrate pH7, 0.5% sarkosyl,
O.IM 6 - mercaptoethanol, made up in DEPC water and filter sterilised
• 10 X lysis buffer: 50mM Tris-HCl pH7.5, 25mM MgCl2 6 H 2 O, 0.6M sucrose,
5%(v/v) Triton XlOO
• 10 X suspension buffer: O.IM Tris-HCl pH7.5, O.IM NaCl, O.IM sodium EDTA
pH8
• Dénaturer: 1.5M NaCl, 0.5M NaOH
• Neutraliser: 3M NaCl, 0.3M sodium citrate, pH5.5
• Colony blot neutraliser: 1.5M NaCl, 0.5M Tris-HCl pH7.2, ImM EDTA

2.10.4 Media for microbiological manipulation
• LB (Luria Bertoni) broth: l%(w/v) Bactotryptone, 0.5%(w/v) yeast extract,
l%(w/v) NaCl, autoclaved
• LB agar: LB broth containing 1.5%(w/v) agar, autoclaved
• Solution I: 50mM glucose, 25mM Tris-HCl pH8 , lOmM EDTA, autoclaved
• Solution II: 0.2M NaOH, l%(w/v) SDS, made fresh from autoclaved solution
• Solution III: lOmM Tris-HCl pH7.5, O.lmM sodium EDTA pH8 , autoclaved

2.10.5 Gel electrophoresis and Northern analysis
• 10 X MOPS: 0.2M MOPS pH7, 50mM sodium acetate, 5mM sodium EDTA,
DEPC treated and autoclaved
• 10 X loading buffer: 25%(w/v) ficoll, 0.25%(w/v) OrangeG, 0.2mg/ml ethidium
bromide in DEPC water
• 10 X Sucrose loading buffer: 860mM sucrose, 5.5mM Orange G in aqueous
solution in SDW
• 10 X SSC: 3M NaCl, 0.3M sodium citrate, DEPC treated and autoclaved
• RNA hybridisation mix: l%(w/v) SDS, IM NaCl, 10%(w/v) dextran sulphate
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2.10.6 Sequencing solutions
• 10 X TBE: 90mM Tris borate, lOmM sodium EDTA, pH8.3
• Stop Solution: 0.3% Bromophenol blue, 0.3% Xylene cyanol FF,10mM EDTA
(pH7.5), 97.5% deionised formamide.

2.10.7 Suppliers
Amersham International pic. UK.
BioRad laboratories Ltd. UK.
Cambio Ltd. UK.
Clontech laboratories Inc. USA.
DuPont Biotechnology Systems, USA.
Flowgen (suppliers of EMC bioproducts) Ltd. UK.
Gibco BRL life technologies, UK.
ICI (Zeneca), Cambridge Biosciences, UK.
Northumbria Biologicals Ltd.(NBL) UK.
Pharmacia Ltd. UK.
Schleicher and Schuell, Germany.
Stratagene Ltd. UK.
United States Biochemicals (USB), USA.

Chemicals not specified were purchased from:
• BDH Chemicals Ltd.
• Gibco BRL
• Unipath (Oxoid) UK.
• Pharmacia Biotech
• Sigma Chemicals, USA

Radiochemicals:
• Amersham
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Computer software and access:
• SERC Daresbury Laboratory, Daresbury, Warrington, WA4 4AD
• UK Human Genome Mapping Resource Centre, Clinical Research Centre,
Watford Road, Harrow, Middlesex, HAl 3UJ.
• International Biotechnologies Inc., P.O. Box 9558, New Haven, CT 06535.
• Intelligenetics, Inc., 700 East El Camino Real, Mountain View, CA 94040.

Oligonucleotides:
• Synthesized in house on a MilliGen DNA synthesiser, and
• Commercially by Oswel DNA, British Biotechnology, Pharmacia and Cruachem.
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CHAPTER 3; CHARACTERÏSAT:|0N OF PDEB
' ' :::iN'NORMAL
3.1 Introduction
In order to screen pdeb in the dog as a candidate for GPRA, the normal gene m ust
first be characterised at the nucleotide sequence level. This information was unknown at the
start of the project. An almost complete cDNA sequence was obtained, lacking only the
extrem e 5' untranslated region of the transcript. A dditionally, as part o f an initial
characterisation of the genomic organisation of the pdeb gene to facilitate the screening of
each exon from different individuals using genomic DNA as a template, introns 16 to 22 were
mapped and partially sequenced. The canine pdeb nucleotide sequence encoding the protein
shows a very high degree of homology with pdeb sequences in other species, and a lower
degree o f hom ology to the rod and cone alpha subunits o f

p h o to re c ep to r

cG M P

phosphodiesterases (pdea and pdea').

3.2 Integrity and yield of genomic DNA extracted from peripheral blood
Genom ic DNA was extracted (section 2.2.1) from dogs kept in GPRA breeding
colonies at the A HT. Its integrity and approxim ate yield were assayed by agarose gel
electrophoresis. The results are shown in Figure 3.1.
Intact, high molecular weight genomic DNA was obtained from all blood samples.
Some artefactual background smearing is seen in where the gel is effectively overloaded with
DNA. Apparent variation in size of the genomic DNA is affected by the voltage, amount of
DNA loaded and non-linearity of the comb used to form wells in the gel.
The yield of DNA was estimated by comparison with the upper band of 1/^g of X.
phage digested with Hin^f 111.
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23KB-

23KB-

Figure 3.1 (above) Agarose gel showing intact genomic DNA
extracted from whole blood from different AH 1 breeding
colony dogs. Identification numbers correspond to those given
in table 3.1. M = X Hindi 11 markers
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m m -:

Figure 3.2 (right) Formaldehyde/agarose gel of total retinal
R.NA extracted from four different normal dogs (two
retinae jK*r pool). The up|x;r and lower arrowheads represent
the 28S and 18S ribosomal RNA bands, resjxictively.
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Breed

Name/Sex

Status

Sample ref. no.

Doberman

Sadie/F

Normal

D B N l.1-1.4

Tibetan terrier

Hugo/M

Carrier

D B Cl.l

Sausage/M

Normal

DBN2.1

Mandy/F

Affected

D B A l.l

Vita/F

Affected

DBA2.1

Petronella/F

Affected

DBA3.1

Miniature longhaired

Rosie/F

Carrier

DBC2.1

dachshund

Dennis/M

Affected

DBA4.1

Gemma/F

Affected

DBA5.1

Otty/F

Affected

DBA6.1

Honey/F

Carrier

DBC3.1

Sugar/F

Carrier

DBC4.1

Ingrid/F

Affected

DBA7.1

Jasmine/F

Carrier

DBC5.1

Polly/F

Affected

DBA8.1

Rachael/F

Carrier

DBC6.1

Wesley/M

Affected

DBA9.1

Xylo/M

Affected

DBA 10.1

Welsh spr. spaniel

NA/FN

Normal

D1.2

German shepherd

NA/F

Normal

D1.3

Boxer

NA/F

Normal

D1.4

Collie cross

NA/MN

Normal

D1.5

Dobermann

NA/M

Normal

DN2

Irish setter

•

Table 3.1 The breed, name (where available), sex and GPRA status of the dogs from the
breeding colonies at the Animal Health Trust (AHT) and from four normal dogs. Blood
samples and hence DNA samples were obtained from the AHT dogs. For the last four dogs
with a different format of reference number, this denotes retina donors. The retinae were used
for RNA extraction. The reference number of each DNA sample is related to its source. F =
female, FN = female neutered, M = male, MN = male neutered, NA = not available.
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3.3 Integrity and yield of RNA extracted from canine retina
3.3.1 Electrophoretic analysis of retinal RNA
Prior to cDNA synthesis, an aliquot of total RNA extracted from both retinae of four
normal dogs was removed. Table 3.1 shows the identities of each dog corresponding to the
sample reference number. Each aliquot was subjected to formaldehyde/agarose gel
electrophoresis as described in section 2.5.1.
Figure 3.2 shows that the ribosomal 18S and 28S RNAs are clearly visible in all
samples. A background smear representing predominantly mRNAs was visible, extending
from well below the discrete ribosomal bands into the higher molecular weight regions of the
gel. This suggests that the RNA had remained relatively intact. The integrity of the RNA
sample was further tested by Northern analysis prior to cDNA synthesis.
In order to test the function of the QuikPrep Micro mRNA Purification Kit, cultured
RPE cells, bovine liver and bovine retina were processed for RNA extraction. The entire
sample in each case was subjected to electrophoresis exactly as described in section 2.5.1.
In addition to the poly-(A)+ samples, two samples of total RNA from cultured RPE
cells were also were transferred by capillary blotting to Genescreen plus charged nylon
membranes and permanently visualised using the methylene blue technique (sections 2.5.2
and 2.5.3). Figure 3.3 shows the stained membrane, included for comparison. The intensity
of the ribosomal bands and the size range of the RNA smear confirm the ability of this kit to
extract intact poly-(A)+-enriched RNA from different sources. Complementary DNA
synthesis and PCR carried out by Dr. C.Y. Gregory, in the same laboratory, on rat RPE RNA
extracted by this kit yielded the expected bands of desired sequence.

3.3.2 Northern blot hybridisation of retinal RNA
The filter onto which the retinal total

RNAs

had

been

blotted

were

prehybridised/hybridised as in section 2.5.4 with a double-stranded, oligo-labelled human
probe encoding the ubiquitously-expressed glyceraldehyde-3-phosphate dehydrogenase
(G3PDH) Figure 3.4 shows that the probe hybridises to a single band of about 1.2kb. The
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Figure 3.3 Stained membrane showing RNA
extracted using the QuikPrep Micro kit with total
RNA for comparison. Lane 1 bovine retina, lane 2
RPE cells, lane 3 and 4 total RNA from RPE cells,
lane 5 bovine liver .M = RNA size standards
(Gibco BRL). Band size is given in kilobases.
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Figure 3.4 Northern blot of total retinal RNA probed
with a human G3PDH probe to assess the integrity of
the RNA prior to cDNA synthesis. The lane order is
the reverse of that given in figure 3.2. The positions of
the 28S and 188 ribosomal RNA bands are shown by
arrowheads.
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signal strength reflects the relative amount of nucleic acid on the filter as assessed from figure
3.2. There was no smearing of signal to lower molecular weight sizes, therefore the RNA was
considered to be a suitable template for cDNA synthesis.

3.4 Synthesis of PCR-ready retinal cDNA from the RNA template
First strand cDNA synthesis was carried out as detailed in section 2.7.2. For total
RNA, the cDNA synthesis was monitored radioactively. D1.4 RNA was selected for cDNA
synthesis. The control markers provided with the cDNA synthesis reagents were used in
tandem to assess the efficacy of those reagents and conditions. Figure 3.5 shows
autoradiograms of a dried agarose gel (section 2.7.2), monitoring the cDNA syntheses.
Smears extending above 2kb are visualised for the first strand synthesis, the bulk of the cDNA
appearing to be between 1.2-2.0kb. The second strand synthesis are less reliable to assess by
this method. Whilst there is definitely label present in a smear, the size appears much higher
than that for first strand synthesis. Since the samples should be denatured, this is unexpected.
However, partial sample renaturation may also have occurred prior to electrophoresis, altering
the size fractionation of the cDNAs, particularly for the second strand synthesis of sample
D1.4.
Since at least the first strand synthesis appeared to have progressed reasonably, and
some intact cDNA was present through the second strand synthesis, this cDNA template was
PCR-amplified.

3.5 PCR amplification of pdeb sequences from the retinal cDNA template
3.5.1 Synthesis of primers from regions of interspecies conservation
Using the GAP computer software (see section 2.9.2), cDNA sequences of the murine
and bovine pdeb cDNAs (database accession numbers X55968 and J05553 respectively) were
aligned and regions of approximately 100% homology which had been conserved across the
evolutionary distance between these two species were selected. Oligonucleotide primers were
designed to produce two overlapping fragments covering the majority of the coding
sequence., synthesised and used to amplify pdeb sequences from the canine retinal cDNA.
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Figure 3.5 First and second
strand cDNA synthesis
for retinal sample D1.4 primed
with oligo-dT. Lane
1 first strand synthesis, lane 2
second strand synthesis.
M = RNA markers.
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Figure 3.6 The positions and nucleotide sequences of the conserved primers used to amplity the
canine pdeb cDNA. Each primer sequence is given above the 100% homologous region of bovine
and murine sequences and matching nucleotides are linked by lines. The approximate sizes of the
expected products are given by comparing their positions to the bovine/murine pdeb cDNA
shown as a bar at the top (depicting functional domains which are discussed later in the text)
where a nucleotide scale is shown. EcoRl sites were originally included in certain primers to
facilitate cloning of the product into plasmid vectors but since these products were cloned by
virtue of their A overhangs, no restriction digests were used.
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A gift of some of the primers used to amplify and sequence the mouse pdeb cDNA (Baehr et
al, 1991) was made by Professor Wolfgang Baehr, Baylor College of Medicine, Houston,
Texas. These are shown with the prefix 'W' in figure 3.19. Remaining primers w ere
synthesised from canine pdeb sequence obtained during the course of the project.
Figure 3.6 shows the regions of bovine and murine sequence from which the original
conserved sequence primers were derived and shows the expected fragment size and position
relative to the coding sequence of the cDNA.

3.5.2 Amplification using conserved sequence primers
Initial PCR amplification attempts utilised primer pairs F1/R3 and F2/R4. Figure 3.7
shows the agarose gel. The F1/R3 primer pair yielded no visible product (data not shown) but
the F2/R4-primed amplifications have generated a single band of size 1200-1300bp, in
excellent agreement with the expected size of approximately 1240bp estimated from the
murine and bovine cDNA sequences. Since this fragment would be expected to span 11
introns, based upon the known intron/exon mapping of the murine (Pittler and Baehr, 1991),
and the human pdeb genes (Weber et al, 1991), no band would be expected to have been
generated from any contaminating genomic DNA.The identity of the product was confirmed
by performing a semi-nested PCR using primer F2 in combination with primer R3.
The purpose of this experiment was twofold: (i) to confirm the nature of the F2/R4
fragment, and (ii) to test the performance of primer R3. The failure of the F1/R3 PCR was
tested by using each oligonucleotide in combination with other primers.
Figure 3.8 shows that the presence of F2/R3 product at the expected size both
confirms the nature of the template band and proves that primer R3 will work successfully in
the dog. FI was tested in combination with the murine primer W118 (which maps to the 3'
end of the first exon in mouse and human) on genomic DNA (figure 3.9). A strong band of
the expected 450bp size is amplified in both canine and human genomic DNAs whilst Primer
FI appears to work equally as well as the murine primer W109 in combination with W118.
Dideoxy chain termination sequencing of the PCR products F1/W118 (section
2.8.3.3) and F2/R4, the latter utilising a biotinylated R4 (R4B) primer with the streptavidin-
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Figure 3.7 Agarose gel of tlie first pdeb PCR product
to be amplified from canine retinal cDNA. Duplicate
primer pairs were used on 2pl (lanes 1 and 3) and 1pi
(lanes 2 and 4) aliquots of the cDNA. Lanes 1. 2 primer
pair F2/R4, lanes 3 ,4 primer pair F2/R4B (i.e. a
biotinylated primer). Lane 5 no DNA control for all 3
2. 0 " primers. M = X/Hindlll markers. Size of bands is
given in kilobase pairs.
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Figure 3.8 Semi-nested PCR of the F2/R4 PCR
products using primers F2 and R3 to confirm
the nature of the template and to test primer R3.
Lanes 1-5 F2/R3 PCRs on 4 aliquots of the F2/R4
product (lane 5 no DNA control), lanes 6 and 7
positive control F2/R4 re-PCR. Size of bands is
given in kilobase pairs.
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Figure 3.9 Amplification of exon 1 from
D B N l.l genomic DNA using primers FI
and W 118 (lanes 1-3) and W 109 and W 118
(lanes 4-6). Lanes 3 and 6 contain no DNA
control PCRs. M = X/Hindlll markers. Size
of bands is given in kilobase pairs.
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magnetic bead methodology (section 2.83.4) was carried out. Following visualisation upon
denaturing polyacrylamide gel electrophoresis (section 2.8.4), the nucleotide sequence
provided a preliminary confirmation of the nature of the PCR products. They were highly
homologous, but not identical to the human, murine and bovine pdeb cDNA sequences in the
database. An additional primer, F5 was synthesised, based upon this sequence information
and used, in tandem with R4B to generate a nested set of PCR products from the F2/R4
template to test the primer and to facilitate further sequencing. Figure 3.10 shows a series of
biotinylated pdeb PCR products which were subsequently used for direct sequencing as
detailed in section 2.8.3 4.
The conclusion that the FI binding site on the original cDNA template was not
present prompted the decision to extract poly-(A)+ retinal RNA, and to use Superscript RNase
H" RT, a cloned M-MLV reverse transcriptase with a deleted RNase H domain, in an attempt to
extend the full length of the transcript. The RNA extraction was carried with a Pharmacia
QuikPrep Micro kit (section 2.2.5)
Retinal cDNA from dog DN2 was synthesised using both oligo-dT 1218 and another
primer, R7 which was 100% conserved between the murine, bovine and human (database
accession number 841458) pdeb sequences and situated approximately 860bp upstream of
the ATG translational start codon. R7 was used to maximise the chances of obtaining the 5'
coding region of the transcript and to generate PCR products overlapping those already
obtained.
Amplification used the primer pair F1/R7 and the results are shown in figure 3.11.
The two aliquots of R7-primed cDNA show a significantly greater amount of the desired PCR
product than the oligo-dT-primed cDNA. This may reflect a greater concentration of the
template present in the cDNA although PCR under these conditions is not considered to be
quantitative (Gilliland et al, 1990; Wang and Mark, 1990). If product yield is related to
template, then far more of the desired template was reverse transcribed from the transcriptspecific primer R7 than from the oligo-dT. The proximity of the R7 primer to the 5' end of
the coding region may have increased the amount of fully extended cDNA relative to that
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Figure 3.10 PCR pr(xlucts generated using
biotinylated primer R4B with F2 (lanes 6-9)
and semi nested from this template with
primer F5 (lanes 1-4). These products were
used for direct sequencing, lane 5 contains the
no DNA control PCR. M = W in d lll markers.
0.5KB ►

1700"Figure 3.11 PCR product generated from cDN A using
primers FI and R7. Equal amounts of RNA from dog
DN2 were used in the cDNA synthesis and PCR but for
lanes 1 and 3, the first strand synthesis was primed with
R7 itself, whilst for lane 2. oligo-dTi 2 -i 8 was used.
860"Lane 4 is the no DNA control PCR The expected band
size of about 860 bp was obtained. M = A,/PvuII markers.
Sizes of bands are given in base pairs.

Figure 3.12a F1/R3 PCR product obtained from retinal
cDNA at the expected size of about 1680 bp (lane 1).
Lane 2 shows the no DNA control reaction. M = ^ /l^ u ll
markers.

Figure 3.12b W80/R3 (lane 3) and W80/W127
(lane 4) PCR products obtained from retinal
cDNA showing the expected sizes. Lane 1
contains the no DNA control PCR. M = A/Hindlll
markers. Band sizes shown in kilobase pairs.
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extended from the poly-(A) tail, despite the ability of the Superscript enzyme to extend for
much longer distances than approximately 3kb.
To facilitate sequencing of PCR fragments and to generate additional cDNAs
overlapping those already obtained, the oligo-dTi2-i 8 ptimGd cDNA was used as a template
to PCR-amplify F1/R3, W80/R3 and W80/W127 fragments. The latter two are semi- and fullynested at either end relative to the former and the primers are derived from murine nucleotide
sequence. The results are shown in figure 3.12a and 3.12b. Single fragments of the expected
size were obtained from the cDNA in each case.

3.5.3 3'RACE to obtain the 3* untranslated region of the pdeb transcript
The protocol was followed as detailed in section 2.7.5, using total RNA from retina
D1.5, in tandem with the control RNA provided with the reagents, to test their efficacy. In the
first round of PCR amplification, using primer F2 and the UAP, the control cDNA gives a
band of expected size (720bp) whereas no band is visible in the D1.5 lane (data not shown).
However, when a semi-nested amplification using primer 3'RGSP2 (synthesised from known
canine pdeb sequence and containing the additional 12 nucleotides required for UDG
cloning (sections 2.7.5 and 2.6.4.2)) and the UAP was performed, faint single bands of
approximately 1200bp in length were generated (figure 3.13). To increase the specificity of
the amplification, the annealing step was adjusted from 40 cycles at 55°C to 10 cycles at this
temperature, then a combined 72°C annealing/extension step for an additional 30 cycles. This
was an attempt to compensate for the primer binding site homology to the template rapidly
reaching 1(X)% over 32 nucleotides, rather than over the 3'-most 20 bases in the initial cycles.
Figure 3.14 shows that this appears to have had a beneficial effect, with an increased amount
of product relative to the background smear.
A nested PCR from the 3'RGSP2/UAP amplification using primers F5 and R4 gave a
positive result of the expected size (approximately 900bp) confirming the nature of the band
obtained by the 3'RACE protocol (data not shown).
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Figure 3.13 Generation of PCR products
spanning the 3' untranslated region using the
3' RACE protocol. The amplification was semi
nested from a dilution of the first round reaction
for pdeb using the Anchor primer and 3'RGSP2,
a primer synthesised upstream of 3'R G SPl,
which was used in the initial amplification.
The control primers were the same ones as used
in the initial PCR. Lanes 1 and 2 retinal cDNA,
lane 3, no DNA in reverse transcription control,
lane 4 positive control PCR. M = A/Hindlll
markers.

Figure 3.14 Enhanced specificity and yield of
the 3 RACE PCR products from retinal cDNA
by manipulation of the cycling protocol using
the same primers as the reactions shown in
figure 3.13 (details given in the text). Lane Ino
DNA control, lanes 2 and 3 retinal cDNA from
first round of PCR, M = A/Hindlll markers.
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3.6 Cloning of PCR products prior to sequencing
3.6.1 Non-specific cloning of PCR products
The majority of PCR fragments sequenced (except F1/W118 and F2/R4B) were first
cloned into a plasmid vector. Since a biotinylated version of primer R3 had been synthesised,
fragment F1/R3B was also partially sequenced in a direct manner. However, this fragment was
also cloned.
In order to maximise the probability of cloning the desired band in each case, fresh
PCR products for F1/R7, W80/W127, F1/R3 and 3'RGSP2/UAP were purified onto DEAE
paper (NA-45, Schleicher and Schuell, section 2.6.3.1). Agarose gel electrophoresis of each
of the above, plus an unpurified fresh F1/R3 PCR was used to quantify the products so that a
molar ratio of vector : insert ends of 1:1-1:3 could be calculated.
For example F1/R7 PCR fragment is 870bp in length whilst the vector pCR2
(Invitrogen) is 3.9kb. Thus, for a molar ratio of ends of 1:3, with 50ng of vector present in
the ligation, the amount of prospective insert required is (870x50x3)/3900 = 33.5ng. The
ligations and transformations were performed as per sections 2.6.4.1 and 2.6.5 respectively.
Transformation efficiencies were not routinely calculated, but the colony density on
the plates was used as an estimate. However, the efficiency of the DH5a cells was tested for
the first aliquot in a new batch using 25ng of circularised pUC18 per reaction. 50pg of the
plasmid gave 20 colonies on the plate. Therefore, the transformation efficiency of these cells
per ]4g is 4x10^ colony forming units (cfu).

3.6.2 Uracil DNA Glycosylase cloning of the 3'RACE PCR fragment
Treatment of 22ng of 3'RGSP2/UAP NA-45-purified PCR product and 25ng of
pAMP vector (Gibco BRL), (section 2.6.4.2) preceded routine transformation and selection
(sections 2.6.5 and 2.6.6). This gave 42 colonies for DNA of approximately 470pg (input
vector (250pg) plus insert (220pg)), a transformation efficiency of over 8.9x10^ cfu///g input
DNA. The pAMP self-annealing control reaction generated no colonies at all, compared to
the perpetual background obtained with the standard ligation methodologies, whilst there
were no blue colonies on any plate other than the pUC18 control.
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3.6.3 Selection and screening of recombinant E. coli
Numerous white colonies for each set of transformations were picked and plasmid
mini-preps performed (section 2.6.7.2). Inserts were released by various combinations of
enzymes (section 2.6.8) and clones containing inserts of the correct size were selected.
Figures 3.15a and 3.15b show that all of the white colonies picked from transformation plates
for ligations of F1/R7 and W80/W127 contain inserts of the desired size when digested with
EcoRI.
From the NA-45-purified F1/R3 PCR products used for ligation, the former gave 6
discrete, clearly white colonies, whilst the latter generated 16. A selection of 5 white colonies
from each ligation/transformation were screened. Overall, only 3 of them gave the expected
band size upon EcoRI digestion (Figure 3.16a). PCR amplification with nested primers was
used to confirm the presence of the correct insert. Figure 3.16b shows that clones A2, A5
(NA-45-purified band) and C5 (diluted band) give not only the expected EcoRI restriction
fragment but also specifically amplify a nested W80/R7 product. Although the sample size in
each case is very small and more white colonies were obtained with a fresh, diluted PCR, the
proportion containing the desired insert was lower for this particular PCR product.
In the case of the 3'RACE-generated recombinants, 10 white colonies were selected at
random for restriction endonuclease digestion. Of these, 90% contained inserts which gave
the expected banding pattern (figure 3.17). There is a PstI site internal to the PCR product
which generates two bands. The apparent variation in the size of the lower band may be due
to the annealing of the oligo-dT-based primer annealing to different positions on the poly-A
tail. Clones 3'Rl-5 were selected for sequencing.
In all cases, further mini- and midi-preps of the selected clones were carried out and
used as templates for dideoxy chain termination sequencing (section 2.8.2).

3.7 Construction of a pdeb cDNA nucleotide sequence composite
Figure 3.18 shows the relative positions of the overlapping PCR products generated to
span the coding sequence and 3' untranslated region of the canine pdeb cDNA. Direct
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iransfomiants to show their insert size. Clones are run in pairs, first
the undigested, then digested aliquots. Lanes 2, 4, 6, 8, 10 and 12 show the
expected size (about 870bp including parts of the cloning site) for the F1/R7
product.
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C5 to confirm the presence of the desired insert
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Figure 3.18. Map of pdeb fragments amplified by PCR from retinal cDNA. The upper bar represents the coding sequence of the cDNA with
the untranslated regions depicted as a black line at either end. The (A)n shows the position of the poly-(A) tail of the mRNA. The areas
shaded in different colours represent different functional domains: la and Ib depict the putative binding sites for the pdeg protein subunit
whilst Ila and lib are the putative non-catalytic cGMP binding sites. The homologous region conserved in PDEs from yeast to human is
delineated by area III. A signal for posttranslational prénylation, the CAAX motif is present at region IV, at the extreme C-terminus of the
amino acid sequence. These regions are discussed in the text. The numbers beneath this bar indicate the nucleotide base pair number starting
at the adenine of the ATG methionine start codon. Fragments of cDNA generated by PCR are shown as solid lines whose colour denotes
their source.
= genomic DNA, " = DN2,
= 0 1 .4 and ■ " = D1.5. The primers used for each amplification are given on the
extreme left or right of the relevant fragment. The fragments were either sequenced directly, or cloned into a plasmid vector and then
sequenced. Asterisks indicate oligonucleotide primers for which a biotinylated batch was synthesised to undertake direct, solid phase
single-stranded sequencing using Dynabeads (Dynal). Numbers in parenthesis indicate the number of clones generated for sequencing,
whilst (D) denotes fragments which were directly sequenced, irrespective of the particular method.
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sequencing of those fragments amplified using a biotinylated primer was carried out as in
section 2.8.3.4 (including the non-biotinylated strand).
All sequencing was carried out on both strands in any given region of the cDNA, on
at least 3 clones or 3 separate direct sequencing reactions, to minimise either PCR artefacts,
sequencing artefacts, or misreading of sequencing gels. Not all of the clones were sequenced
in their entirety. F1/R7, W80/W127, and the 3'RACE clones were all completely sequenced but
the F1/R3 clones were sequenced mainly at the extreme 5' and 3' ends of the insert, in order to
clarify regions of uncertainty from other templates and to generate an overlap between
different fragments. Direct sequencing of F2/R4B was complete but was partial for F1/W118
and F1/R3B.
The strategy of sequencing was designed so that the information was generated, at any
point, from at least two different PCR reactions from the same and different sources, except
for the extreme 3' coding and untranslated regions (see figure 3.18). Thus the sequence
composite was obtained from a total of three unrelated adult individuals (boxer, dobermann
and crossbred dogs).
The composite sequence obtained is shown in figure 3.19, along with the map
positions of the primers used, including those canine pdeb-specific primers generated during
the course of the project. Excluding the poly-(A) tail, the cDNA sequence is 2732 nucleotides
in length, in close agreement with the 2.8kb species detected on a Northern blot of canine
retina probed with the murine pdeb (Farber et al, 1992). A single, large open reading frame
is present which predicts a protein 856 residues in length, very similar to that of the murine
(856aa, Pittler and Baehr, 1991), human (854aa, Collins et al, 1992) and bovine (853aa,
Ovchinnikov et al, 1987) sequences (see section 3.7.1).
Alternative nucleotide sequences given in figure 3.19 are differences which were
observed between this sequence and an initial canine Irish setter pdeb sequence generated in
Professor Baehr's laboratory in Houston. Some of these resulted in amino acid substitutions at
residues conserved in murine, bovine and human sequences (Clements et al, 1993a) Upon
communication of these differences, the Irish setter nucleotide sequence was altered prior to
publication (Suber et al, 1993). The remaining nucleotide differences are a synonymous T to
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GAC ATG ACC AAG GAG AAG GAA TTC TTT GAC GTG TGG CCT GTG CTG ATG GGA GAA GCG CAG
D
M
T
K
E
K
E
F
F D
V
W
P V
L M
G
E A
Q
910

920

930

9 40

9 50

960

CCG TAC TCG GGC CCA CGC ACA CCC GAC GGC CGT GAA ATC GTC TTC TAC AAG GTC ATC GAC
P
Y
S
G
P
R
T
P D
G
R
E l
V F Y K V I
D
970

980

990

1000

1010

1020

TAC ATC CTC CAT GGC AAG GAG GAC ATC AAG GTC ATC CCC TCG CCC CCC GCC GAC CAC TGG
Y
I
L
H
G
K
E
D
I K V
I
P
S
P
P
A
D
H
W

116

C haracterisation o f p d eb in norm al dogs
1030

1040

1050

1060

1070

1060

GCC TTG GCC AGC GGC CTT CCG ACC TAC GTG GCA GAA AGC GGC TTT ATC TGT AAC ATC ATG
A
L
A
S
G
L
P
T
Y
V
A
E
S
G
F
I
C N
I
M
1090

1100

1110

1120

1130

1140

AAC ACC GCC GCG GAC GAG ATG TTC ACG TTC CAG GAA GGG CCC CTG GAC GAC TCG GGC TGG
N
T
A
A
D
E
M
F
T
F
Q
E
G
P
L
D
D
S
G
W
1150

1160

1170

1180

1190

1200

GTC ATC AAG AAC GTC CTC TCC ATG CCC ATC GTC AAT AAG AAG GAG GAG ATC GTG GGG GTT
V I
K
N
V
L
S
M
P
I
V N K
K E E
I V
G
V
1210

1220

1230

1240

1250

1260

GCC ACG TTC TAC AAC AGG AAG GAC GGG AAG CCC TTC GAT GAG CAG GAT GAG GTC CTC ATG
A
T
F
Y
N
R
K
D
G
K
P
F
D
E
Q
D
E
V
L
M
1270

1200

1290

1300

1310

1320

GAG TCC CTC ACT CAG TTC CTG GGC TGG TCG GTA CTG AAC ACC GAC ACC TAC GAC AAG ATG
E
S
L
T
Q
F
L
G
W
S
V
L
N
T
D
T Y D K M

S
1330
1340
1350
1360
1370
1380
< -R 9 ___ F 2 -> __________
AAC AAG CTG GAG AAC CGC AAG GAC ATC GCC CAG GAC ATG GTC CTG TAC CAC GTG AGA TGC
N K L E N R
K
D
I
A
Q
D
M
V
L Y H V R C
1390

1400

1410

1420

1430

1440

GAC AAG GAC GAA ATC CAG CTG ATC CTG CCA ACG AGG GAG CGC CTG GGG AAG GAG CCT GCG
D K D E
I
Q
L
I
L
P
T
R
E
R
L
G
K
E
P
A
1450

1460

1470

1480

1490

1500

GAC TGT GAG GAG GAT GAG CTG GGA ATA CTC TTG AAG GAG GTG CTG CCG GGG CCA AGC AAG
D
C
E
E
D
E
L
G
I
L
L
K
E
V
L
P
G
P
S
K
1510

1520

1530

1540

1550

1560

TTC GAC ATC TAC GAG TTC CAC TTC TCG GAC CTG GAG TGC ACG GAG CTG GAG CTG GTC AAG
F D
I
Y
E
F
H
F
S
O L E
C
T
E
L
E
L
V
K
1570
1580
1590
1600
1610
1620
< -W 1 2 7 __________________________
GO
TGC GGC ATC CAG ATG TAC TAC GAG CTG GGC GTG GTC CGC AAG TTC CAG ATT CCT CAG GAG
C G I
Q
M
Y
Y
E
L
G
V
V
R
K
F
Q
I
P Q E

L
1630

1640
1650
1660
1670
1680
F5/3'R G SP2->_____________________________
<-R3/R3B___
GTC CTG GTG CGC TTC CTG TTC TCC GTG AGC AAA GGG TAC CGG AGG ATC ACC TAC CAC AAC
V
L
V R
F
L
F
S
V
S
K
G
Y
R
R
I
T Y H N

1690

1700

1710

1720

1730

1740

TGG CGC CAC GGC TTC AAC GTG GCC CAG ACC ATG TTC ACG CTG CTC ACG ACG GGC AAG CTG
W
R
H
G
F
N
V
A
Q
T
M
F
T
L
L
T
T
G
K
L

1750

1760

1770

1780

1790

1800

AAG AGC TAC TAC ACG GAC CTG GAG GCC TTC GCC ATG GTG ACG GCG GGC CTG TGC CAC GAC
K S Y Y
T
D
L
E
A
F
A
M
V
T
A
G
L
C
H
D

1810
1820
1830
1840
1850
1860
________ W 97->_________________
ATC GAC CAC CGC GGC ACC AAC AAC CTG TAC CAG ATG AAA TCC CAG AAC CCC CTG GCC AAG
I
D
H
R
G
T
N
N
L
Y
Q
M
K
S
Q
N
P
L A K

1870

1880

1890

1900

1910

1920

CTC CAC GGC TCC TCC ATC CTG GAG CGG CAC CAC CTG GAG TTC GGG AAG TTC CTG CTC TCC
L H G S S I
L
E
R
H
H
L
E
F
G
K
F
L
L
S

1930
1940
1950
1960
1970
1980
________ F6->_____________________________
CAAG
GAG GAG ACC CTG AAC ATC TAC CAG AAC CTG AAC CGG CGG CAG CAC GAG CAC GTG ATC CAC
E E T L
N
l Y Q N
L
N
R
R
Q
H
E
H
V
I
H

...................................................
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1990

2000

2010

2020

2030

2040

CTC ATG GAC ATA GCC ATC ATC GCC ACC GAC CTG GCA CTC TAC TTC AAG AAG AGG ACA ATG
L M D I
A
I
I
A
T
D
L
A
L
Y
F
K
K
R
T M
******........................................................H O M O L O G O U S
D O M A I N .............................................................
2050

2060

2070

2080

2090

2100

TTC CAG AAG ATC GTG GAT GAG TCT AAG AAC TAC GAG GAC AGG AAG AGC TGG GTG GAG TAC
F
Q
K
I
V
D
E
S
K
N
Y
E
D
R
K S W V E Y

2110

2140
2150
2160
_________ W 111->________________
CTG TCC CTG GAG ACG ACG CGG AAG GAG ATA GTC ATG GCC ATG ATG ATG ACG GCG TGT GAC
L
S
L
E
T
T
R
K
E
I
V
M
A
M M
M T
A
C
D

2170

2120

2180

2130

2190

2200

2210

2220

CTG TCT GCC ATC ACC AAG CCC TGG GAA GTC CAG AGC AAG GTT GCT CTG TTG GTG GCG GCT
L
S
A
I
T
K
P
W
E
V
Q
S
K
V
A
L L V A A

2230

2240

2250
2260
2270
2280
________ W 88->________________
GAG TTC TGG GAA CAA GGG GAC TTG GAA AGA ACA GTT CTG GAT CAG CAG CCT ATT CCG ATG
E
F
W
E
Q
G
D
L
E
R
T
V
L
D Q Q P
I
P M

2290

2300

2310

2320

2330

2340

ATG GAC CGG AAC AAG GCA GCC GAG CTC CCC AAA CTA CAG GTT GGC TTC ATC GAC TTC GTG
M D R N K A
A
E
L
P
K
L
Q
V
G
F
I
D F V

2350
2360
2370
2380
2390
2400
T *
*
*
* _______ < -W 1 0 0 /W 1 0 1 -> _____
TGC ACG TTC GTG TAC AAG GAG TTT TCC CGT TTC CAC GAA GAG ATC CTG CCC ATG TTC GAC
C
T
F
V
Y
K
E
F
S
R
F
H
E
E
I
L P M F D
2410
2420
2430
2440
2450
2460
_________X 21FM IS.->_________________ C_A.
CGA CTG CAG AAC AAC AGG AAG GAA TGG AAG GCC TTG GCT GAT GAG TAC GAG GCC AAG CTG
R L Q N
N
R
K
E
^
K
A
L
A
D
E
Y
E
A K L

2470

2480

2490

2500
2510
2520
<-X21R
< - R 4 /R 4 0 _____
AAG GCC CTG GAG GAG GAG AAG CAG CAA CAA GAG GAC AGG ACG ACA GCC AAG AAA GCG GGC
K
A
L
E
E
E
K
Q
Q
Q
E
D
R
T T A K K
A G
2530

2540

2550

2560

2570

2580

ACA GAG ATT TGC AAC GGT GGC CCC GCA CCC AAG TCT TCC ACC TGC TGC ATC CTG TGA GCT
T E I
C
N
G
G
P
A
P
K
S
S
T
C
C
I
L
CAAX-MOTIF
2590

2600

2610

2620

2630

2640

GCT CCC GGG TTC GGA CGG CGC CCC CGC CTC TAA GGG TTT GCT ACA TGT GAG GAA GCC CCA
2650

2660

2670

2680

2690

2700

GAA AAT GAC TAA AGA CAA TTT TGG ATA TCT TGA AAC TTT TTT AAG ATC TGT GTT TTT ATA

AAC TCA ACT ATG AAT AAA GTT TAG TGT ACC TCA AAA AA

Figure 3.19 Nucleotide sequence o f canine pdeb cDNA. Numbering starts at the first
nucleotide o f the sequence and is not relative to the ATG of the start codon. Single letters
beneath each codon represent the theoretical amino acid sequence. Differences in
nucleotide and amino acid composition to the american Irish setter cDNA sequence prior
to its publication are shown in bold type. The position of a nucleotide substitution creating
a stop codon at residue 807 in rcd-1 affected Irish setters is also shown (see Chapter 4).
Primer positions are depicted by lines above or below the sequence and direction is
indicated by an arrow. The homologous region shared by other PDEs is shown by asterisks
below the sequence. The polyadenylation signal is shown in bold type and underlined. The
site at which the oligo-dT anchor annealed to the 3'untranslated region is shown by
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C transition at position 2337 and an extra C in the 3' untranslated region at position
2607/2608 (figure 3.19). These probably represent polymorphisms in normal dogs since
neither the amino acid sequence nor recognised sequence motifs such as the polyadenylation
signal are affected.
The slight variation in insert size observed when the 3’RACE clones were digested was
confirmed upon sequencing the 3' ends of the PCR fragments. Annealing of the oligo-dTbased primer for reverse transcription had actually occurred in different regions of the 3'
untranslated regions. For most clones, it had occurred to different parts of the poly-A tail but
for clone 2, which showed the smallest insert size (figure 3.17) annealing had occurred
further 5', in the untranslated sequence. When the truncation was mapped to the sequence
obtained from the other clones it was found that the primer may have annealed to a stretch of
nucleotides which was rich in A residues (11/17 nucleotides). This is shown in figure 3.19.
This sequence has been deposited in the EMBL database, accession number Z23014.

3.7.1 Comparison of amino acid sequences between photoreceptor PDE
subunits
The amino acid sequence homology between the canine pdeb cDNA and the bovine,
murine and human counterparts previously cloned in other laboratories is very high. This
sequence is 95%, 93% and 91% identical to the respective proteins. All of the features
characteristic of photoreceptor PDE a and 6 subunits such as cGMP (Charbonneau et al,
1990) and pdgg-binding sites (Whalen and Bitensky, 1989), homologous domain
(Charbonneau et at, 1986; Beavo, 1988) and CAAX motif signaling posttranslational
isoprenylation (Hancock et al, 1989) are shown in figure 3.19.
Alignment of the pdeb amino acid sequences (Geneworks, section 2.9.1) shows
greatest diversity at the N- and C-terminal ends, which presumably reflects a slight relaxation
of functional constraints upon these regions of the protein. When the amino acid sequences
are compared with those of rod pdea subunits, the close relationship between these two
subunits is emphasised. An overall similarity of 67% exists between the pdea and pdeh
groups with individual homologies to the canine pdeb of 72-73%. This value is almost
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exactly the same as that obtained when comparing the subunits within species. When these two
are aligned with the pdea present in cone photoreceptors (pdea\ Li et al, 1990) a lower value
of identity (62-64%) is obtained between either rod pdea or pdeb and the cone subunit than
between the rod pdea and pdeb.
Lipkin and coworkers (1990) suggested one of two possibilities to explain this
(i) that pdea and pdeb had diverged more recently than pdea\ or
(ii) that the divergence of pdea and pdeb had been functionally constrained in rods.
In attempting to overcome the confounding factors of functional constraint in
addressing this question, the nucleotide sequence of canine pdeb, along with other pdeb, pdea
and pdea' sequences from different species were analysed for synonymous and
nonsynonymous substitution rates.

3.7.2 Comparison of nucleotide substitutions between photoreceptor PDE
subunits
Due to the inherent redundancy in the codon system, certain nucleotides can be
substituted for others without changing the amino acid sequence of the protein. These are
termed synonymous, and in a random protein-coding sequence account for 4% of
substitutions at the first position in the codon and 69% of those at the third position. No
synonymous changes are possible at the second position (Li and Graur, 1991). The
remaining possible nucleotide substitutions all change the amino acid sequence and are
therefore nonsynonymous. If the number of effectively neutral, synonymous and
nonsynonymous

nucleotide substitutions is measured in a pairwise comparison, with an

adjustment for the possibility of multiple hits at the same site, then the contribution of each
type of substitution to the overall difference is obtained.
It is expressed as the number of synonymous or nonsynonymous substitutions per
possible site between the two sequences being compared. Table 3.2a shows that for different
PDE subunits the number of synonymous changes is much greater, usually by an order of
magnitude, implying selection against amino acid alteration which is presumably imposed by
the degree of functional specialisation of the PDE subunits.
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(a)
BovRA

HumRB

HumRA

-

-

-

-

-

-

-

-

1.54

1.79

-

-

-

0 .142

0.138

0.229

0 .477

0.537

2.64

1.64

-

-

0 .030

0.027

0.240

0.145

1.75

1.80

1.79

0.396

1.64

-

0 .146

0.142

0.224

0.020

0.149

CanRB

BovRB

BovCA

CanRB

.

.

.

BovRB

0 .4 4

-

2.15

2.47

0.232

0.232

1.63

0.015

BovCA

BovRA

HumRB

HumRA

(b)

0.189 CanRB
0.002

0.824

0.143

0.290

G

MZl

284

BovRB
HumRB

BovRA

0.222

HumRA

1.251

BovCA

Table 3.2 (a) Comparison of the synonymous (upper figure) and nonsynonymous (lower figure) nucleotide
substitutions between different catalytic PDE subunits from different species calculated according to Li et al,
(1985). Figures are expressed as the rate of substitution per site at which the type of substitution (i.e.
synonymous, or nonsynonymous) could occur, (b) Phylogenetic tree genrated by the neighbour joining
method using the figures given in (a) to illustrate the evolutionary distance between the different PDE
subunits. Figures given represent the branch lengths in arbitrary units. Bov = bovine; Can = canine; Hum =
human; R = rod; C = cone; A = alpha subunit; B = beta subunit.
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The nucleotide sequences to which this analysis was applied had to be reduced in size
in order for the software to run. Data corresponding to approximately 100 amino acid
residues was removed from either end of the sequence, leaving a central portion of 660
codons. Most of the amino acid variation resides in these portions of the molecule whereas
the synonymous rate of substitution will be unaffected by this truncation.
Since neutral, synonymous substitutions are free of the selection intensity imposed by
function, they represent a more accurate measure of evolutionary divergence than amino acid
identity. If nucleotide sequences are compared, codon by codon in a pairwise fashion, a
relative measurement of the synonymous differences between coding sequences of related
genes can be obtained using the neighbour-joining method of Saitou and Nei (1987) and
represented as a phylogenetic tree.
The result is shown in table 3.2b and suggests that the divergence of an ancestral PDE
gene into rod and cone counterparts occurred before the divergence of the rod pdea and
pdeb subunits, in agreement with the first hypothesis of Lipkin and coworkers (1990) based
upon the amino acid identities,

3.8 Partial intron / exon characterisation of canine pdeb
In order to more fully characterise the canine pdeb gene and to enable entire exons to
be screened from genomic DNA, mapping of the intron/exon organisation of the gene was
commenced. The six introns at the 3' end of the gene, numbers 16 to 21, assuming an
identical number to the mouse (Pittler and Baehr, 1991) and human (Weber et al, 1991) were
amplified by PCR. Primer pairs were selected using the Geneworks package (section 2.9.1)
and synthesised from regions corresponding to the central parts of putatively adjacent exons.
The primer sequences, their positions relative to the cDNA sequence given in figure 3.24 and
the calculated product size from a cDNA template were estimated. Single bands larger than
the size expected from the cDNA were cloned and sequenced.
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3.8.1 Initial attempts to PCR-amplify across introns from a genomic DNA
template
As a preliminary experiment, several primer sets of similar calculated dissociation
temperature were used under the same cycling conditions. Figure 3.20a shows that although
strong bands were generated for W100/22R, W101/20F and 19F/20R in a standard PCR at an
annealing temperature of 61^C, these conditions were unsuitable for the other amplifications.
Additionally, an annealing temperature of 58®C for primer pair F6/17R resulted in two major
product bands (figure 3.20b). One unit of Tag polymerase was used per 50 }à\ reaction.

3.8.2 Manipulation of PCR conditions to improve the specificity
All PCRs had used a hot start, but in order to increase the specificity of the reaction,
touchdown PCR, both with and without the addition of DMSG was performed (section 2.3.3).
For all of the subsequent reactions, a maximum of 0.5 units of Tag polymerase was used per
50]x\ reaction.
For primer pair F6/17R a touchdown from 62®C to 58°C (A-1®C per cycle, followed
by 30 cycles at 58®C) resulted in the amplification of a single band, the yield of which was
increased by the addition of 10% DMSG (figure 3.21). In this amplification, the reduction in
the activity of Tag polymerase upon the addition of DMSG (Innis and Gelfand, 1990) was
not the limiting factor in the reaction. This appeared to be the annealing of the primer to the
desired template in the early amplification cycles, since the yield was improved merely by
enhancing the thermal stringency with the addition of DMSG.
A similar effect is shown for primer pair 17F/18R (figure 3.22) but in this case, the
yield appears to be unaltered whilst the specificity is improved by the addition of 10% DMSG
in addition to a protocol touching down from 66®C to 6 P C (A-PC for a total of 35 cycles).
However, this was not a universal phenomenon, as figure 3.23 shows. For primers
W 111/19R a touchdown of 62®C to 58®C was sufficient, along with reduced Tag polymerase,
to produce a single band, the yield of which did not appear to be enhanced by the addition of
DMSG.
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Figure 3.20a (left) Standard PCR attempts at pdeb irans-intmnic PCR from canine genomic
DNA, Duplicates were performed for each primer pair at a temperature 2®C below that of the
lowest primer annealing temperature, plus a no DNA control. Lancs 1-3 17F/18R, lanes 4-6
W111/19R, lanes 7-9 W100/22R, lanes 10-12 W101/20F, lanes 13-15 19F/20R, lane 16
W 109/W 118 positive control. The apparent size difference between the two 19F/20R products is
due to an uneven comb used to form the wells. M = X/Pvull and PhiX 174/HaeIlI combined.
Figure 3.20b (right) Standard PCR for primer pair F6/17R (lanes 1.2). M = as above.
M 1 2 3 4

Figure 3.21 Touchdown PCR for primer pair F6/17R
increases the specificity of the amplification whilst the
addition of 10% v/v DMSO enhances the yield. Lane 1 no
DMSO, lane 2 5% v/v DMSO, lane 3 10% DMSO, lane 4
no DNA control. M = X/PvuII and PhiX 174/HaeIlI
combined.

Figure 3.22 Touchdown PCR for primer pair 17F/18R
increases the specificity somewhat but is enhanced by
the addition o f DMSO. Lane 1 no DMSO, lane 2 10%
v/v DMSO, lane 3 no DNA control. M = X/Pvull and
PhiX 174/HaeIIl combined.

600 —

600 —

M

Figure 3.23 Touchdown PCR shows a slight
increase in yield which is inhibited by the
presence of DMSO. Lane 1standard PCR,
lane 2 touchdown PCR with no DMSO, lane
3 touchdown plus 10% v/v DMSO, lane 4 no
DNA control. M = X/Pvull and PhiX 174/
Haelll combined.

600—
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1

Intron

Murine(bp)

Human(bp)

Canine(bp)

16

>400

245

-240

17

~400

-660

-520

18

~400

-300

—440

19

~800

-1200

-790

20

~4000

-1240

-1100

21

-1400

-1250

-900

Table 3.3 Comperison of pdeb intron sizes between the dog, mouse and man. Sizes are given in base pairs.
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3.8.3 Generation of a map for introns 16 to 21
The single bands obtained for the above genomic PCRs were NA-45 paper-purified
(section 2.6.3.1) and cloned into the plasmid vector pCR2 (Invitrogen, see sections 2.6.4.1,
2.6.5 and 2.6.6). Desired recombinants were selected by colony PCR (section 2.6.8) and
three clones were sequenced for each product in order to map the intron/exon boundary and
to obtain intronic sequence information.
The size of the introns is given by the difference between the size of the amplified
genomic PCR fragment and that calculated from the cDNA sequence. This information,
shown in table 3.3 shows that, whilst particular intron sizes are very roughly conserved
between the mouse, dog and man, there is no consistent relative sizing for each of the
different species. Figure 3.24 shows the positions of the introns relative to the cDNA
sequence whilst figure 3.25 extends this information to include intronic sequence adjacent to
these exons.
The positions of the introns map to exactly the same nucleotide positions as those in
the human sequence (Weber et at, 1991) indicating that the genomic structure, as well as the
nucleotide and amino acid sequence conservation is extremely high. All intron/exon
boundary sequences conform to the 'GT' ('GU' in RNA) consensus at the extreme 5’ end of
the intron and a pyrimidine (somewhat interrupted) stretch followed by an 'AG' dinucleotide
at the 3' end of the intron. In the vicinity of the 3' intronic region, there is at least one A
residue which is situauted between 18 and 37 bases upstream of the 'AG' which would
theoretically be candidates for the 2' hydroxyl bond with the 5' phosphate group of the G
nucleotide which is thought to stabilise the lariat structure formed during RNA splicing (Cech,
1983, 1986).
The sequence information generated for the end of each exon is sufficient (except for
the 5' end of intron 16, which requires further sequencing) to design oligonucleotide primers
which can be used to screen the entire coding sequence plus splice donor and acceptor sites
for exons 17 to 22 from genomic DNA. This characterisation will be useful when attempting
to screen dogs with GPRA from breeds in which this candidate gene is being investigated.
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1930

1940

1950

1960

1970

1980

_________ F 6 -> _________________________
CAAG
GAG GAG ACC CTG AAC ATC TAC CAG AAC CTG AAC CGG CGG CAG CAC GAG CAC GTG ATC CAC
E
E
T
L
N
I
Y Q N
L
N
R
R
Q
H
E
H
V
I
H
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

1 9 9 0 _ ,.J

200 0

2 010

2020

E x o n i6 /E x o n 1 7

2040

CTC ATG GAC AT.A GCC ATC ATC GCC ACC GAC CTG GCA CTC TAC TTC AAG AAG AGG ACA ATG
L M D I
A I
I
A
T
D
L
A
L
Y
F
K
K
R
T M
******************************H O M O LO G O U S
d o m a in * * * * * * * * * * * * * * * * * * * * * * * * * *

2050
2060
2070
2080
2090
2100
*
*
*
x17F -> __________________*
TTC CAG AAG ATC GTG GAT GAG TCT AAG AAC TAC GAG GAC AGG AAG AGC TGG GTG GAG TAC
F Q K
I V D E S K
N Y E D R
K S W V E Y

2110
2120
E x o n i 7 /E x o n 1 8
2150
2160
*
<-X17R
____________ W 1 1 1->_______________
.CTG TCC CTG GAG ACG ACG CGG AAG GAG ATA GTC ATG GCC ATG ATG ATG ACG GCG TGT GAC
L
S
L
E
T
T
R
K
E
I
V M A M M M T A C D

2170
2180
2190
E xon 1 8 /E x o n 1 9
2210
2220
*
______________ <-X18R
*
*
*
CTG TCT GCC ATC ACC AAG CCC TGG GAA GTC CAG AGC AAG GTT GCT CTG TTG GTG GCG GCT
L
S
A
I
T
K
P
W
E
V
Q
S
K
V A L L V A A

2230
2240
2250
2260
E x o n i 9 /E x o n 2 0
XI 9F->
_________ W 88-> ____________________ <-X19R
GAG TTC TGG GAA CAA GGG
GAC TTG GAA AGA ACA GTT CTG GAT CAG CAG CCT ATT CCGATG
E
F
W
E
Q
G
D
L
E
R T V L
D Q Q P
I
P M

2290

2300

2310
2320
2330
2340
< - X 2 0 R _______________ X20F->_______________
ATG GAC CGG AAC AAG GCA GCC GAG CTC CCC AAA CTA CAG GTT GGC TTC ATC GAC TTC GTG
M D R N K A
A
E
L
P
K
L
Q
V
G
F
I
D F V

2350
E x o n 2 0 /E x o n 2 1
2370
2380
2390
2400
T *
*
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Figure 3.24. Nucleotide sequence of PDEB cDNA showing the positions of the introns 16-21. The primers
used to amplify across each intron are shown on the sequence. The nucleotides at the extreme 3' and 5' end
o f each exon are shown in bold type. The map positions o f each intron is conserved in mouse and in man.
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...EXON 16...CTACTTCAA gtgggtggccccccccccc...

.cccggggcgtcgactctttgttcttggggttcagbAAGAGGAC...EXON 17...GATAGTCATlgtgagcagtgggggcgacaggcagccccccagctggtcgatc

tcagacgtccccccacaaaaactagaagaccccc...

...ggccagcagcgctctggagcttcgtctccgcgcag GGCCATGAT.. EXON 18...CAGAGCAAG|gtcagaagtcatgcagggcccctgcctcggggagaccaggga
gaggaagcctgcgggggg...
..gcagaggagggcaggagcctctttcctcaatttctgaccaagc
gctgaccccccaagatgactgccttttatgcacccacctcccaag GTTCGTCTG...EXON 19...CAGCCTATT gtgagtgttacttccagaatcttctacccaccaggctccttggta
acctcgggcctcgcttggtgcacacagaggacccctggggact
tgg^tcggagcatcagtctcactttgtggggttggtcatgtga
cacgag...

to
(X)

-«-ggggctgcgagccgggccggggccgagtc________________________________
ctgcaggctcagaggaggtgtctctgctcccccacaag | CCGATGATG...EXON 20...GTGTACAAG I gtgagccccagcgtgcatcggggtcacaggcgggcggccgcc
gggctggcccggggctgacctgccgcagccccagcctctgcc
ccccggcagcttagggcctgaaagccgcag..
"tggtgtcag
caagggccaggccgtggagccgccacctgcccccactgcctgg________________________________
gaactgtcgagaggtgtggtccgacctcctgattctgtgtccag IGAGTTTTCC...EXON 21...CCAAGAAAGI gtctggccgcaggggtgggcacgggttagccgcc
cgcgagctgtaaagggacagtggggcagcagag
gcgagcctggaggcaggcaggtggctcgcggcac
ggggaccctcaggcgcgggctggcgagcgggaa
cagggaagggcc...

...gccgaggcggggctggctaatcggctcaggcggg
caccggggccgaggaggacggccggggagcaggccgtgctc______________________
accctcgtgctcaccctcccctcaccgtcccgtctctctcgcag |CGGGCACAG...EXON 22...

Figure 3.25. Exon/Intron boundaries and genomic sequences mapping the six exons
at the extreme 3' end of canine PDEB.
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3.9

Discussion

3.9.1 Consideration of the approach used to clone the canine pdeb cDNA
In order to clone and sequence cDNAs for which some sequence information is
already known from other species, PCR amplification of reverse transcribed cDNA is an
extremely powerful and rapid technique. In the field of ophthalmic genetics, this approach
has been utilised to characterise the murine pdea and pdeb genes (Baehr et al, 1991) and also
to detect point mutations, notably that associated with the rd mouse phenotype (Pittler and
Baehr, 1991). Full length pdeb clones were extremely rare relative to the pdea and pdea'
clones previously isolated from the same XZAP library by Lipkin and coworkers (1990).
Additionally, Bowes and coworkers (1990) were unable to clone the 5' end of the murine
pdeb cDNA from two separate libraries and had to resort to cDNA PCR. The reverse
transcription-PCR (RT-PCR) approach was therefore considered to be the most rapid route to
the canine pdeb cDNA sequence.
If adopting a 'candiate gene approach', a pool of tissue-specific cDNAs can effectively
replace a cDNA library, if oligo-dT and/or random primers are used to generate the cDNAs.
The rationale is based upon the fact that PCR amplification will be primed with
oligonucleotides from conserved regions in a particular protein from evidence in other
species, or regions common to particular gene families. This system, like hybridisation, does
allow for some degeneracy in detecting related transcripts and has been used to clone both
the mouse brain 63-kDa calmodulin-dependent PDE and novel cyclic nucleotide
phosphodiesterases from various tissue sources (Respaske et al, 1992).
The process is able to detect alternative splicing of transcripts (Baehr et al, 1991).
Additionally, 3'RACE should be able to detect alternative polyadenylation provided that any
concurrent splicing differences did not affect the gene specific primer binding site.
The power of amplification is such that large amounts of template can be generated
even from rare transcripts, although pdeb is not a rare transcript in the retina (Bowes et al,
1990; Farber et al, 1992; Chapter 6). Such product can either be directly sequenced or
efficiently cloned with much higher efficiencies than a blunt-ended ligation due to the
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template-independent ability of Taq polymerase to add an extra single adenine nucleotide to
the 3' end of the newly-synthesised strand. Direct sequencing has two main advantages:(i) that it will detect heterozygosity in a single sample, whereas multiple clones have to
be sequenced, and
(ii) it overcomes the low rate of Taq misincorporation into the new strand.
However, no polymorphisms were detected in the F2/R4B fragments sequenced using
the biotin-streptavidin method (section 2.8 3.4) and at least three clones were sequenced over
every region of coverage, and more often between four and six. This should be sufficient to
distunguish any PCR-produced errors from 'real' sequence (Ennis et al, 1990). In order for
true polymorphisms to be detected, several more than three clones would need to be analysed.
Although Ennis and coworkers (1990) found that 3 or 4 clones should be sufficient to
characterise an HLA allele, they did have considerable prior knowledge of likely
polymorphisms which could bias a judgement upon individual mutations. This information
for canine pdeb was only available by inference from conserved bases in other species and
such help is not possible for novel genes.
The advantage of sequencing clones was that it generally gave cleaner, more readable
sequence than direct methods. Additionally, the priority for detecting polymorphisms in
normal dogs was low at this stage of the study. Once a complete sequence had been
generated, PCR products from normal and GPRA-affected dogs would be screened using a
technique designed to detect single-base changes, such as heteroduplex analysis (Keen et al,
1991), SSCP (Orita et al, 1989) or one of the other methods given in section 1.4.1, and at that
time, all polymorphisms would have been investigated by direct sequencing.
The efficiency of cloning was dramatically increased by using the UDG-mediated
method. The technique is rapid as the need for a long ligation step is obviated and the
proportion of clones with the desired insert was high (90%)compared to the similarly-sized
PCR fragment F1/R3 which was also cloned (40%). However, for smaller fragments which had
been similarly purified, this efficiency was much higher, at 100% for F1/R7 and W80/W127.
Therefore, the UDG-mediated technique, which requires expensive modification of primers
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before their use was not used routinely for subsequent cloning of the genomic, intronspaiming PCRs.

3.9.2 Characteristics of the normal canine pdeb amino acid sequence
The cDNA sequence of canine pdeb and the theoretical translation of the single, large
open reading frame contained within it (figure 3.19) are highly homologous to pdeb in other
species, and to the other photoreceptor PDE subunits. This extremely high degree of
homology is not shared by any other of the known phosphodiesterases expressed in other
tissues but functional domains within the protein have been shown to be conserved in
different members of the PDE family (shown in figure 3.18).
For example, the putative catalytic or so-called homologous domain. This was
originally identified in cyclic nucleotide PDEs of diverse origin (yeast, drosophila and
mammals), tissue expression and regulation, as the only region of the proteins which showed
any homology (Charbonneau et al, 1986) and was later shown also to be present in bovine
pdea, pdeb and pdea' (Lipkin et al, 1990). The canine pdeb amino acid also contains this
domain, along with the pdeg binding sites and the internal homologous repeat regions
thought to be non-catalytic cGMP binding sites conserved in photoreceptor PDEs and cGMPstimulated PDE (Beavo 1988; Charbonneau et al, 1990; Li et al, 1990).
These features can be mapped to similar positions in the canine pdeb sequence
(figure 3.19). Other guanine-binding proteins have been found to have three conserved
elements which specify a binding site. Glycine-rich loops (amino acid sequence G-Xn-G)are
situated in the nucleotide regions 415-430 and 910-930: a guanosine-binding (N-K-X-D)
motif is situated between nucleotides 585-600 whilst close matches N-K-X-E bases 11741185, 1321-1332 and N-R-K-D at 1213-1224 are also found (conserved in other
photoreceptor PDE subunits): a Mg^+-binding element D-X-X-G is present in the
homologous catalytic region around nucleotide 1810 and an N-K-X-A (N-K-X-D in pdea
and pdea') is situated at 2290-2301. This last difference may reflect an alteration in kinetics
of cGMP-binding which exists between the alpha (pdea and pdea') subunits and p d eb
(Charbonneau et al, 1990).
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In addition, there is a C-A-A-X motif (the 'CAAX box') at the extreme C-terminal end
which, in other proteins, notably Ty and other PDE subunits (see section 1.3.1), signals
posttranslational processing (Maltese, 1990; Anant et al, 1992). This involves th e
isoprenylation of the cysteine, proteolytic removal of the last three residues, and
carboxymethylation. The particular isoprenoid group is specified by the last residue - for
pdeb, a leucine signals the attachment of a geranylgeranyl a C 20 group. This moiety is
thought to be important as an anchor for the subunit to the rod outer disc membrane, the site
at which many other phototransduction components (except the cGMP-gated ion channel and
guanylate cyclase) are localised (see figure 1.3).
Although these functional motifs have been untested for the canine pdeb, the
functions are assumed to be identical to that of pdeb in other species, which have been
biochemically tested. A consideration of normal structure and function is useful in forming a
hypothesis regarding the effects of possible nutations upon function (see chapter 4).

3.9.3 Evolution of the PDE cone and rod catalytic subunits
The overall amino acid sequence similarity between the rod and cone PDE subunits
suggests two alternative explanations. Since this comparison does not take into account the
effect of selection intensity on these proteins, the two hypotheses of Lipkin and colleagues are
both plausible. The crux of the question is whether the rods and cones diverged before, or
after the putative gene duplication event which generated the different PDE catalytic subunits.
Since PDEs participate in processes central to the physiological function of a highly
differentiated cell type, the selection intensity might be expected to be high.and would result
in fixation of the 'desired' amino acid sequences for each subunit. Thus, the amino acid
homologies would not reflect the evolutionary divergence of the genes, since there would be
very few, if any mutations creating residue alterations which would be neutral to function.
There is a precedent for this degree of selection intensity in the histone genes (Li and
Grauer, 1991). Due to the functional significance of almost every residue in histone 3 in its
interaction with DNA and other core histones, it is intolerant of most molecular changes and
has not accumulated a single nonsynonymous mutation (i.e. amino acid substitution) since
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the divergence of humans and mice. Although a positive correlation between
nonsynonymous and synonymous mutations has been noted in some genes (Grauer, 1985)
which may either reflect a specific positional effect, or a local influence of nonsynonymous
changes on adjacent, potentially synonymous nucleotides (Ticher and Grauer, 1989), by far
the major constraint is functional. The fact that histone 3 has a relatively high rate of
synonymous change but no amino acid polymorphisms is consistent with this hypothesis.
So, a measure of synonymous substitution should overcome the effects of selection
intensity and give a less skewed measure of relative divergence between the PDE genes. In the
comparison of nucleotide substitutions for the PDE subunits, the synonymous substitution
rates are an order of magnitude greater than the nonsynonymous ones.
It must be noted that the assumption of selective neutrality for synonymous
substitutions is not entirely valid, due to the phenomenon of codon usage which is
particularly marked in genes which are highly expressed in E.coli (Grantham, et al, 1980).
However, a later study compared homologous genes between various different species and
showed that silent substitutions do not vary, on average, with GC levels of silent positions
(Bernardi et al, 1993). This being the case, it has been assumed that there is no a priori
reason for codon usage selection to be operating at any significant level for the PDE genes.
The data suggest that the cone PDE gene did indeed diverge from that of the rod as
the initial event in evolution, followed by the gene duplication event thought to be responsible
for the generation of the rod specific pdea and pdeb. This would be the more favourable
hypothesis since it is consistent with the absence of a cone pdeb. The functional PDE enzyme
in the cone has been shown to consist of a pdea' homodimer, with three small inhibitory
subunits (Gillespie and Beavo, 1988).
The necessity to truncate the sequence for analysis, which removed the N- and Cterminal sequences would result in an artificially high synonymous rate relative to the
nonsynonymous rate of substitution. The true effect of selection intensity in suppressing
amino acid variation cannot therefore be assessed from these figures, but the overall trend
does indicate a large selection effect operating for the PDE subunits. However, the sequence
truncation should not affect the synonymous substitution rate, since such substitutions, being
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effectively neutral are assumed to occur with even distribution over the length of the
sequence. Since the position of a gene in relation to isochore/GC content does not affect the
synonymous substitution rate (Bernardi et al, 1993), it is assumed that the rate is the same
across the relatively small genomic span of the genes, just over 30 kb for pdeb in humans
(Weber et al, 1991).
It would have been preferable to have been able to include more than one pdea*
sequence in the analysis to decrease the likelihood of error peculiar to that single sample, but
this is the only pdea* subunit in the database. However, interspecies variation was controlled
internally by the inclusion of the bovine pdea and pdeb sequences.

3.10 Summary
An almost complete cDNA sequence for canine pdeb has been generated which shows
a close agreement to the major transcript size on Northern blots and a high degree of
homology to other pdebs in different species. It has an identical intron/exon arrangement
(over introns 16 to 21) to the human and mouse pdeb genes
. Intronic sequence information obtained will allow oligonucleotide primers to be synthesised
in order to screen exons 17 to 22 from genomic DNA.
All the functional motifs characteristic of catalytic photoreceptor PDE subunits are
present in the canine pdeb nucleotide and theoretical amino acid sequences. Additionally,
comparison of the nucleotide sequences suggest that the rod PDE subunits diverged after an
initial separation of the rod and cone ancestral PDE gene.
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CHAPTER 4: A PDEB MUTATION
COSEGREGATES WITH RCD-1
4.1 Introduction
Before the exon/intron mapping, intron sequence characterisation and subsequent
complete screening of all pdeb exons could be carried out, a mutation was communicated in
GPRA-affected Irish setters in the USA (W. Baehr, personal communication). This
information was later published in a full paper (Suber et al, 1993) following correction of
their cDNA sequence upon comparison with the one obtained during this project. The dogs
had an identical phenotype {rcd-1) to the setters maintained in a breeding colony at the AHT,
whose genomic DNA had been extracted to be used for screening. Therefore, this genomic
DNA was used as a template for PGR amplification and sequencing which confirmed the
presence of this mutation in affected Irish setters.
In addition, a rapid, non-isotopic diagnostic test for this mutation was developed, in
order that individuals could be screened using the relatively non-invasive technique of blood
sampling. This diagnostic test was used to show cosegregation of the mutant allele in the AHT
breeding colony. The possible effects of this mutation are discussed.

4.2 A pdeb nonsense mutation is present in rcd-1 affected dogs
Suber and coworkers (1993) reported a G to A transition at codon 807 of pdeb in
-affected Irish setters which is an amber stop mutation. The position of this Trp307X
mutation is shown in figure 3.19. In order to screen affected and carrier dogs from the
different A HT breeding colonies, primers W 100 and X21R (see figure 3.19 for the position
and sequence) were used to amplify a fragment of DNA corresponding to exon 21 of pdeb.
Figure 4.1 shows that the expected fragment size of about 130bp was obtained for each
individual. The remaining 80% of each reaction was purified using NA-45 DEAE paper
(section 2.6.3.1) and resuspended in \Opt\ of SOW. The entire contents were then directly
sequenced using primer X2IR which had been end-labelled as in sections 2.8.3.2 and
2.8.3.3.

135

A fvli'h rnu lulinn c o s c u r c ^ a l e s w ith r e d - 1

270BP 130BP-

Figure 4.1 Agarose gel of an exon 21 PCR from a genomic DNA template prior to direct
sequencing. The rcd-1 affected and carrier animal samples were from the AfFF colony of Irish
setters. M = PhiX174/HaellI markers (Promega), N = normal dog, C = carrier dog, A = affected
dog.
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Figure 4.2 Section of the antisense strand of two of the directly sequenced exon 21 K R prcxiucts
generated in figure 4.1 There is a G to A transition depicted which is present in the homozygous
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sequence at this point contains a G nucleotide. I'he theoretical amino acid translation is given
beneath showing that this transition creates a stop c(xlon. G = guanine, A = adenine, 1 =
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The resulting termination fragments were visualised by denaturing polyacrylamide gel
electrophoresis (section 2.8.4).
Figure 4.2 shows a portion of the sequencing gel spanning the putative mutation site
for rcd-llrcd-1 and rcd-H+ dogs. There is clearly a single nucleotide substitution which is
present in the homozygous state in the affected dog, but only in the heterozygous state in the
carrier. The alternative base shown in the carrier is identical to that of a normal dog (data not
shown but see figure 3.19). If the positive strand sequence is examined by taking the
complement of that shown in the autoradiogram, the result shows that the presence of the G to
A transition reported by Suber and coworkers (1993) is confirmed in affected Irish setters in
the UK. The alteration of codon 807 from TGG to TAG causes the theoretical Trp807X in
the protein.
DNA from a GPRA-affected Tibetan terrier (TT) and miniature longhaired
dachshund (MLHD) also kept in breeding colonies at the AHT was PCR-amplified, purified
and sequenced in the same way. The nucleotide composition at codon 807 is the same as
normal dogs, indicating that the disease in these breeds is not caused by the same mutation as
it is in the rcd-1 Irish setters, a fact previously unestablished.

4.3 Development of a diagnostic test
A search of the MacVector version 3.5 (see section 2.9.1) restriction site database
revealed that the G to A transition neither creates or deletes a restriction endonuclease
recognition site. Therefore, there are no existing restriction fragment length polymorphisms
for which to test. In order to generate an allele-specific, unique restriction site which would
differentiate between the normal and mutant allele, a special PCR primer had to be designed.

4.3.1 Design of a PCR primer to create a restriction endonuclease site
A manual search of a restriction enzyme database from the above software
(MacVector version 3.5) revealed that the isoschzomers M ael/Bfal/Rmal have a recognition
site, CTAG which is only one base pair different from that of the pdeb sequence in the
vicinity of the mutation. Figure 4.3 shows how this primer (X21Fmis, whose position is also
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GENOMIC DNA
114 bp
91 bp
RESIDUE 807

5’

EXON 21

primer E 2 1 F

primer E 21 R

5 '-G A aG C A G A A C A A C A G G A A æ A A ™ A A G ..r3 ’ NORMAL
5'- GACTGCAGAACAACAGGAAGGAATAGAAG..r3' MUTANT
5'- GACTGCAGAACAACAGGAAGGACT-3'

primer E 21 F

Î
MISMATCH

I

Bfa I

S'.GACTGCAGAACAACAGGAAGGACTAGAAG...-3'
Figure 4.3 Schematic diagram of the strategy of the rcd-1 diagnostic test. The
mismatch between primer X21 Finis and genomic DNA creates a sequence in the
PCR product (generated from a genomic DNA template) which will only cut with
Bfal if the rcd-1 G to A transversion is present.
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given in figure 3.19) should amplify genomic DNA in combination with primer X21R, under
conditions which allow for the mismatched sequence to aimeal. The amplified product will
contain a unique Bfal site only if the mutant allele is amplified and not for the normal allele.
PCR-dependent Bfal diagnosis can then be visualised by ethidium bromide staining, since the
amplification procedure generates a large amount of product.

4.3.2 Amplification and Bfal digestion of the 'mismatched' exon 21
The estimated dissociation temperature of primer X21Fmis is 72°C by eye and 62PC
using Geneworks software (sections 2.3.1 and 2.9.1). An intermediate annealing temperature
of 64®C was initially used on the genomic DNA in a lOOjA, 40-cycle PCR. A clean band was
obtained in a I0j4\ aliquot of the reaction for each individual. To maximise the yield, the PCR
was repeated in 100//1 volumes using identical conditions but the template used was a 2]a\
aliquot of LOT agarose-purified W100/X21R band amplified from each individual. The
reactions were used as a stock for initial Bfal digestion experiments.
These experiments, using 5U of enzyme and incubated overnight showed that the
enzyme did not appear to cut when the PCR reaction was used directly in the digest, along
with the manufacturer's recommended buffer whereas a K template was completely digested in
a separate reaction under identical conditions, except for the absence of the PCR reagents and
buffer (data not shown). The PCR product was therefore purified from the reaction
constituents by ethanol precipitation (section 2.6.1). Aliquots of 5//1 were used in overnight
digests at 37®C.
Despite this purification step, the source of the DNA and/or the quality of the
particular batch of enzyme appeared to dramatically alter the effectiveness of the digestion.
Figure 4.4 shows template generated directly from genomic DNA which has digested
incompletely after a 20 hour incubation. In order to achieve complete digestion, the reaction
was spiked with an additional 5U of Bfal and reincubated on a further two occasions before a
satisfactorily complete digest shown in figure 4.5 was obtained. This result shows that the
diagnostic test clearly detects all three allele combinations when the digest is complete.
Polyacrylamide gel electrophoresis was the size fractionation method of choice since it gives a
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much clearer separation than 3.5% agarose (compare figure 4.5 and 4.6). In addition, a
GPRA-affected TT and MLHD also tested normal by this method, as expected.
The performance of the enzyme on this occasion should be compared to the result
shown in figure 4.7, of the digestion products from an X21Fmis/X21R PCR carried out from
a gel-purified W100/X21R template (rather than directly from genomic DNA) and purified in
the same manner. Here, an overnight incubation with 5U of a new batch of Bfal enzyme was
sufficient to acheive a complete digest in all of the samples. The mutant allele is shown to
cosegregate with the disease in several small family groups which are branches of a larger
pedigree compiled by the AHT. The phenotypic status of each dog had been confirmed by
clinical examination and all of the dogs sampled were over the age of 1 year, at which time
clinical signs are marked (see table 1.4 and section 1.7.3.1). Whether the improvement in
performance of the enzyme is template- or enzyme batch-dependent is unclear, but once
satisfactory digestion occurs, all combinations of alleles are detected in dogs of known status.
This is the first molecular genetic DNA diagnostic test which has been developed for a
canine inherited ocular disease and in each case, the result is consistent with the known status
of the animal.
The cDNA sequence, confirmation of the Trp807X, G to A transition and the
development of the diagnostic test have been published (Clements et al, 1993b).

4.4

Discussion

4.4.1 Choice of a diagnostic test
Having confirmed the presence of a G to A transition at codon 807 in rc<i-i-affected
and carrier dogs, the aim of the project was to develop a diagnostic test which could be used
to screen unclassified members of the breed, principally to detect carriers which m ight
otherwise pass as clinically normal.
Such a test has to be technically robust, with a high sensitivity (the percentage of true
positives classed as such by the test) and specificity (the percentage of positive test results
which are true, i.e. as opposed to test positives which are, in reality, negative). When
considering a monogenic trait, the test is required merely to detect the presence of the mutant
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allele in carriers, which must be homozygous in affected animals in this instance and absent in
all truly normal dogs.
In order to be robust and economical, the test should be as technically simple and as
unaffected by interlaboratory differences in technical equipment as possible.
There are a variety of methods available to detect differences in nucleotide sequence.
In this case, known restriction enzyme sites remain unaltered by the mutation, so detection by
genomic Southern blotting is impossible. Methods such as DGGE, SSCP, chemical mismatch
cleavage and heteroduplex analysis which detect differences between nucleotide sequences
are rapid but have lower degrees of specificity. They could be used as an initial screening
procedure but, apart from chemical mismatch cleavage, give little or no indication as to the
site or type of the nucleotide substitution. Heteroduplex analysis would not detect
homozygous affected dogs unless DNA mixing experiments were performed. Although
affected dogs are clinically obvious at a relatively early age, an important part of any
diagnostic test for GPRA will be to confirm the status of animals before clinical signs are
present both for rcd-1 (in pups in the field, or as experimental animals) and in the later onset
diseases, in juvenile and adult dogs.
So, specificity at the level of a single nucleotide is a necessity. Allele-specific
oligonucleotide (ASO) hybridisation would achieve this end: an example of its use was to test
adRP patients in a family for the Pro23His C to A rhodopsin trans version (Dryja et al, 1990).
However, to avoid the use of hazardous radioisotopes or other hybridisation detection
mechanisms, the amplifying power of the PCR may be used. In a fashion similar to ASO
-A.
hybridisation, different PCR primer pairs could be synthesised which only amplify the normal
or mutant sequences under very specific thermal cycling conditions, due to mismatches at
their extreme 3' end. However, this system may be tricky to optimise for a given thermal
cycler and there is some evidence that it would not be robust when applied to different
machines.
Figure 4.8 shows a PCR of the first exon of pdeb using primers F1/W118 with the
same thermal parameters programmed into different thermal cyclers. The quantitative and
qualitative variability between different machines in this limited comparison implies that
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Figure 4.8 Figure showing the variability in pcrlom iance ol di He rent therniocyclers in
spccilically amplifying a ponion of pdeb exon 1 from the same aliquots of canine and human
genomic DNA using primers W109/W118. M = pBR322/Mspl markers. Si/e of marker bands is
given in base pairs. Lanes 1, 4. 7. 10, 13 human template, lanes 2. 5. 8. 1 1. 14 canine template,
lanes 3. 6. 9, 12 no DNA control. Different thennocyclers: lanes 1-3 Tech ne PHC2 (1). lanes 4-6
Techne PHC2 (2). lanes 7-9 Hybaid Omnigene, lanes 10-12 Hybaid thennocycler. lanes 13-14
Cetus thennocycler.
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Optimising the amplification based on a 3' mismatch might be difficult if primers which are
perfectly matched at this end could give differing products as demonstrated by the figure.
Not only might this make gels difficult to interpret, but if ethidium bromide staining was used
to detect presence or absence of a double stranded DNA product for each reaction to
minimise the 'hands on' time, then spurious bands produced by different cyclers would make
interpretation fraught with error. Additionally, this type of test also requires two PCRs per
sample.
The mismatch PCR/restriction enzyme method was chosen because it is nucleotide
specific, but only requires one, robust PCR to generate the product. The crux of the test is the
ability of the enzyme to completely digest the PCR product of the mutant allele in every case.
Conditions for enzyme activity are easily and cheaply achieved whilst being subject to little or
no variation between laboratories. In the relatively few individuals tested, the sensitivity and
specificity of the test for the mutant allele are 100%.
This diagnostic test is now being offered to Irish setter owners by the AHT and has
been used in conjunction with double-stranded conformational polymorphism to screen Irish
setters in the USA (Ray et al, 1994).
One disadvantage of this test is that it does not contain an internal control which
detects the presence of the normal allele as well as the mutant one. At the time of searching
the MacVector restriction enzyme database (version 3.5) there was no enzyme available which
would recognise the normal allele in the mismatch PCR. Subsequently, a new restriction
endonuclease, Bsrl (New England Biolabs) has become available which recognises the site
ACTGGN in the normal allele generated by the same mismatch PCR. It makes an asymmetric
cut between the C residues on the anti sense strand and immediately 3' to the N on the sense
strand.
Thus, the same PCR reaction can be subjected to two digestions which will control for
variable enzyme performance due to factors peculiar to particular DNA preparations and PCR
reactions. This way, carriers would not be mistaken for partially digested affected dogs since
both enzymes would be expected to digest, to some extent in carriers, but only one would cut
at all in normals or affecteds. Despite the fact that partially digested affected dogs tend to
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show a quantitatively different pattern to partially, and even fully digested heterozygous
fragments (see figures 4.4 and 4.5), the possibility of confusion cannot be ruled out,
especially when dealing with large numbers of samples. The double digestion has been used
by Ray and coworkers (1994) when screening Irish setters in the USA.
The facility for an internal control of this nature is also very useful if there is likely to
be variability of enzyme performance due to batch preparation or due to an effect of
amplifying the mismatched PCR product directly from genomic DNA. The experiment to test
the newer batch of Bfal enzyme on products derived directly from genomic DNA was not
performed, so the effect of DNA source on the digest has not been fully tested. However, it
does seem that two amplification steps are necessary to achieve consistent complete digestion
of larger numbers of samples (Petersen-Jones, personal communication).

4.4.2 Correlation of the mutation genotype with phenotype
Both PCR-direct sequencing and use of the diagnostic test showed that the rcd-1
mutation is not found in GPRA affected TT and MLHD dogs. This underlines the
heterogeneity of GPRA, and rules out the possibility of the same mutation causing a different
phenotype against a different genetic background. Since cGMP levels are not increased in
TTs and there is little evidence of early, selective rod involvement (see section 1.7.2.2) it was
extremely unlikely that a pdeb null mutation was present at all, but the case was not proven
for the MLHDs (section 1.7.2.3). Breeding studies, or a complete screen of pdeb have yet to
ascertain whether the disease in MLHDs is allelic with rcd-1 but based on phenotype this is
unlikely to be caused by a loss of PDE function.
The G to A transition cosegregates exclusively with the disease in all dogs so far
examined (Suber et al, 1993; Clements et al, 1993b), providing genetic evidence that it is
very closely linked to the disease, or else it is causative. Since the mRNA does not alter in size,
a splice site mutation is ruled out, but the promoter region has not been examined for
mutations which could reduce the expression of pdeb mRNA. However, the proposed effects
of the premature stop codon, to truncate the C-terminal 49 amino acid residues in a subunit
of the enzyme responsible for cGMP hydrolysis fit very well with what was known about the
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biochemistry of the disease at the commencement of this project (section 1.7.3.1) and later
findings reported subsequently (Suber et al, 1993).

4.4.2.1 Effects of the rcd-1 mutation on protein function
Truncation of the C-terminal 49 amino acids predicted by the rcd-1 mutation only
affects one domain of known function. This is the CAAX box located at the extreme Cterminal 4 residues of the immature protein which signals posttranslational procesing and the
addition of an isoprenyl (geranylgeranyl) group to the cysteine residue. Geranylgeranylation
serves to anchor the subunit to the outer segment membrane (Anant and Fung, 1992), but
does not appear to be essential for assembly of an active a6 heterodimer in solution (Qin and
Baehr, 1993). A lack of posttranslational geranylgeranylation of Rab GTP-binding proteins
has been suggested to be the cause of another inherited retinal degeneration, choroideraemia,
due to a deficiency in the Rab geranylgeranyl transferase activity (Seabra et al, 1993). Given
that phototransduction is localised to the outer segments, a lack of prénylation might be
sufficient to reduce the amount of active holoenzyme at this site, but retinal homogenates
would still be expected to show a significant activity in solution in vitro.
Lee and coworkers (1985) showed that the photoreceptor PDE activity was greatly
reduced in rcd-1 dogs, so the mechanism is more complex than this. In order to refine and
extend this work, Baehr's group (Suber et al, 1993) have recently separated normal and rcd7-affected retinal homogenates by HPLC, which is able to distinguish rod and cone PDE
enzymes and showed that the rod activity responsible for 90% of the total retinal PDE activity
is absent in affected dogs. Additionally, a Western blot probed with a polyclonal, rod-specific
antibody MOE demonstrated the absence of an intact pdeb subunit, but the presence of
smaller immunoreactive products which they speculate as being degraded pdeb. From these
results, although some of the mutant subunit seems to be expressed (then degraded), intact
pdeb appears to be essential for a functional holoenzyme. There is additional evidence of this
from work which has shown that expression of pdea by itself has been shown to exhibit a
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very low PDE activity (Qin and Baehr, 1993) and also because the rd mouse mutation, which
is a null mutation causes a very similar phenotype to rcd-1 (see section 1.6.2).
These results are consistent with the expression of an unstable subunit in the rod
photoreceptor which appears to be proteolytically degraded. The reasons for this degradation
are still unclear. If pdeb is not posttranslationally isoprenylated it may be broken down
because it remains in the cytosol and does not get transported to the membrane. Although
Qin and Baehr (1993) found that non-isoprenylated pde enzyme was still active, the relevance
of insect culture cell biology to that of a photoreceptor may be limited. Another factor in
mutant pdeb breakdown may be that the truncation alters the tertiary structure of the protein.
Whatever the precise nature of this recognition might be, in both rcd-1 and rd, the presence of
a premature stop codon leads to pdeb degradation, loss of PDE activity and the welldocumented consequential increase in cGMP levels. The link between increased cGMP and
cell death by apoptosis is discussed in section 1.8.
However, there also appears to be an abnormality at the mRNA level in affected dogs.

4.4.2.2 Effects of the rcd-1 mutation on the mRNA
Farber and coworkers (1992) demonstrated a reduction in pdeb steady state mRNA
levels in

7-affected dogs from the predegenerate stage onwards. This might indicate a

promoter site mutation reducing the transcription rate, or a mutation which affects mRNA
stability. Although the possibility of a promoter mutation cannot be ruled out, since the
upstream genomic region has not been characterised, the presence of a premature stop codon
in other systems has been shown to exclusively affect mRNA levels. Therefore, it would
appear that somehow, the substitution of a single nucleotide can affect the stability of the
entire pdeb transcript. This phenomenon has also been observed in the rd mouse (Bowes et
al, 1990), and for transcripts harbouring nonsense mutations in other cellular systems. For
example, in severe, infantile Sandhoff disease (an autosomal recessive lysosomal storage
disease), different premature stop codons created by a single nucleotide substitution and a
deletion in the 6-subunit of 6-hexosaminidase A (HEXB) reduce the mRNA levels to 0.8%
and 30% of wild type, respectively. A compound heterozygote for a different single
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nucleotide deletion and a dinucleotide deletion, both of which also generate premature stop
codons gave a combined reduction to 1.7% of wild type. Assays were done by competitive
PCR (Zhang et al, 1994). A similar situation is found where premature stop codons
contribute to the human autosomal recessive choroidoretinal degeneration termed Gyrate
atrophy (Mashima et al, 1992).
In another example, canine X-linked hereditary nephritis, a G to T point mutation in
the a - 5 chain of collagen type IV which creates a premature stop codon about two thirds of
the way from the N-terminus to the C-terminus, results in a 10-fold reduction in mRNA levels
detected by Northern blot analysis (Zheng et al, 1994).
Why such minor changes in the nucleotide sequence should have such major effects
is, as yet, unclear. Various factors intrinsic to an mRNA molecule have been found to affect
its stability, such as the 5' cap structure, poly-(A) tail, a possible translational requirement of
the molecule to be degraded (which varies according to the specific example), and ill-defined
destabilising sequences present in the open reading frame and 3' untranslated region (Sachs,
1993). Given that the sequence of the mutant mRNA varies by only one nucleotide (or two in
the case of one of the Sandhoff disease examples), and assuming that all other factors
intrinsic to the molecule are equal, then the mere creation of a stop codon appears to be
enough to interfere with whatever mechanisms control the rate of transcription initiation
and/or the survival time of the mRNA.
Understanding of the mediation of mRNA stability in these cases is limited. Whilst in
Sandhoff disease and also in Gyrate atrophy 5' nonsense mutations seem to affect a more
severe destabilisation than ones in more 3' regions of the coding sequence (Zhang et al,
1994; Mashima et al, 1992), exactly why this is so remains to be elucidated. Mashima and
coworkers suggested that ribosomal release upon encountering a premature stop codon
exposed a large section of mRNA to nuclease degradation. Alternatively, they speculated that
mRNA transport from the nucleus was impaired. In yeast, however, deletion of the upfl gene
product results in the specific stabilisation of nonsense mutation mRNAs back to their wild
type levels (Peltz et al, 1993). This indicates a pathway-specific role for u p fl in the
degradation of nonsense-containing mRNAs, but its mechanism of action is unknown. A
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similar effect on mRNA turnover is achieved by mutations in any of a group of
Caenorhabditis elegans genes called smg (Pulak and Anderson, 1993), which suggests an
'mRNA surveillance' role for the smg gene products, which remain to be identified.
Whether the role of upfl and smg type proteins is linked to translation or not, is
unanswered. If ribosomal release at premature stop codons allows access to the target mRNA,
then this would explain the apparent translational requirement for the accelerated mRNA
breakdown in some cases. However, for certain transcripts, there is no apparent necessity for
translation to signal mRNA degradation. Using constructs designed to generate chimaeric
mRNAs, the insertion of an iron response element allowed the specific translational regulation
of transferrin receptor carrying a c-fos AU-rich destabilising element. This was used to
examine the influence of translation of this particular transcript on its stability under
conditions where general cellular translation was unaltered. Stability of the transcript was not
increased by iron-chelator-mediated translational inhibition (Koeller et al, 1991).
The distance dependence of premature stop codons observed may reflect the fact that,
if the susceptibility is ribosomally mediated, RNAs with 5' stop codons will be degraded
sooner than 3' ones since the ribosome encounters these first. However, the situation appears
to be more complex than this. Stop codons 3 residues apart (451 and 454) in the HEXB gene
show dramatically different levels of steady-state mRNA, which is unexplained by the simple
theory given above. Additionally, the reduction in pdeb mRNA caused by the rcd-1 mutation
(Farber et al, 1992), which is similar in position to the residue 426 stop codon in Gyrate
atrophy (Mishima et al, 1992) is much greater than 10-20%.
It would seem that there are other, mutation-specific factors mediating mRNA survival
which may account for a subtle, position-dependent effect of a stop codon. In yeast, upfl mutants, distance-dependent decay appears to be mediated by the presence of a 'downstream
sequence' containing a methionine residue and is inactivated by the presence of an ill-defined
'protection sequence' upstream of the mutation. In this model, sensitivity to a nonsense
mutation is conferred by the presence of a downstream ATG which allows a transiting
ribosome to reinitiate, and the destabilising activity would be progressively reduced in a 3'
direction because the probability of a downstream ATG is less and that of a 'stabilising

150

A p d eb mutation cosegregates with rcd-1

sequence' being present upstream of the mutation is greater (Sachs, 1993). On its own, this
model still has difficulties accounting for the dramatic difference in mRNA levels observed
for the HEXB stop codons at residues 451 and 454 unless such a small difference in position
of termination were to have the effect of exposing or even creating certain 'destabilising'
motifs (in the 454 mutation transcript) which were masked for the 451 mutation.
For the rcd-1 mutation, there is no methionine residue downstream of the point
mutation which would imply only a small effect upon mRNA levels according to this latest
model. Additionally, a translational dependence for the effects of this mutation and/or the
presence of stabilising or destabilising sequences have yet to be demonstrated functionally.
The mechanism of consigning the mutant RNA to a presumed degradatory pathway
which may well be different to the normal regulatory pathway of deadenylation (Sachs, 1993)
is unknown. Perhaps it is possible that molecular conformation itself may have an effect of
exposing or hiding stabilisation or destabilisation motifs, in a translation-dependent or
independent manner. Although the substitution of a single nucleotide is a very slight
alteration, it may mediate a more widespread conformational change.

4.4.2 3 The G to A transition may alter the conformation of pdeb mRNA
The optimal and suboptimal secondary structures of the 539 nucleotides at the 3' end
of the normal and rcd-1 mutant cDNA sequences generated using the GCG MFOLD package
(see section 2.9.2) were compared. Default values predict the folding at 37®C. The output
files were then plotted graphically. Figures 4.9 and 4.10 show that changing a single
nucleotide does affect the optimum free energy and the stem-loop configuration calculated
by this model. In the more stable configuration the size and conformation of only one
particular stem and its branches is altered, but in an alternative, suboptimal structure, four
adjacent stem-loops are altered. The whole mRNA could not be folded by this program, so
differences in overall structure cannot be given.
Whether the conformations shown have any relevance to in vivo mRNA stability is
unknown. The possible involvement of such changes in ribosome mediated processes, where
trans acting proteins (which may be associated with the translational complex) might
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Figure 4.9 Squiggles plot of a putative stable RNA secondary structure of wild type canine pdeb
mRNA in the region of the rci/-7mutation. The G nucleotide which is mutated in the affected
allele is shown with an arrow at position 227 on the diagram.
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Figure 4.10 Squiggles plot of a putative stable RNA secondary structure of rcJ-/ mutant mRNA
in the region of the mutation. An arrow denotes the position of the G to A transition which is at
227 on this diagram.
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recognise an altered conformation, or alternatively, in a ribosome-independent recognition
pathway is purely speculative. However, a subtle, conformation-dependent participation in
events may partly explain how the HEXB 451 and 454 mutations differed so markedly in
their effects upon mRNA stability.
Chimaeric experiments artificially controlling the transcription of expressed mutant
pdeb mRNAs would provide information regarding the translational necessity for degradation
and site-directed mutagenesis may reveal positional effects of other stop codons in pdeb.
Whatever the mechanism, many stop codons have the effects described above which correlate
well with the phenotype in the case of rcd-1 and also, more recently, in human retinal disease.

4.4.3 Pdeb mutations in human retinal disease
Consistent with the severe effects of premature stop codons, mutations in PDEB have
recently been found in families suffering from early onset arRP (McLaughlin et al, 1993).
The mutations so far implicated from a partial exon screen (7 out of 22, covering about 25%
of the coding region) of 99 unrelated patients revealed 3 C to T transitions, resulting in
Gln298X and Arg531X and His557Tyr. Additionally, a Ibp deletion (Pro496(lbp del)) was
also found, creating a mutant protein with a premature stop codon at residue 574. All of these
mutations are expected to be null since they are expected to truncate the protein before the
homologous/catalytic region is translated.
The His residue at 557 is conserved in all the species (including canine, see figure
3.19) for which the nucleotide sequence is known and the authors suggest that it may be a
functional null allele since the nonconservative change to Tyr occurs in the region near the
Gly-rich loop which is found in guanosine binding proteins (see section 3.9.2). In one
family, it cosegregates with disease in compound heterozygotes carrying a Pro496(lbp del)
allele which is not found in the normal mother of an affected individual, but since a complete
screen of PDEB has not been performed, the role of this missense mutation is unconfirmed. A
similar compound heterozyous cosegregation with arRP is found for Gln298X. In one family
affected members possess the Arg531X allele as well as Gln298X whilst in another family, the
second mutation is yet to be found (McLaughlin et al, 1993). More recently, several more
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mutations have been reported in arRP families by a different laboratory (Farber et al, 1994).
In addition to the above they also found another nonsense mutation, Leu706X and several
missense mutations: Leu228His, His258Asp, Leu527Pro. All of these nonconservative
changes occur at positions which are conserved in all species sequenced to date, but their
functional effects are still experimentally untested.
Interestingly, His258Asp has been suggested to cause autosomal dominant congenital
stationary nightblindness (adCSNB, Gal et al, 1994b) in a large Danish pedigree in which the
disease had been linked to 4pl6.3 (Gal et al, 1994a). Since access to a pedigree was available,
this phenotype is known not to represent a heterozygous form of arRP, nor is there a question
of whether or not the clinical signs of an isolated case represent an early RP, as for the CSNB
Ala292Glu rhodopsin mutation (Dryja et al, 1993). It is not known whether any
heterozygotes in the family reported by Farber and coworkers in which His258Asp is
segregating suffer from nightblindness, what the other PDEB mutant allele is in the arRP
patients, or indeed whether the disease is truly arRP and not just a simplex case. It may be
possible that a polymorphism associated with the His258Asp mutant allele in the arRP family
in some way compromises PDEB function such that it produces a non functional allele which
is apathogenic in the heterozygous state. More work is required to test this hypothesis, but the
involvement of PDEB in both animal and human retinal disease and degeneration is
undoubted.

4.4.4 Rcd-1 as an animal model for human RP
Autosomal recessive RP in the individuals with known PDEB mutations is of early
onset, patients reporting absent night vision since early childhood. Ophthalmoscopically, the
typical retinal vascular attenuation and bone spicule pigmentation are seen whilst rod ERG
responses are absent and cone responses are reduced and delayed. Such features are very
similar to the rcd-1 phenotype described earlier (section 1.7.3.1). Additionally, although they
report no nyctalopia, appear normal on ophthalmoscopy, and have minimally if at all
abnormal rod and cone ERGs, arRP/+ carriers of a defective PDEB allele showed a 37%
reduction in the maximal rod signal (McLaughlin et al, 1993). This reflects a reduced
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number of fully functioning rods, either due to a reduced number of cells, or due to
submaximal stimulation of functional units with a limiting phosphodiesterase activity. A
decrease in amplitude of rod (and cone) ERG response was also seen in carrier dogs
measured by Aguirre and Rubin (1975), possibly due to the same limiting effect, although
recordings over an increasing range of stimuli up to a maximum were not performed. The
attenuation of the cone response may have been due to a mixed rod/cone ERG at the higher
stimulus intensity used. Moreover, only two carrier dogs were tested, so the validity of this
result would require further experimental evidence which has not been obtained to date.
Nevertheless, it does seem that both canine and human heterozygotes do possess a subtle,
subclinical abnormality in phototransduction.
The causative implication for the PDEB subunit in canine and human retinal
dystrophies and broadly similar phenotypes strongly favours rcd-1 as an animal model for a
significant proportion of arRP. The rd mouse represents another, which is extremely
amenable to genetic manipulation and characterisation, is cheap to maintain and breed and
has a short generation time. However, the rcd-1 dogs may represent a better animal model for
certain purposes. They possess a greater proportion of cone photoreceptors than the mouse
(with cones comprising 5% of the photoreceptors (Huang et al, 1994) and as many as 20% in
the central retina (Parry, 1953a)). As such, it may represent a good model for studying the
pathogenesis of disease and the induction of programmed cell death, particularly in cones
and assessing the impact of different therapies on cone survival. This would be useful since
humans operate largely on cone-mediated, bright illumination vision.
Additionally, dogs may be useful models for clinical trials of gene therapy protocols
since the size of the eye, even in pups is very much greater than in mice. Subretinal injection
is a means by which volumes containing the desired therapeutic agent (possibly a virus or a
nucleic acid-containing liposome) may be placed in close proximity to photoreceptors
without dilution in the vitreous. Although this technique could be used in mice, it will be
easier to perform successfully in dogs, whilst the effective volumes and titres used will
approximate much more closely to human values than they would in mice. Additionally,
because the rcd-1 phenotype is of early onset and is rapidly progressive, initial results on
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viability of photoreceptors in therapeutic experiments would become available after a
relatively short period of time. This would allow experimental adjustments to be made
rapidly.

4.5 Summary
The presence of a G to A transition at codon 807 was confirmed in rcd-i-affected
and carrier dogs and a rapid, non-isotopic test was devised for the detection of the mutant
allele. The effects of the mutation on protein and mRNA levels are consistent with that seen
for premature stop codons in other diseases. Rcd-1 is similar phenotypically to arRP which is
caused by mutations in the same gene in both species. Therefore, red-1 represents a good
animal model for certain forms of arRP whose application may lie particularly in the area of
studying the effects of gene therapy regimes on photoreceptor survival.
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CHAPTER 5: THE PDEB PROMOTER REGION
MAPiWG OF TRANSCRIPTIONiliÿ
,START SITES
5.1 Introduction
In order to further investigate the rcd-1 mutation as a model for arRP, it is necessary
to characterise the promoter region of the gene. Then, constructs to be used for gene therapy
can, if desired, carry the natural elements directing expression of the mRNA, rather than that
of a different gene. Genomic DNA nucleotide sequence upstream of the coding region of
pdeb must be obtained and the point(s) at which transcription begins in the retina identified.
Then, prelim inary prom oter architecture may be discerned by first searching for known
prom oter elem ents and by identifying conserved sequence elem ents which may direct
transcription in the retina. Such elements may then be targeted in future experiments which
attempt to functionally define the pdeb promoter.

5.2 Screening a canine cosmid genomic library
A canine cosm id genomic library in pWE15 vector (sections 2.6.2 and 2.6.9) was
purchased from Stratagene in order to screen with a probe corresponding to the 5' coding
portion of the pdeb cDNA. Positive clones would then be identified by secondary and tertiary
hybridisation screening and also by PCR analysis to determine whether or not they contained
exon 1 of pdeb and therefore, the desired upstream sequence.

5.2.1 T itrating the cosmid library
The library was supplied at an estimated titre of 1.0 x 10^ cfu/ml of glycerol stock
upon storage but in order to estimate the current titre, serial dilutions were set up ranging
from a ICP dilution to a 10^ dilution. Aliquots of 100//1 were plated out.
Colony counts were performed for each plate (Table 5.1) showing that the titre had
fallen to about 2.2 x 10^ cfu/ml during storage. This titre was used when estim ating the
num ber of colonies obtained on subsequent filters.
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103 dil

105 dil

106 dil

107 dil

10» dil

0
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216

23

3

0

NC

NC

2.16x10» 2.3x10»

3.0x10»

NC

+

Plate

Colonies many
NC

Titre
(cfu/ml)

Table 5.1. Titration of the canine genomic cosmid library. + = positive plating control; - = negative
(medium only) control; dil = dilution; NC = not calculated; cfu = colony forming units. Titre calculated
according to IQOpA of each dilution plated out.

The average insert size for the library was given as 35kb. Therefore, the number of
recombinants (N) necessary for screening, to achieve a 99% probability of having the desired
sequence represented, is given as follows (Sambrook et al, 1989):-,
ln(l-0.99)
N=

ln(l-[3.5
=

X

104/3

X

10^])

3.95 X 10^ colonies.

This calculation assumes that the canine genome is equivalent in size to the human
genome (3 x 10^ nucleotide base pairs) and that all sequences in the genome are equally
represented in the library.

5.2.2 PCR screen to test for pdeb exon 1
Primers W109/W118 which had previously been shown to amplify a specific band
from genomic DNA (section 3.5.2) were used to test aliquots of the library (section 2.6 9.6).
Figure 5.1 shows that the five of the ten dilutions gave a band of the correct size. In four of
these, a single band of the expected size was amplified whilst in the fifth, one other, larger
product was present. Thus, the technique of PCR screening was shown to be very sensitive,
indicating that the library did contain clones with the DNA of interest present in 50% of the
dilutions (each containing approximately 44,000 cfu based on the
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Figure 5.1 PCR screen of 10 aliquots of
the canine genomic cosmid library (lanes
1-10) to demonstrate the presence of the
target sequence using primers W 109/W 118.
Lane 11 genomic DNA positive control,
lane 12 no DNA control with the SDW used
to dilute the library. M = PhiX 174/Haelll.

Figure 5.2 Southern blot of canine genomic DNA
digested with the restriction endonuclease Hindlll,
probed with a W109/R3 fragment to demonstrate its
ability to give a signal under the same stringency
as that used in later hybridisations. The positions
of X/Hindlll DNA markers are shown in kilobases.
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Figure 5.3 Autoradiograph of a
colony blot to confirm the ability
of the W109/R3 probe to hybridise
under the protocol used to screen
the library filters. Portion A of the
filter has clones containing an insert
identical to the probe: portion B has
clones of an opsin gene fragment
from the talapoin monkey.
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titre obtained in section 5.2.1) generated from the neat library stock. The screening protocol
was then carried out, the probability of finding the desired clone being about 50% per 44,000
cfu.

5.2.3 Testing the performance of probes on genomic Southern and
colony blots
The ability of pdeb 5' end probes to hybridise to filter-bound nucleic acid was tested
on canine genomic Hindlll Southern blots. Probes were generated by PCR, gel purified and
labelled by the random priming method (section 2.4). The ability of the W109/R3 probe to
generate discrete bands is shown in figure 5.2. The 15kb and 4kb bands are not hybridised
by the F8/R3 probe (data not shown) indicating that these two restriction fragments contain
the 5' coding sequences between W 109 and F8 which spans the first 3 exons. The 23kb band
does not correspond to undigested DNA since hybridisation of the same filter with a
rhodopsin cDNA probe showed only a single band at about 9kb (data not shown).
Hybridisation of probe W109/R3 was tested at the colony blot level, using plasmid
clones containing pdeb cDNA (PCR fragment F1/R3) and an opsin gene fragment from the
talapoin monkey (cloned in the department and obtained from Dr. David Hunt). When the
recombinants were plated out on the same filter, a specific signal was obtained from the
expected portion of the filter (figure 5.3). These probes were then used to screen library
filters.

5.2.4 Primary screening by hybridisation
Using the library titre as an estimate, approximately 330,000 colonies were plated out
onto three large 20 x 20cm filters. A, B and C (section 2.6.9.1), i.e. 110,000 per filter giving a
probability of detection of the desired sequence of over 97%. Conditions are described in
sections 2.6.9.1 to 2.6.9 4. The replica filters were washed down to 0.5 X SSC; 0.1% SDS at
65®C. Figure 5.4 shows the autoradiographs of the library screens for filters A, B and C
indicating the corresponding signals obtained on replica filters after
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Figure 5.4 Primary screens of cosmid genomic library master A, B and C filters
(approximately 110,(XX) colony forming units per filter) with probe W109/R3. The
autoradiographs were developed after an overnight exposure and positive colonies are
indicated with an arrowhead and numbered according to filter of origin, i.e. A l, A2 etc.
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overnight exposure at -8(PC with intensifying screens. The 5 positive regions on master filter
A (A1-A5.3), the 4 on master B (B1-B5) and the 6 on master C (C1-C6) were picked and
stored at APC (section 2.6.9.5). Two single colonies were individually lifted from the filter
(A5.1 and A5.2) whilst a third lift was taken from the surrounding area (A5.3).
Figure 5.5 shows a control dot blot included in each hybridisation to show successful
binding of the probe. The signal at the highest DNA concentration of the talapoin opsin is
potentially due to non-specific binding of the probe at high nucleic acid concentrations and
is not observed at any other dilution. The blot detects pdeb sequences down to about 5pg of
target sequence.
Each positive pick from A and B was taken through a secondary hybridisation screen
whilst positives from C were stored and used for PCR screening.

5.2.5 Secondary screening by hybridisation
The desired dilution was plated out and processed in the same fashion as the primary
screen master filters. Only filters giving a subset of clear, replicated positive colonies are
shown in figure 5.6. Several discrete positives were picked from each master filter. A5.2
shows a signal from all the secondary colonies, which is possible as this was a single colony
pick from the primary screen master filter. A5.1, the other single colony picked from this
area is completely negative. A non-hyridising colony from filter B1 was also isolated (B1-)
for tertiary screening.

5.2.6 Tertiary screening
Mini-preps of cosmid DNA (section 2.6.7.2) were digested with Hin^/III along with
genomic DNA and fractionated by agarose gel electrophoresis (figure 5.7). This enzyme cuts
twice in the pWB15 vector to generate a 4kb band which is common to all of the digests. For
each secondary screen filter, all the colonies give the same restriction pattern, with the
exception of A2c. The negative colony from filter B1 shows a different restriction pattern
from the positives. The presence of differing clones (A2c and B1-)
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lo
F i^ re 5.5 Dot blot control filter with
serial dilurtions of plasmid DNA
containing the target insert on the left
('+' W109/R3) and containing a fragment
of the Talapoin monkey opsin gene on
the right
Probe = W109/R3 PCR
product.
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Figure 5.6 (right and below) Secondary
screen of the primary picks from master
filters A and B by colony blot Each filter
is designated according to the area or
colony lifted from the p r im ^ screen
masters. Only the filters giving clear
positive signals on both replicas after
overnight exposure are shown. Probe
= W109/R3 DNA. The indicated
discrete colonies were isolated from
the secondary screen master filters.
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indicates that there was more than one clone growing on the secondary filters. This gel was
run out further and transferred to a Hybond-N membrane (section 2.6.9.8).
The secondary screen was repeated for A l, A5 and B l. Several clones were selected
from each filter, mini-prepped and digested. At least one clone from each filter gave the same
pattern as those isolated in the original secondary screen.
DNA from the original preparations (of better quality) was used as a template for PCR
amplification of pdeb exon 1. Figure 5.8 shows the result of this screen, with none of the
clones giving a positive signal. The positive control from a 1(P dilution of genomic DNA
gives a band of the expected size. As an additional control, an aliquot of each prep was spiked
with genomic DNA and subjected to the same amplification as above. All the preparations
gave a positive result (data not shown). The results suggest that none of the clones which gave
positive signals in the primary and secondary screens contain this exon and are therefore
excluded from further characterisation.
Figure 5.9 shows that a negative result was also obtained in a PCR from the 3' end of
pdeb in representatives of the groups of A and B positives. Additionally, a primer pair from
the mid-portion of the pdeb gene also gave a negative result (data not shown).
A base composition plot of the pdeb cDNA was constructed using the Mac Vector
software (section 2.9.1). This reveals (figure 5.10) that the first 5G0bp has a particularly high
GC content relative to the remaining 900bp or so of the W109/R3 PCR fragment. Therefore,
the alternative probe F8/R3 was used to probe the Southern blot of the A and B secondary
screen positives (section 2.6.9 8).
Figure 5.11 shows the result of the tertiary Southern blot hybridisation with probe
F8/R3. At a high stringency wash there is hybridisation to specific bands of the digest,
suggesting that it was not hybridisation of the GC rich portion of exon 1 in the library screens
which gave rise to the positive signals. A single band is hybridised in most cases, except A2c,
where 2 bands are seen. There is a faint band in the B l- lane, the negative control from the
secondary screen. This may represent some residual binding of the probe, but, since the
amount of DNA in this lane is much less than that in the other lanes, this is not a clear
negative hybridisation result. For the positive clone groups there is no band sharing.
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Figure 5.7 Hindlll digest of cosmid DNA
preps from the colonies picked from the
secondary screen of the genomic library.
M = X/Hindlll markers. Each clone is
identified by its letter from the secondary
screen filters. Lancs 1-3 A2a-c, lanes 4-8
A5.2a-e, lanes 9-14 B la-f. lane 15 B1-.
G = genomic DNA.

A5 2

Figure 5.8 Tertiary screen by PCR.
DNA from each of the positive clones
was tested for the presence of pdeb exon
1 using primers W 109/W 118. Lanes 1-15,
positive clones, lane 16 DNA prepared
from an aliquot of the neat library which had
been grown up in broth overnight, lane 17 no
DNA control, lane 18 genomic DNA control.
M = lOObp ladder.

M
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Figure 5.9 Tertiary screen by PCR.
Representatives from each group of clones as
defined by their Hindlll restriction pattern were
examined for the presence of 3' pdeb sequences
using primers W100/X22R. M = PhiX 174/HaeIll
Lane 1 clone A2a, lane 2 clone A2c, lane 3 clone
A5.2a, lane 4 clone B la, lanes 5 & 6 genomic
DNA, lane 7 no DNA control.
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Figure 5.10 Dinucleotide composition plot showing the G+C content (%, y-axis) throughout the
l^ c b cDNA sequence given in number of nucleotides from the 5' end of primer FI x-axis, see
figure 3.19). A window size of 50bp was used by the MacVector 3.5 software. Primer R3 maps to
nucleotide 1681 whilst primer F8 maps to position 766.
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Figure 5.11 Tertiary screen of genomic library clones positive for pdeb by hybridisation. The gel
shown in figure 5.7 was run out further and blotted onto a nylon membrane. This was then
hybridised by a F8/R3 canine pdeb probe. Lanes 1-3 A2a-c, lanes 4-8 A5.2a-e, lanes 9-14 B la-f,
lane 15 B1-, lane 16 genomic DNA. The positions of X/Hindlll markers are given in kilobase
pairs.
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Figure 5.12 PCR secondary screen of the primary screen positive areas lifted from master filter
C. Using primers W 109/W 118, the presence of pdeb exon 1 in these clones was assayed. Lanes 16 positive areas 1-6 from filter C (figure 5.4), lane 7 no template control, lane 8 sterile loop only
negative control, lane 9 opsin colony negative control, lane 10 plasmid pCRll insert W109/R7containing colony (positive control), lane 11 genomic DNA. L = PhiX 174/Haelll ladder.
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suggesting that each group represents an unrelated segment of genomic DNA. The inserts
may contain DNA sequences which contain portions of pdeb outwith the PCR primer binding
sites, or represent closely related genes. Since a differential signal was obtained on the
primary and secondary screens, this hybridisation is not to the vector sequences. However, the
low level of hybridisation seen in the B l- lane is unexpected. Although the lane of genomic
DNA shows a major specifc band at the same position as shown in figure 5.2, there is some
background smearing which may be enough to give a positive signal on a cosmid clone
digest because of the amount of DNA present in each band.
In any event, these clones had been shown not to contain pdeb exon 1 sequences
which should have given a product by PCR and were therefore considered to be of no further
interest in a genomic walk upstream..

5.2.7 Positive pool PCR screening
The six positive pools of clones isolated from the master C filter were subjected to a
PCR screen for pdeb exon 1 using primers W109/W118 (see section 2.6.9.6). A positive
control of E. coli transformed with a plasmid containing the target sequence was used, along
with a genomic DNA positive. Figure 5.12 shows that all of these pools which were positive
by primary screening did not contain sequences within exon 1 of pdeb, suggesting that they
were therefore of no further interest.

5.2.8 Further primary screens by hybridisation
In a continuing attempt to isolate a pdeb genomic clone, two more filters, each of
approximately 128,000 colonies were screened using the F8/R3 probe. Neither of the sets of
replicas gave a duplicated positive colony on the filter. This may suggest that the GC-richness
of the W109/R3 probe was enough to give a positive result on a colony screen and that there
was another region of F8/R3 which was also GC-rich enough to repeat the signal on a tertiary
Southern blot, but not on a colony blot. So, a clone containing the 5’ end of the pdeb gene
had not been isolated using standard methods to screen over 550,000 colonies.
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5.3 Genomic Vectorette PCR
This technique was being used routinely in the laboratory to generate yeast artificial
chromosome end clones but also has a potential application to genomic DNA.

5.3.1 The first genomic walk upstream of the pdeb coding region
Vectorette libraries were constructed as detailed in section 2.7.8.1, initially using
enzymes which were known not to cut within known sequence upstream of a gene specific
primer (GSPl) situated just 3' to W85 (figure 3.19). Aliquots were used for rounds of
amplification using the Vectorette PCR 1 primer and GSPl. The gene specific primer was
designed with thermal characteristics which matched the Vectorette PCR 1 primer as closely as
possible to allow a very stringent annealing/extension temperature of 72®C to be used. Figure
5.13 shows the results of the first and second (nested) rounds of amplification of the
Vectorette libraries. Although the only products obtained from the first round of
amplification in are barely visible (from the Haelll and PvuII libraries), specific bands of the
expected size were obtained upon the second PCR. Therefore, the PvuII product, which was
the larger of the two was reamplified from a gel-purified band using the original primers and
cloned into a plasmid vector (section 2.7.8.2).
The nucleotide sequence information obtained from three clones extended
approximately 120bp upstream into unknown upstream sequence and terminated at a PvuII
half site ligated to the Vectorette. This PvuII site is conserved in the human PDEB upstream
region.

5.3.2 Use of additional Vectorette libraries to aid genomic walking
An additional Sau3Al library was made (section 2.7.8.1) and was subjected to
amplification under the same conditions as the other libraries. Initially, a very faint band
could be visualised at a larger size than that generated by the PvuII control and upon a seminested amplification, this was confirmed (figure 5.14). The negative controls appear to be
contaminated with a band which is the same size as the PvuII product, but there is a discrete.
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Figure 5.13a First round of PCR front vectorette libraries Haelll (lane 1) and Pvull (lane 3)
showing the very faint, specific bands obtained with the vectorette PCRl primer and a pdeb gene
specific primer mapping just downstream of primer W85. Lane 2. no DNA control. O = PhiX
174/Haelll markers. A reverse image is presented.
Figure 5.13b Nested amplification from dilutions of the first round PCRs using primers
W109/W85 (lanes 1 ,2 .3 and 8) and Vectorette PCRl primer/W85 (lanes 4. 5. 6 and 7). Lane 2
no DNA control for W109/W85. lane 6 genomic DNA negative control for vectorette PCR1/W85.
lane 7 no DNA control, lane 8 genomic DNA positive control for W109/W85.
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Figure 5.14 First round (left) and second round semi-nested (right) PCR amplifications from
additional vectorette libraries to extend the upstream genomic sequence of pdeb. Primers used:
first round - vectorette PCRl/pdeb gene specific primer (GSP) downstream of W85; second round
vectorette PCR 1/W85. The lane order in both is identical. P = Pvull librar>'. S = Sau3A 1 library.
H = Hindlll library'. R = Rsal library. HA = Haelll library. PP = original Pvull vectorette
PCRl/GSP product generated in figure 5.13a (positive control), N = no DNA. G = genomic DNA
control. <t> = PhiX 174/Haelll markers.

Figure 5.15 Second round PCR amplification
from dilutions of the first round reactions
which were perfomied using an upstream primer
(GSP2) which was synthesised using sequence
infomiation gained from the Pvull product
(figure 5.13b). A nested primer GSP2Nalso
generated from new sequence inlbmiation was
used in combination with vectorette PCR 1 primer.
Lanes 1 ,2 .7 Vectorette PCR primer only, lanes
3. 4, 8 GSP2N only, lanes 5.6. 9. 10 both primers.
T = TaqI library. R = Rsal library. N = no DNA.
G = genomic DNA.
PhiX 174/Haelll markers.

Figure 5.16 Contlmiation of the continuity of primers -265 and
W85 in the 5' region of the pdeb gene. The PCR amplification from
genomic DNA (G) generated a band of the expected 475bp si/e. N =
no DNA. = PhiX 174/Haelll markers.
M
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single band in the Sau3Al lane. Cloning and sequencing of this new product confirmed the
presence of the PvuII site and extended the nucleotide information by 68 base pairs.
Using the sequence information generated from the PvuII PCR product, a second
specific primer (GSP2) was synthesised and used on two new vectorette libraries, Taql and
Rsa 1. Neither of these enzymes cut in a region of known sequence upstream of the GSP2
primer binding site but are four-cutters and were therefore more likely to cut at a point
upstream which is able to be amplified under the conditions used.
No visible bands were generated upon the first round of amplification, but on semi
nested PCR using combinations of Vectorette PCR 1 primer and/or the GSP2 nested primer,
bands were generated which were specific to the combination of primers (figure 5.15). These
bands were initially sequenced directly (sections 2.8.3.1 to 2.8.3 3), then agarose-purified,
reamplified and cloned into a plasmid vector before sequencing multiple clones (sections
2.4.6, 2.6.4.1 and 2.8.2 respectively).
The extent of the sequence was increased to just over 270bp upstream of the ATG
translational start codon. This represents the farthest point for which the sequences of the
Taql and Rsal were in complete agreement. After this point, the nucleotide sequences
diverged in all three PCR products (data not shown). This divergence was present in clones
each of the differenct Vectorette Taql and Rsal products and in the directly sequenced
bands, suggesting that this phenomenon is not an artefact generated in cloning the PCR
products.
To confirm the validity of the sequence already obtained, a sense strand PCR primer
was designed extending from -265, and used in conjunction with W85 on a template of
genomic DNA from an unrelated dog. Figure 5.16 shows that the expected band size o f
465bp is obtained. The PCR fragment was not itself sequenced, or tested by genomic
Southern blotting to absolutely confirm this. The nucleotide sequence will be shown later.
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5.4 Mapping of transcriptional start sites using a 5' RACE methodology
The position of the start sites of transcription were mapped using a 5' RACE method
based upon single-stranded anchor ligation (section 2.7.6). The efficacy of the reagents was
first tested using a previously-described transcript (transferrin receptor) from human
placental poly-(A)+ RNA supplied by the manufacturer (Clontech). Intact cDNA was
generated which produced the expected product sizes upon amplification. Additionally, a
Haelll digest confirmed the nature of the product containing upstream transferrin receptor
sequence (data not shown).
Therefore, the process was performed on approximately 2pig canine retinal poly-(A)+
RNA. Intact cDNA was obtained (using a primer, R ll synthesised to map just downstream of
RIO (figure 3.19)) from the procedure as internal pdeb primers to generated the expected
product (600bp) when amplified with W109 (figure 5.17). The band at approximately 500bp
represents an artefact produced by primer RIO on its own. There is a doublet at about 720bp
which is repeatably demonstrated in other anchor ligations. This doublet was isolated by LMT
agarose gel electrophoresis. Nested amplifications using primers W 118/anchor primer and
W109/W118 confirm the nature of the original doublet, and indicate that the size
heterogeneity resides at the anchor end of the cDNA (figure 5.18).
The upper band of the doublet, representing the farthest extent of reverse
transcription from primer R ll was isolated by 2.5% LMT agarose gel fractionation a repeat
PCR performed on this template. The product was then cloned into a plasmid vector (section
2.6.4.1) and recombinants screened by colony PCR and restriction endonuclease digestion
(section 2.6.8).
Three colonies with inserts of the expected size were mini-prepped (section 2.6.7.2)
and sequenced (section 2.8.2). Figure 5.19 shows a section of the autoradiograph. The insert
reads through the sequence of the anchor primer before continuing into pdeb 5' upstream
sequence, confirming the data already obtained from genomic DNA where the two sources
overlapped. Two clones, N3 and P5 represent transcripts which appear to commence at
adjacent bases, which may represent some stutter of RNA polymerase II initiation. A third
clone, N9 indicates that there may be an alternative start site either 11 downstream of N3..
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Figure 5.17 5’ RACE iuiiplificalion on I pi
(lane 1). 2pl (lane 2) and 5pi (lane 3) of
anchor-ligalcd retinal cDNA using the Anchor
primer and RIO. There is a doublet present at
about 720bp which is very faint in lane 2 and
absent in lane 3. Lane 4 W 109/R10 positive
control for cDNA integrity after processing,
lane 5 no DNA control for all 3 primers. =
PhiX 174/HaeII [markers.

Figure 5.18 Semi-nested PCR of the excised doublet
shown above in order to verify its identity. Lanes 1, 2
primers W 118/Anchor primer on the template and
with a no DNA control gives a doublet, indicating
that the variation in size occurs at the anchor primer
end of the molecule since W 109/W 118 gives a single
band, lane 3. Lane 4 no DNA control for W 109/W 118.
C) = PhiX 174/HaeIIImarkers.
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Figure 5.19 Section of a sequencing gel
showing the start sites of transcription for
the fully extended (upper) product
generated by the Anchor primer/RlO PCR
amplification. The extent of the common
Anchor sequence is indicated by an
arrowhead. Above this, the sequence then
reads into the ligated cDNA and the map
positions of the start of the cDNA are
shown in figure 5.20. G, A, T, C =
nucleotide designations, N3, N9 and P5 =
clone designated reference numbers.
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Alternatively, this product may represent an incomplete extension of the RNA by the reverse
transcriptase, possibly because of secondary structure or slight template degradation.
The position of the transcriptional start sites is in excellent agreement with the major
2.8kb species seen on Northern blots (Farber et al, 1992; Chapter 6 below) and facilitates the
placement of putative core promoter sequences which are likely to be functional,

5.5 Analysis of pdeb upstream sequence
The upstream genomic sequence information (figure 5.20) was analysed to determine
if there were any recognisable eukayotic transcription factor binding site motifs, whether or
not they were also conserved in the human PDEB upstream region and if any other areas of
sequence were highly conserved, which may suggest some functional significance.

5.5.1 Search for recognisable eukaryotic transcription factor binding
sites
MacVector and Signal Scan (section 2.9) were used to analyse the upstream region
plus the first lOObp of pdeb coding sequence for known transcription factor motifs. The
mammalian transcription factor recognition motifs present were mapped in the canine and
human pdeb genes.

5.5.2 Comparison of nucleotide sequences and a map of the canine pdeb
5' end
An alignment of the canine and human DNA sequences in this region was performed
using the Geneworks software (section 2.9) to highlight particular regions of nucleotide
sequence conservation which may be responsible for binding unknown transcription factors.
All of the above information, including the mapping of the transcriptional start sites has been
integrated into figure 5.20.
The size of the canine 5' RNA leader sequence, between 56 and 68 nucleotides, is
within the range detected for the majority of RNA polymerase Il-generated transcripts, which
varies between about 30-100bp (Kozak, 1987). For the human transcript, the 5'-most
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Figure 5.20 Alignment o f the genom ic setjuence upstream o f the pdeb coding region in the dog and man.
Conserved sequence motifs are shown boxed in yellow whilst the ATG start codon is boxed in blue. The
transcription start sites o f the retinal mRNA are shown as nucleotides in bold type. The transcription
factor recognition sites are defined in the text and are given in table 5.2. Numbering o f nucleotides is relative
to the A o f the translational start codon.
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extremity of the mRNA appears to map at the same place as the shorter canine transcript
commencing at a conserved nucleotide, -56. However, gaps introduced into the alignment
between the two sequences mean that the distance from the start sites to the end of the
conserved CT A AGAA A motif (18bp) is more similar to the longer canine transcript. The G
and A residues at the 5' ends of the larger canine transcript are also conserved in the human
gene. There is a very good agreement in both species with the Kozak consensus sequence for
translation initiation.
The 'preferred' consensus of this 16bp motif, CCC GCC GCC A/GCC ATG G (start
codon underlined) is achieved at most sites, particularly at -1 to -4 and -6, where conservation
appears to be more critical. Where there are mismatches, the alternative bases are ones with
common usage in vertebrate mRNAs (Kozak, 1987), A notable deviation is at position +4,
where there is an A instead of a G. However, this substitution is found in almost as many
functional initiators of translation as those containing the G. No ATGs are present upstream
of the functional start codon, which would have contributed to a low level of expression
(Kozak, 1987) whilst Western blot studies show that the protein is produced in significant
amounts in the adult retina (Suber et al, 1993). Additionally, there are no splice acceptor
consensus sequences between the ATG codon and the 5' end of the transcript.
The sequence homology upstream of the start codon is only 60% (including the gaps
introduced in the alignment as mismatches) but there are a number of clusters of conserved
nucleotides which are at least 8bp in length, and/or separated from each other by only one or
two mismatches. For example, in the canine sequence between positions -9 to -25, -34 to -45,
-56 to -76, -81 to -100, -116 to -125, -183 to -207 and -245 to -255. Even outside these
regions, the consensus sites of several transcription factors are still maintained, even to such an
extent that an Sp-1 site, a metal response element (MRE-2), certain SV40.11 and heat shock
transcription factor (HSTF) sites are conserved, although their positioning sometimes varies
slightly between species. All elements designated conserved are shown against a yellow box in
figure 5.20. A record of the definitions of the known motifs is given in table 5.2.
There is no definable TATA box or CCAAT motif present in this upstream region,
which differs from the 'classical' promoter structure (Dynan, 1986). Instead, a completely
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conserved element, CTAAGAAA is situated 20-30bp upstream of the transcriptional start
sites. Upstream of this is a putative site for Retl, a motif which is bound by a retina-specific
factor, originally identified in the 5' untranslated region of the rat opsin gene. An AP2 site,
Spl site and the core site for a basic Helix-Loop-Helix (bHLH) class of transcription factor
are all clustered slightly further 5'. The bHLH motif overlaps an API site. Apart from
conserved SV40.11 and HSTF sites at -196 and -207 (with respect to the canine sequence) the
other motifs present in both species vary somewhat in position. The MRE sites are separated
by 23bp, whilst the separation of the most 5' sites, SV40.11 and HSTF is conserved in their
relative position, being spaced 18bp apart in the canine and human pdeb genes.
Downstream of the transcriptional start sites, there are also conserved sequence motifs.
The indicated AP2 site has a mismatch with the consensus in the human PDEB gene but there
are conserved sites for the y-interferon response element (y-IRE-CS), HSTF and the human
histone H4 transcription factor 2 (H4TF2).
These results map the position of transcriptional start sites and reveal that the
promoter region for the canine pdeb, like that of its human counterpart lack certain
characteristics of classical promoters but do contain a cluster of transcription factor binding
sites, only one of which, Retl appears to show any retinal specificity in its function (Morabito
et al, 1991).

5.6

Discussion
The elucidation of the genomic sequence upstream of pdeb allows analysis of the

general characteristics of the nucleotide composition, the presence of particular motifs and
areas of interspecies sequence conservation relative to the transcriptional start sites. Technical
difficulties were experienced in obtaining such upstream sequence.

5.6.1 Failure of the library screening to detect a pdeb genomic clone
The rationale used is that the true pdeb positive would be likely to be contained in
those positive primary picks selected for further investigation and that any false positives
would be eliminated in the screening process. PCR screening of secondary screen positive
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Factor or site name Signal Sequence
AP-1

CTGACTCG

AP-2

YCSCCMNSSS

gamma IRE-CS
H4TF2
HSTF
MRE-CS2
Multi
Retl
Spl

CWKKANNY
GGTCC
NGAAN
TGCRCNC
CANNTG
STAAT
GGGCGG

SV40.11
T-Ag

CCCAG
GGGGC

Reference
Sharma et al, 1989
Tsai-Morris et al, 1988
Mitchell et al, 1987
Imagawa et al, 1987
Yang etal, 1990
Dailey et al, 1986
Williams & Morimoto, 1990
Culotta & Hamer, 1989
Blackwell & Weintraub, 1990
Morabito et al, 1991
Gidoni et al, 1984
Jones & Tjian, 1985
Briggs et al, 1986
Janson et al, 1987
Davidson et al, 1986
DeLuciaetal, 1983

Summary of the transcription factor binding sites conserved between the canine
and human PDEB core promoters. The consensus for the site is given and the reference from
which It IS taken.
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clones indicated that the first exon of pdeb was not preset in any of the clones. If only the
extreme 5' end of exon 1 had been present, a possible explanation for the failure of the PCR,
then these clones would not have bound the F8/R3 probe on the tertiary screen.
The true nature of the clones remains untested. Although no bands were shared on a
Hindlll digest of clones selected from the secondary screen, this does not rule out common
sequences which appear different due to cuts at different Mbol sites made during the library
construction. The Hindlll/PstI double digests only hinted at very little band sharing (data not
shown). The weak, but definite signal obtained from the B l- clone on the Hindlll digest when
probed with F8/R3 may have indicated a lack of probe specificity. Further analysis of these
clones by Southern blot was not undertaken due to the pdeb PCR results, and the success of
the Vectorette methodology.
The absence of a positive clone containing pdeb exon 1 sequence (or other regions of
the gene) when assayed by PCR in over 500,000 clones screened suggests that it is
underrepresented in the library. The PCR-screening process only tested the ability of
genomic DNA to amplify when added to the solution containing the DNA preparations for
positive clones derived from master filters A and B which was successful. An experiment
testing the ability of the cloned DNA to amplify e.g. by designing vector-specific primers and
using these in a PCR reaction was not performed. Therefore, the possibility remains that there
was something specifically wrong with the prepared DNA which prevented its amplification.
However, the same DNA was digested by Hindlll and used in the tertiary screen, which
suggests that it was intact. The process of positive pool PCR for the positives obtained from
master C was controlled by using a plasmid clone containing exon 1 target sequence picked
from a plate and subjected to the same protocol. PCR of the neat library indicated that the
target sequence was present in 40-50% of the pools, each of about 44,000 colonies. This is
consistent with the calculation that a given insert of average size 35kb may be found once per
85,700 or so clones, using the human estimate of genome size. If pdeb-containing colonies
were poor growers, then the representation would already have been reduced by the previous
amplification of the library, which appeared not to be the case. There was a reduction in
plating out the A, B and C masters, from the manufacturer's estimated 1 x 10^ cfu/ml to the
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titrated 2.2 x 10* cfu/ml, (and lower, to about 1.3 x 10* cfu/ml for the last two sets of filters),
so the drop in titre upon storage may have preferentially reduced their representation. The
mechanism for this is unknown.

5.6.2 Consideration of the Vectorette PCR method
This method is routinely used in conditions where the template complexity is
relatively low, e.g. to characterise YAC end clones and is more difficult to use consistently on
genomic DNA. Primer design was critical in allowing a high annealing temperature to be used
in combination with the Vectorette PCR primer to reduce the possibility of non-specific
priming. However, some spurious products were produced (data not shown) with the same
primer at either end, whilst the divergence of the sequences generated in the Taql and Rsal
PCRs represent two drawbacks of the technique. Since two rounds of PCR are performed, the
potential for cross-contamination is high.
The technique did generate just over 500bp of sequence at a point at which the
library had yielded no results, but the walks were small. Further primers should have been
synthesised after the walk using the SauSAl library so that the proven PvuII library could
have been used. However, this enzyme is a 6-cutter and may not have cut within a distance
amplifiable by PCR. Without extensive restriction mapping of the genomic region, enzymes
were chosen purely because they did not cut upstream of the gene specific primer used, with
no indication as to the expected product size.
The method of choice for characterising upstream genomic sequence would still be to
characterise the correct genomic library clone, but the Vectorette method provided sequence
for a region which appears to contain the proximal promoter elements for pdeb.

5.6.3 Analysis of CpG content and restriction endonuclease recognition
sites
Table 5.3 shows that a region extending from nucleotide -265 (in relation to +1,
which represents the A of ATG at the start of the coding region) for a distance of 350bp
contains a high G+C nucleotide content (66.3%) with a much higher CpG dinucleotide
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frequency than that predicted for DNA outside a CpG island (Brown and Bird, 1986; Lindsay
and Bird, 1987). Additionally, C+G-exclusive recognition sites for restriction endonucleases
with at least one CpG dinucleotide are located in this region. Seventy-four percent of Eagl
sites have been predicted to reside in a CpG island, whilst for Nael and N arl, it is 42%
(Brown and Bird, 1986; Lindsay and Bird, 1987). Multiple sites are also present for AccII and
M spl.
This analysis suggests that the canine pdeb gene overlaps at its 5’ end with a CpG
island. An overlap would increase the ratio of observed: expected CpG frequencies to well
above that of bulk DNA whilst not approaching unity. Genomic Southern blots using
méthylation sensitive enzymes such as Eagl, Nael, Narl and Hpall would confirm this, and
as the human PDEB gene was originally characterised in a CpG island-directed strategy to
map genes in the Huntington Disease region on 4pl6 (Weber et al, 1991), these observations
indicate the region immediately upstream of the pdeb coding sequences is likely to drive
transcription and that its nucleotide composition is grossly similar to most housekeeping
genes (Dynan, 1986).

5.6.4 The proximal promoter architecture of canine pdeb
The positioning of a transcriptional start site is the first step in defining the structure
of a promoter region. The full sequence of the canine pdeb 5' untranslated region has not
been previously described. The T nucleotide at position -16 at the 5’ extent of an alternative
canine pdeb cDNA (Suber et al, 1993) is inconsistent with the sequence obtained in this study
for canine pdeb, where there is a C residue in both the cDNA and genomic DNA sequences.
This could represent a polymorphism, however the C nucleotide is conserved in the human
gene (allowing for gaps to maximise homology) whilst the actual human -16 is a G. The area
downstream of positions -22 (canine) and -20 (human) is notably lacking in T residues which
is a particular feature of the ribosome-binding area upstream of a translation initiation site
(Kozak, 1987).
The presence of multiple transcriptional start sites is consistent for the human PDEB
gene, which has two (Farber et al, 1994) and for other gene promoters lacking
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Base

Number

Frequency

Obs./Exp.

T
C
A
G

53
118
64
114

0.151
0.337
0.183
0.326

0.61
1.35
0.73
1.3

CG dinucleotide

19

0.054

0.49

Number of CpG

Sequence

% sites in
CpG islands

2
2
1
1
1

CGCG
GGGCGG
CCGG
GCCGGC
GGCGCC

NC
74
21
42
42

Restriction
Endonuclease
Accn
Eagl
Mspl
Nael
Narl

Number of
sites
4
1
5
1
2

Total G+C content = 66.3%

Obs./Exp.=0.25 o jtside islands

Table 5.3 Summary of the nucleotide composition and enzyme sites containing CpGs for
265bp upstream of the canine pdeb coding region and including the first lOObp of that
coding region. NC = not calculated.
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TAT A/CCA AT boxes, e.g. the type 1 neurofibromatosis gene (NFl) (Hajra et al, 1994).
However, this is not a unique feature of such promoters. The canine a-L-iduronidase gene
contains no TATA or CCAAT motifs, yet generates a single transcript with only very minor
stutter (Menon et al, 1992). However, the results give no indication as to the relative usage of
the different sites. Many more clones could be generated and sequenced, or alternatively,
primer extension studies could be used to define the usage of these sites. But, like 5' RACE,
this method relies on the ability of the reverse transcriptase to generate cDNA ends which
truly reflect those of the mRNA.
RNase protection studies have the advantage that they do not rely on an enzyme
which can be 'defeated' by regions of secondary structure. Since clones containing genomic
sequence extending 265 bp upstream of the start codon exist, these could be used to generate
riboprobes.

5.6.4.1 Known transcription factor recognition motifs
Several known transcription factor binding motifs have been identified which are
conserved in the pdeb upstream regions of both the canine and human genes. Their possible
significance is discussed.
Spl control sequences have been shown to footprint in mammalian promoters
although the site was first identified in the simian virus 40 (SV40) promoter (Dynan and
Tjian, 1983). The prominence of the GC box in the cognate sequences suggested an
important role in binding which was confirmed by dimethyl sulphate protection (Gidoni et al,
1984). The sites, present in the herpes simplex virus 'immediate-early' gene function in an
orientation-independent manner in activating transcription mediated via a TATA box (Jones
and Tjian, 1985). The factor itself has been isolated and is composed of two polypeptides,
105 and 95kD in size, activating transcription via one or more sequence elements in the
promoter (Briggs et al, 1986). There is variation around the GC box but a consensus has
been generated
5'- ^ ^ G G C G ^ ^ ^ ^ -3'
TA
T A AT
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Only the GC box is marked in figure 5.20 but both the dog and human Spl sites
match all but the last two positions, which might affect the affinity of binding. The
transcription factor itself is ubiquitous (Faisst and Meyer, 1992). Its recognition site in DNA
is required, in the absence of a TATA box, to drive the accurate transcriptional initiation of
the hypoxanthine phosphoribosyl transferase gene (Dynan, 1986). Despite the absence of a
TATA box, such promoters do bind a transcriptional complex which contains TATA binding
protein and its associated factors (Pugh and Tjian, 1991). The proximity of the site to the start
of the pdeb transcript suggests a role for the Spl site in recruiting the transcriptional
machinery.
The conserved AP2 site is also present, partly overlapping the Spl site and may bind a
dimerised 52kD protein which activates transcription in SV40 and human metallothionein Ila
promoters (Mitchell et al, 1987). Its overlap with the Spl site may indicate some competition
between the two proteins for their binding motifs. AP2 is expressed most abundantly in cells
of the neural crest lineage and nephric tissues and is developmental 1y regulated during
embryogenesis. AP2 levels peak at mid-term pregnancy in the mouse and decline thereafter
(Mitchell et al, 1991). The possible effect of AP2 upon transcription in neural and kidney
tissue of an adult is not known, but both these tissue types are pdeb RT-PCR positive. AP2
activates transcription in transduction pathways stimulated by phorbol ester/diacyl
glycerol/protein kinase C pathway and protein kinase A/cAMP elevation (Imagawa et al,
1987) which may indicate an inducible property of the pdeb promoter.
API sites bind the inducible proteins c-Fos and c-Jun in homo- or heterodimers (Ziff,
1990), which also mediate basal transcription of human metallothionein Ila and other genes.
The wide variety of stimuli are similar in part to AP2 and include phorbol esters/protein
kinase C, cell transformation, and extracellular growth factor stimulation. These proteins may
be expressed in any tissue upon stimulation (Faisst and Meyer, 1992) and may contribute to
pdeb transcription, perhaps in cells recieving the necessary combination of stimuli. However,
since photoreceptors are differentiated, non-dividing cells, there can be no relationship
between induction of the pdeb promoter and cell growth/division.
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The 'Multi' site overlapping the AP-1 site represents the core sequence for the group
of basic helix-loop-helix transacting factors. Examples of these include the muscle-specific
MyoD (Blackwell and Weintraub, 1990), c-Myc (Blackwell et al, 1990) and two genes
involved in neural development. Mammalian achaete-scute H om ologue-1 (Mash-1)
(Guillemot et al, 1993) and the Microphthalmia (mi) gene (Hodgkinson et al, 1993). The
conserved site in the pdeb promoter corresponds closely to that of MyoD but very slight
alterations could drastically alter the specificity to match that of cMyc. The sequence of the
mi gene product binding site is not known, but this type of site may be important in the
differentiation and perhaps maintenance of specific cell types, notably muscle and neural
tissue.
The multiple conserved metal response elements previously described in the
metallothionein (MT) promoter (Culotta and Hamer, 1989) are only present as a single
binding site in pdeb. If they have any functional significance, it may be related to the
requirement of the enzyme for Mg^+ as a cofactor.
The sites present in the coding sequence (y IRE-CS, HSTF and H4TF2) may be
conserved as a consequence of conserving the amino acid sequence of the proteins, rather
than for recruiting transcription factors. It is difficult to see why interferon response regions,
heat shock transcription factors, or histone promoter elements would be involved in retinal
transcription but functional experiments may implicate these regions.
The only known retina-specific factor is Retl, originally demonstrated to be retinaspecific, and to bind to a region upstream of the rat opsin gene (Morabito et al, 1991).
Although Retl is found further upstream in the mouse, it may function to stabilise a
transcriptional complex. Other regions of the promoter may be bound by ubiquitous factors,
or those which may be induced by various stimuli. The resemblance of the promoter to many
housekeeping genes (Dynan, 1986) may mean that the residual transcriptional machinery is
able to direct expression in all tissues. Although Northern blot results have been reported to
demonstrate the retinal specificity of pdeb in the mouse (Bowes et al, 1989), there appeared
to be some unexplained low-level hybridisation on their slot blots. Alternatively, the promoter
may initiate transcription at a level below the threshold of detection. For example, a-L -
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iduronidase and dihydrofolate reductase are ubiquitously expressed with 'housekeeping'
promoters containing multiple Spl sites (Menon et al, 1992; Dynan, 1986). However, the
NFl gene, which has no TATA or CCAAT motifs is highly expressed in brain and spinal cord
but may only be found at low levels in most, but not all tissues (Hajra et al, 1994). This
promoter does not have multiple upstream Spl sites but has 5 conserved AP2 sites and 2
conserved Spl sites, all of which are downstream of the transcriptional start site (Hajra et al,
1994). The distribution of AP2 also appears to be restricted (Imagawa et al, 1987; Faisst and
Meyer, 1992). Expression directed from this type of promoter may therefore, be widespread,
but not ubiquitous.

5.6.4 2 Regions with a high degree of sequence conservation
The regions of conserved nucleotide sequence may bind to uncharacterised factors
which may be retina-specific. There is a conserved homeobox core sequence TAATNN and a
zinc finger motif GGGNG (Pomerantz et al, 1995) which are present in the region of the
Retl site and nucleotides -39 to -35 (canine sequence), respectively. The CTAAGAAA motif
18bp upstream of the longer canine transcript is completely conserved between the dog and
human genes. It is tempting to speculate that retina-specific factors may direct the high level
of transcription found in this tissue whilst a combination of the 'ubiquitous' and widespread
basal elements possibly with other, unidentified enhancers may result in mRNA expression in
other tissues.
Farber and coworkers (1994) studying the human pdeb promoter have recently
provided evidence for role of the CTAAGAAA motif and distal sequences only, (i.e. not GC
box) in directing basal transcription. Maximum levels of reporter gene activity in a
retinoblastoma cell line were obtained with a fragment extending 197bp upstream of the
ATG, indicating functional roles for other sites upstream.
For all of these regions of DNA, speculation that they may be bound by their cognate
protein factors (known and unknown) requires functional experiments such as DNase
footprinting or dimethyl sulphate (DMS) protection to demonstrate that a retinal protein
actually binds to the DNA of interest. Gel retardation assays may be used to focus upon
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particular nucleotides important for binding and the proteins chatacterised by affinity
chromatography. However, large quantities of retinal extract may be necessary for the
purification step, since transcription proteins are generally present at low levels in the cell
(Briggs et al, 1986) and the addition of purified known factors from other sources in vitro
does not necessarily mimic the availability of different factors in vivo.

5.7 Summary
The elucidation of pdeb upstream genomic sequence and the mapping of
transcriptional start sites has defined the proximal promoter elements at the nucleotide level.
The promoter appears to be situated in a CpG island and does not possess a TATA or CCAAT
box, features which are shared by many housekeeping genes. There are numerous
transcription factor binding sites conserved between the canine and human genes and areas of
conserved sequence which are candidate sites for novel DNA binding proteins. The basic
requirements have been met for functional studies of protein binding to extend this work.
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CHAPTER 6:

#'"#ASENGE& 'R N ltlpkÉ'^O N
D iF F E R E f##sm s
6.1 Introduction
The expression of pdeb mRNA in the mouse was originally classed as retina-specific
by Northern blot analysis (Bowes et al, 1989) but the published slot blots showed some
unexplained low level hybridisation in other tissues. Given that the promoter region of pdeb
appears to map in a CpG island, that it has no definable TATA or CAAT boxes, and that
expression of a highly homologous transcript has been demonstrated in human brain tissue
(Collins et al, 1992), a more comprehensive tissue survey of mRNA expression in different
tissues has been undertaken. Using a variety of different canine tissues, RT-PCR and Northern
blot analysis were used to examine pdeb transcription, to define the normal canine retinal
pdea mRNA and to examine the transcription of pdea and pdeg. Certain murine tissues were
also examined for pdeb and pdeg expression by RT-PCR. A widespread distribution of all the
PDE transcripts was revealed at the RT-PCR level, whilst Northern analysis showed that for
many tissues, detection of pdeb appeared to be below the lim it of resolution for the
technique. This distribution and its possible biological relevance is discussed.

6.2 Complementary DNA synthesis and PCR amplification
6.2.1 Assessment of cDNA integrity
The cDNA synthesised from each tissue RNA (sections 2.2.2, 2.2.5, 2.7.1 and 2.7.2)
was assayed for the presence of intact cDNA using RT-PCR for a transcript expected to be
ubiquitously expressed in all tissues. Primers from rat stimulatory G-protein a -su b u n it (G sq )
exons 1-5 (a gift from Dr. C.Y. Gregory) had been used previously in the laboratory for RTPCR experiments using a bovine cDNA template (Hardcastle, 1993) and were therefore used
on the canine cDNA.
Figure 6.1 shows the RT-PCR results for the canine cDNAs amplified with the G sq
primers. Intact cDNA is present for every tissue source as the expected product size of about
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310bp is seen. Any product derived from genomic DNA would be expected to be
considerably larger since there are 4 intervening introns between the primer binding sites in
the rat. The size of the canine introns are unknown, but a genomic DNA control shows no
detectable band under the thermal cycling conditions, which would suggest that the genomic
separation in dog is much greater than that in the rat.
It would appear that there is some alternative splicing occurring in certain tissues,
since a doublet is seen for some samples (e.g. liver, ovary) but in neural (ectodermal) tissues
the slightly larger band is either predominantly, or exclusively expressed. The reverse
transcriptase (RT) negative control represents a reagent contamination control, i.e a reaction
which was identical to the other cDNA syntheses and PCRs except that no template was added.
A 'no RT' control was not deemed necessary for each sample since all PCRs used primers
spanning at least one intron so that size differentiation would be possible and a genomic DNA
control PCR would reveal if bands in any of the samples were shared with this template.

6.2.2 Control experiment for retinal cross contamination
Having demonstrated that all tissues contained intact, variable quantities of cDNA
these were then tested for the presence of various transcripts by RT-PCR. A portion of the
RDS/peripherin gene was amplified. This protein is believed to be photoreceptor-specific
(Connell and Molday, 1990) and the canine cDNA sequence is known: specific primers were
supplied by Drs D R. Sargan and S. M. Petersen-Jones.
The results of this experiment are given in figure 6.2. It shows the expected presence
of a large amount of product in retina and its absence in all other tissues except for the pineal
gland and lens. The positive results for these tissues may reflect normal expression of
RDS/peripherin mRNA in these tissues, or else cross contamination at the tissue dissection
stage or when the RNA was being extracted. All other tissues were negative, indicating that no
contamination with retinal tissue or RNA had occurred.
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SP

RÎ -

Figure 6.1 RT-PCR experiment to amplify exon 1- exon 5 of Gsq from cDNA synthesised from
different normal canine tissues. R = retina. S = skeletal muscle. L = lung. LI = liver. A = adrenal
gland. LE = lens. K = kidney. O = ovary. C = cardiac muscle, B = brainstem. LG = lateral
geniculate nucleus. VC = visual cortex. P = pituitary gland. CE = cerebellum. CA = caudate
nucleus. EC = frontal cortex. SP = spleen. RT- = reverse transcription reagents only. G = genomic
DNA. N = no nucleic acid. <I> = Phix 174/Haelll markers. PI = pineal gland

LG

SP

VC

RT-

F ig u r e 6 .2
R T - P C R e x p e r i m e n t to test fo r th e p r e s e n c e o f a 'r e t i n a - s p e c i f i c ' t r a n s c r ip t.
R D S /p e r ip h e ri n in n o n n a l ca nine tissues. R = retina. S = skeletal m u s c le . L = lung. LI = liver. A =
adrenal g la n d , L E = lens, K = kid n e y . O = ovary, C = c a rd iac m u s c le , B = b ra in s te m , L G = lateral
g e n i c u la te n u c l e u s , V C = visual c o r te x . P = p itu ita ry g la n d . C E = c e r e b e l l u m . C A = c a u d a t e
nucleu s, E C = frontal cortex, S P = sp le en , RT- = reverse tr a n sc rip tio n re a g e n ts o n ly , G = g e n o m ic
D N A , N = no n u cleic acid. O = Phix 17 4 /H ae lll m a rk e rs. PI = pin e al g la n d
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6.2.3 PCR amplification of PDE subunit cDNAs
The following experiments were then used to examine at a sensitive level, the presence
of photoreceptor PDE transcripts in different tissues.
Figure 6.3 shows the transcript distribution of pdeb using a PCR which spans the site
of the rcd-1 mutation. It is detected in a variety of neural, neuroendocrine (pituitary, pineal,
adrenal) and non-neural tissues.
The identity of the PCR band seen in different tissues was confirmed by directly
sequencing the PCR products (see section 2.8.3.1 to 2.8.3 3). Partial sequence information
obtained for approximately 230bp shows complete identity between the different tissues when
each sequence was aligned using the MacVector software (data not shown).
Following the demonstration of pdeb transcripts in tissues which did not express
RDS/peripherin, further experiments were carried out to determine whether, or not the other
photoreceptor PDE subunits were also transcribed in a similar range of tissues.
The RT-PCR experiment for pdea (figure 6.4) shows that, for the most part, this
transcript is detected in the same tissues, with the exception of lens and pineal gland. A repeat
experiment was carried out to confirm the presence of faint bands in adrenal, pituitary gland
and spleen and the absence of a detectable product in lens and pineal gland, which are pdeb
positive (data not shown). The primers used were selected from areas of 100% nucleotide
sequence conservation between murine, bovine and human species at the following positions
in the cDNAs (where the A of ATG =1): pdea forward primer 1852-1874, pdea reverse
primer 2294-2272. The sequences were aligned using the Geneworks software (section
2.9.1).
There is no pdea expression in a tissue which is pdeb negative. Tissues may therefore
use alternative catalytic subunits to assemble a cGMP PDE activity, assuming that a functional
protein is translated. This requires further investigation but may reflect the presence of
regulatory regions in the DNA involved in the expression of the closely related a and 6
subunits which are specific to the latter and give rise to a restricted expression pattern in lens
and pineal tissues.
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Figure 6.3 RT-PCR experiment to test the tissue distribution of pdeb transcripts in normal canine
tissues. R = retina, S = skeletal muscle, L = lung, LI = liver, A = adrenal gland, LE = lens, K =
kidney, O = ovary, C = cardiac muscle, B = brainstem, LG = lateral geniculate nucleus, VC =
visual cortex, P = pituitary gland, CE = cerebellum, CA = caudate nucleus, FC = frontal cortex,
SP = spleen, RT- = reverse transcription reagents only, G = genomic DNA, N = no nucleic acid.
O = PhiX 174/Haelll markers. PI = pineal gland

LG

SP

RÎ-

Figure 6.4 RT-PCR experiment to test the tissue distribution of pdea transcripts in normal canine
tissues. R = retina, S = skeletal muscle, L = lung, LI = liver, A = adrenal gland, LE = lens, K =
kidney, O = ovary, C = cardiac muscle, B = brainstem, LG = lateral geniculate nucleus, VC =
visual cortex, P = pituitary gland, CE = cerebellum, CA = caudate nucleus, FC = frontal cortex,
SP = spleen, RT- = reverse transcription reagents only, G = genomic DNA, N = no nucleic acid.
0 = PhiX 174/Haelll markers. PI = pineal gland
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Similarly, for pdeg, primers were selected according to regions of 100% homology between
bovine and murine species in a comparison given by Tuteja and Farber (1988). Positions are
(relative to A of ATG as +1); pdeg F2 -1 to +20, pdeg R1 250-228. Both pairs of primers
were tested for compatibility using Geneworks (section 2.9.1). The RT-PCR result for pdeg is
less clear than for pdea and pdeb. Therefore, a cDNA blot was set up using the PCR products
from this amplification (except the frontal cortex sample, which was lost) onto a Hybond-N+
membrane. An oligonucleotide pdeg F3, mapping between pdeg F2 and pdeg R1 and known
to function in a PCR from retinal cDNA (data not shown) was used to probe the blot (section
2.7.9). This clarifies the result obtained from the ethidium bromide stained gel. Figures 6.5
and 6.6 show that the pdeg transcript appears to have a wider tissue-type distribution than
pdea or pdeb. The expected PCR band is only faintly present in pituitary gland (where there
appears to be some slight genomic DNA contamination), liver, ovary and cerebellum. The
frontal cortex sample does not contain a clear band on the stained gel. These tissues were
more distinctly positive for the other subunits by PCR with the exception of the pituitary
gland, which was only faintly pdea positive.
The spleen (pdea and pdeb positive) is pdeg negative and conversely, several tissues
which were negative for pdea and pdeb are positive for pdeg, namely liver (very faint
positive), brainstem, skeletal muscle and cardiac muscle. This result was repeatable using the
same cDNA samples (data not shown) so a different tissue source was used to check the
validity of this result.
Tissues from mice were used as an RNA source and the integrity of the cDNA was
confirmed by performing a Gs(% PCR (data not shown). Figure 6.7 shows that all of the
murine tissues were pdeg positive by RT-PCR and cDNA blotting (pdeg F3 probe). A similar
experiment for pdeb, probing the blot with kinase-labelled mouse pdeb primer W101(figure
6.8) showed that lung, skeletal and cardiac muscles were all negative, thus ruling out retinal
cross-contamination as a source of the pdeg positive result.
These RT-PCR experiments were designed to target particular tissues expressing
mRNAs containing sequences specific to the different rod PDE subunits detected by a very
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Figure 6.5 RT-PCR experiment to investigate the distribution of pdeg subunit transcripts in
normal canine tissues. R = retina, S = skeletal muscle, L = lung, LI = liver, A = adrenal gland, LE
= lens, K = kidney, O = ovary, C = cardiac muscle, B = brainstem, LG = lateral geniculate
nucleus, VC = visual cortex, P = pituitary gland, CE = cerebellum, CA = caudate nucleus, FC =
frontal cortex, SP = spleen, RT- = reverse transcription reagents only, G = genomic DNA, N = no
nucleic acid. O = PhiX 174/HaeIII markers. PI = pineal gland

S

L

LI

A

LE

0

C

é

IG

VC

P

CE

CA

FC

PI

SP

RT-

«
Figure 6.6 Blot of the above PCR reactions probed with an internal oligonucleotide (PDEG F3)
to better visualise which tissues were expressing the correctly sized PCR product. R = retina, S =
skeletal muscle, L = lung, LI = liver, A = adrenal gland, LE = lens, K = kidney, O = ovary, C =
cardiac muscle, B = brainstem, LG = lateral geniculate nucleus, VC = visual cortex, P = pituitary
gland, CE = cerebellum, CA = caudate nucleus, FC = frontal cortex sample has been lost and was
not run on the gel from which this filter was derived, SP = spleen, RT- = reverse transcription
reagents only, G = genomic DNA, N = no nucleic acid. PI = pineal gland
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RT

I

RT

Figure 6.7 Upper panel: RT-PCR experiment to examine the tissue distribution of pdeg subunit
transcripts in certain murine tissues. Lower panel: Blot of the above gel probed with an internal
oligonucleotide (PDEG F3). E = mouse eyecup, L = lung, S = skeletal muscle, C = cardiac
muscle, R = canine retina (positive control), 0 = genomic DNA, RT = reverse transcriptase
reagents only control. O = PhiX 174/HaeIII markers.

RT

Figure 6.8 Blot of a cDNA PCR gel amplifying pdeb transcripts in murine tissues probed with
oligonucleotide WlOl. E = mouse eyecup, L = lung, S = skeletal muscle, C = cardiac muscle, R
= canine retina (positive control), RT = reverse transcriptase reagents only control.
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sensitive technique. An quantitative indication of mRNA expression may be given, albeit at a
less sensitive level, by Northern blot analysis.

6.3 Northern blot analysis
The same spectrum of tissues from the same dog was also examined at the Northern
blot level for the expression of transcripts hybridising to a pdeb probe generated by PCR,
using primers F6/X22R, which, like the RT-PCR experiments, spans the rcd-1 mutation site
and maps to the 3' portion of the coding sequence (see figure 3.19 for the position of primer
F6).
In addition, the pdea retinal transcripts were also analysed by hybridisation of the
canine retinal pdea PCR fragment.

6.3.1 Quantitation of poly-(A)+ RNA
Following the extraction of poly-(A)+ RNA (section 2.2.5) the absorbance of the
samples at 260nm and 280nm was measured spectrophotometrically (section 2.2.6). On the
basis of these readings, further extractions were carried out such that approximately 2/<g of
each tissue poly-(A)"'' RNA could be loaded onto a formaldehyde/agarose gel for
electrophoresis and transfer. In the case of the pituitary and pineal glands, insufficient tissue
was available to meet this standard, so all of the available RNA was used. Table 6.1 gives the
spectophotometric readings and the calculated 260nm:280nm absorption ratios which are an
indication of the purity of each sample.
Allowance was made for an estimated 70% recovery of RNA such that the desired 2/^g
could be loaded onto the gel. 18S and 28S ribosomal RNA bands with a backgroimd smear
were visible in all the samples when the ethidium-stained RNA had been transferred to the
membrane. At this stage, the amount of RNA was observed to be much less for lens, pineal
and pituitary whilst the rest of the samples were roughly equivalent in staining intensity.
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Tissue

Abs. 260nm

Retina
Kidney
HeLa

0.202
0.357
ND

0.091
0.167
ND

2.2
2.1
ND

2.0ug
2.0ug
l.Oug

Retina
Skeletal muscle

0.2
0.107
0.07
0.315
0.16
0.115
0.155
0.24
0.171
0.112
0.145
0.138
0.166
0.392
0.089
0.174
0.079
0.075
0.1
0.095

0.1
0.063
0.035
0.165
0.08
0.075
0.115
0.12
0.092
0.064
0.075
0.087
0.103
0.207
0.052
0.098
0.045
0.04
0.06
0.055

2
1.7
2
1.9
2
1.5
1.4
2
1.9
1.8
1.9
1.6
1.6
1.9
1.7
1.8
1.8
1.9
1.7
1.7

2.0ug

Lung
Adrenal gland
Lens
Ovary
Cardiac muscle
Spleen
Lateral geniculate
Visual cortex
Cerebellum
Caudate nucleus
Frontal cortex
Brainstem
Pituitary gland
Pineal gland

Abs. 280nm Ratio 260/280 Total on gel

2.0ug
2.0ug
1.9ug
2.2ug
2.0ug
1.9ug
2.0ug
1 5ug
1 9ug
2.0ug
l.Oug
2.0ug
1.8ug
1.2ug
l.lu g

Table 6.1 Spectrophotometric readings of tlie poIy-(A)+ RNA samples extracted from
different tissues, the ratio of the two absorbance values taken at the indicated wavelengths
and die estimated amount loaded onto die Northern gel.
Abs. = absorbance; ND = not done; ug = microgrammes
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6.3.2 Analysis of inter-sample loading variation using a G3PDH probe
As an additional method to assess the quantity of, and to control against degradation
of mRNA present in each lane, a probe which is assumed to be expressed at moderate and
relatively constant levels in different cell types was used to hybridise to the tissue RNA blots.
Glyceraldehyde 3-phosphate dehydrogenase (G3PDH) is such a transcript, being fairly
constantly expressed in most tissues, with the exception of muscle, in which it is expressed to a
higher steady state level. An oligonucleotide probe was purchased from Clontech, endlabelled (section 2.8.3.2) and used to hybridise to the Northern filters.
Figure 6.9 suggests that G3PDH expression is greater in both skeletal and cardiac
muscle since the difference in signal is much greater than the variation in ethidium bromide
stained smear on the freshly fixed membrane (data not shown). In general, the neural tissues
yielded roughly equal amounts of mRNA except where tissue was limiting (pineal and
pituitary glands). Other tissues generally appeared to yield less G3PDH mRNA, which was
more variable in amount. The reason for this is unknown.
The reduction in G3PDH signal in certain tissues (assuming equal expression in
neural versus non-neural tissues), means that certain tissues may be more likely to fall below
the resolution limit of the autoradiogram.

6.3.3 Hybridisation of tissue RNAs by a pdeb probe
A PCR fragment F6/22R of the pdeb cDNA was purified by LGT agarose
electrophoresis and labelled with ^^P-dCTP (sections 2.4.6 and 2.4.7). As a control for the
hybridisation, serial lOX dilutions of the F6/X22R and RDS/peripherin PCR fragments were
dot blotted onto Genescreen plus membrane (section 2.6.10). This membrane was included in
every F6/X22R hybridisation as a positive and negative control for the experimental
conditions. The hybridisation experiments always gave a completely pdeb-specific signal as
assessed by this method (data not shown). The detection sensitivity achieved on the dot blots
was estimated to be between lOOfg-lpg of nucleic acid specific to pdeb.
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R S L A LE 0 C S P LG V C CE C A F C B P PI

Figure 6.9 Northern blot of poly-(A)+ RNA from various normal canine tissues probed with
Glyceraldehyde 3-Phosphate Dehydrogenase (G3PDH) to assess the loading on the filter. R =
retina, H = HeLa cell, K = kidney, S = skeletal muscle, L = lung, A = adrenal, LE = lens, O =
ovary, C = cardiac muscle, SP = spleen, LG = lateral geniculate nucleus, VC = visual cortex, CE
= cerebellum, CA = caudate nucleus, FC = frontal cortex, B = brainstem, P = pituitary gland, PI =
pineal gland.
9.5
-7 5

-

Figure 6.10a Overnight exposure of the retina track probed
with a pdeb PCR product, F6/X22R showing the major signal
centred at about 2.8kb and the minor bands detected by the
probe (marked by arrowheads). The lowest band at about
1.8kb may represent residual hybridisation to the 183
ribosomal RNA in the sample. RNA standards (Gibco BRL)
are given in kilobases.
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Figure 6.10b Tissue Northern blots hybridised to the pdeb F6/X22R probe showing expression
of variously sized transcripts in different tissues, (i) R = retina, H = HeLa cell, K = kidney, (ii) R
= retina, S = skeletal muscle, L = lung, A = adrenal, LE = lens, O = ovary, C = cardiac muscle, SP
= spleen, LG = lateral geniculate nucleus, VC = visual cortex, CE = cerebellum, CA = caudate
nucleus, FC = frontal cortex, B = brainstem, P = pituitary gland, PI = pineal gland. RNA size
standards (Gibco BRL) are shown in kilobases.
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The probe was also used to hybridise to Genescreen plus filters to which the different
tissue RNAs had been fixed under conditions of high stringency (section 2.5.4). The result is
shown in figure 6.10a and 6.10b.
The pdeb message is extremely abundant in retina and could be visualised easily after
an overnight exposure. In addition to the 2.8kb and 4.0kb species reported by Farber and
coworkers (1992) there is also a band hybridised at 4.5kb, with others at approximately 6.0kb
and 6.5kb although sizing is difficult in this portion of the filter (6.10a). The bands other
than the 2.8kb species may represent transcript intermediates which still contain some introns,
use alternative polyadenylation signals, or are alternatively spliced. Additionally, there is a
possibility that they may represent transcripts with an alternate start site.
Figure 6.10b shows the autoradiographs after 15 days (i) and 11 days (ii) exposure
respectively, with intensifying screens. At this point, the retinal signal is overexposed, but clear
positive signals are seen at approximately 7.0kb in skeletal and cardiac muscle with a fainter
band at about 1.4kb. In the lens, there is a slightly larger, single, distinct band at about 1.5kb
whilst pineal gland shows a signal at about 2.8kb, in excellent agreement with the major band
in retina. Splenic RNA also appears to possess a hybridising band at about 1.9kb. Although
the autoradiagraphs shown are of a long exposure following a stringent wash, the signals in
lens, spleen, cardiac and skeletal muscle were all discernable after an overnight exposure
following a lower stringency wash of 2 X SSC; 1% SDS (data not shown). This indicates a
moderate level of the transcript expression in these tissues relative to the very high expression
of pdeb in retina. The pineal gland may also be expressing high levels of pdeb but since
much less tissue was used for the RNA extraction, the signal would be expected to be less
intense.
The presence of the signals in cardiac and skeletal muscle is unexpected since these
tissues were RT-PCR negative for pdea and pdeb transcripts. This would rule out the presence
of one or both of the RT-PCR primer sites in this transcript but not the existence of either a
closely related mRNA, or one which contained pdeb exons matching that of the probe. Given
that the loading of the two muscle type mRNAs is approximately equal using the control
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G3PDH probe, there is a quantitative difference between the expression of the pdebhybridised transcripts which appear to be qualitatively identical.
There are very faint bands which seem to be restricted to certain of the neural tissues
at about 8.5kb, present in lateral geniculate nucleus, caudate nucleus, frontal cortex and
brainstem, whilst a 2.5kb band is present in cerebellum. The 8.5kb band is unlikely to contain
pdeb sequences present at the binding site of one or both of the RT-PCR primers since the
brainstem sample was negative for pdeb by this method. Signals at about 4.0kb and 4.4kb
can just be discerned in the kidney RNA whilst Hela cells appear to express a band at about
3.2kb. In any case, the background is too high to be definite for these bands.

6.3.4 Hybridisation of retinal RNA by a pdea probe
Farber and coworkers (1992) demonstrated that on Northern blot analysis, canine
pdea gives a signal of 3.0 and 3.3kb. Given that the band obtained from retinal RNA when
probed with pdeb gives a fairly diffuse signal, there is a possibility of cross-hybridisation
under the conditions used when probing with a closely related probe, that of pdea. In order to
test the proximity of the pdea signal to that of pdeb on the same filter, a pdea probe,
generated from the retinal RT-PCR experiment (see figure 6.4) was purified, labelled and
hybridised under identical conditions to pdeb given above, but washed down more
stringently, to 0.1 X SSC; 0.5% SDS at 62°C twice, for 20 minutes each time. Overnight
exposure produced the signal pattern shown in figure 6.11, which when matched with the
pdeb signal, shows that the two signals are partly coincident.
The possibility of cross-hybridisation at the stringency used to probe the blot
containing most of the tissues implies that any signal obtained does not necessarily denote
pdeb-specific sequences in the transcripts, but ones which may also be closely related.

6.3.5 Homology search of the Genbank database with the pdeb probe
The nucleotide sequence of the F6/X22R pdeb probe was compared with sequences in
the database using the FASTA algorithm (section 2.9.2).
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Figure 6.11 Retina tracks from a Northern blot
probed with (A) pdeb F6/X22R and (B) the pdea
RT-PCR f r a ie n t generated from retina (see
figure 6.4) aligned to demonstrate the
coincidence of the two signals. RNA standards
(Gibco BRL) are shown in kilobases.

- 4.4

- 2 .4

Figure 6.12 Southern blot of normal canine
genomic DNA digested with Hindlll and probed
with pdeb F6/X22R under conditions identical
to those used in the Northern analysis and
exposed for 10 days. A natural' image of the
autoradiograph is shown on the left, whilst an
enhanced image increases the exposure factor to
highlight some very faint bands. No marker
lane is shown but the approximate band sizes have
been estimated (kilobases).
-■ 3

—
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Table 6.2 shows a selection of the 50 most similar transcripts selected with this search.
The regions of highest homology of the pdeb probe with these transcripts were examined
using the Bestfit package. The purpose was to compare the distribution of these transcripts
(where known), with the Northern results to assess the stringency of the blot, given the
suggestion of cross hybridisation with pdea and the presence of signals in muscle tissue which
were pdeb and pdea negative by RT-PCR.
The level of homology of the probe to other members of the photoreceptor PDE
family (including the cone pdea’ cDNA) is high. They came out at the top of the FASTA
search list with maximum percentage identities over at least 50bp of 89% or greater. The
homology to other members of the PDE family is reduced - the bovine cGMP-binding,
cGMP-specific PDE has a maximum homology of 75% over 63bp. On Northern blots it has
been detected as a single 6.9kb mRNA (McAllister-Lucas et al, 1993). However, there was no
discrete band visible in the lung track on the blot. Therefore, the probe is not detecting
homologies of this degree under the conditions used. Similarly, the bovine cGMP-stimulated
cyclic nucleotide PDE expressed in heart (Trong et al. 1990) has maximum homologies of
77% over 26bp and 74% over 35bp. It is most abundant in the adrenal cortex and heart and
gives a single 4.5-4.6kb message on Northern blots (Sonnenburg et al, 1991). No distinct
band was observed in kidney or in adrenal gland, whilst a band in the order of 4.5kb was
absent in heart, ruling out hybridisation to this member of the PDE family.
An homology of 78% over 23bp (dropping to 70% over 49bp) was observed with a
rabbit myosin heavy chain (MHC). However, this form of myosin is of the ’non-muscle’ MHC
type, is identical with brain MHC and is expressed in vascular smooth muscle of embryonic
and perinatal aortas, after which its expression is downregulated (Kuro-o et al, 1991).
The human, cAMP-specific PDE with a maximum homology of 80% over 30bp was
isolated from a human monocyte cDNA library. Northern analysis revealed hybridisation to a
major 4.8kb species in monocytes and placenta (Livi et al, 1990). On the canine Northern
blot, a faint band was present at approximately that size in both the pdeb- and G3PDHprobed filters (figures 6.10 and 6.9 respectively) and was therefore concluded to represent
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A ccession N o.

D escription

H om ology (%)

Z23014
X57146
X66142
X55968
X60664
M26043

100
100
100
92
92
90

M27541

Dog rod PDE beta
Bovine rod PDE beta
Human rod PDE beta
Murine rod PDE beta
Murine rod PDE alpha
Bovine rod PDE alpha
Dog rod PDE alpha
Bovine cone PDE alpha

L I6545
M73512

Bovine cGB, cGS PDE
Bovine cGStim PDE

M37744

Human cAMP PDE

U09457
D 10280

Rat cAMP PDE
Rabbit myosin HC

D26094

Plasmid pOAD2 (Flavobacterium)

-

«

-

91
89
75
77
74
80

N o. of N ucleotides N orth ern signal
2.8, 4.0
50+
50+
50+
50+
50
49
3.0, 3.3
34
55
6.9 (bovine)
63
4.5-4.6 (bovine)
26
35
4.8 (Human)
30

T issue

B and(s) seen w ith P D E B probe

Retina

yes

-

-

-

-

-

-

-

-

-

-

Retina
? Pineal

'■

yes
? yes (2.8kb)

-

-

Lung
Adrenal cortex
Heart
Monocytes
Placenta

No
No
Not at this size
Non-specific in pdeb and G3PDHprobed blots
-

79
78
70
79

29
23
49
30

Unknown
Yes
-

Unknown
Smooth muscle.
perinatal aorta

Only in skeletal and cardiac muscle
but transcript not expressed here

-

-

-

-

Table 6.2 A selection of nucleic acids with high homology to pdeb on a search of the database. This selection gives the percentage identity over a given
stretch of nucleotides. This was used, with the presence or absence of known expression patterns of these transcripts, to assess the stringency of the blot
and the possible identity of the signals detected in figure 6.10b.
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non-specific background, possibly reflecting the position of the 28S ribosomal band which
was present in all of the poly-(A)-enriched RNAs.
The search with the reverse strand of the probe (data not shown), which would also
have been labelled in the procedure generated a maximum homology of 78.5% with a
plasmid from Flavobacterium species. The remaining homologies ranged from 70-74% over
30-50bp. A degree of homology greater than this did not result in a positive signal for the
sense strand transcripts of known tissue distribution.
These results suggest that the transcripts detected are novel, but then the database only
represents a small part of the genome. The reverse strand of the cDNA generates three open
reading frames of 99, 186 and 306bp in the region of the Northern blot probe (data not
shown). These are only small, but differential splicing of the reverse strand of genomic
sequence in this region could generate an antisense transcript containing sequences 100%
homologous to the probe.

6.3.6 Genomic Southern analysis
The F6/X22R probe was used on a Southern blot of canine genomic DNA digested
with Hindlll to assess the specificity of the hybridisation, under the same conditions as those
used for the Northern analysis and exposed to film for 10 days. This filter is the same one
used to test probes W109/R3 and F8/R3 before screening the genomic library (Chapter 5).
Figure 6.12 shows two images of this autoradiograph, the first is a ’natural' image whilst the
second is greatly enhanced. This shows that the probe hybridises very strongly to a band of
approximately 23kb, (the same size as one of the bands hybridised by the 5' end probes
above) and very faintly to four smaller bands which are more easily visualised upon image
enhancement. The intensity of the signal is many times greater for the 23kb band than for the
others, although this could not be quantified by using a gel scanner. This implies that it is
possible for the probe to hybridise related transcripts under the conditions used, but that the
level of expression of a homologous transcript would have to be very high in order to
produce an overnight signal on a Northern blot, as seen for skeletal and cardiac muscle, lens
and spleen.
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6.4

Discussion
The phosphodiesterase activity responsible for cGMP hydrolysis was first described

over twenty-five years ago as a cyclic nucleotide-specific activity with a preference for both
cGMP and cAMP as substrates (Pittler and Baehr, 1991; Beavo, 1988). This enzyme activity
was found to be present in most tissues, but subsequently it was discovered that there were
many different isoforms of this activity which were differentially regulated and had different
substrate specificities (Beavo, 1988).
The cGMP substrate is an important intracellular messenger not only in
phototransduction (see section 1.3) but also in mediating cardiac muscle contraction, and
vascular smooth muscle relaxation via the influence of atrial natriuretic factor and a cGMPinhibited PDE. The experimental results indicate that the expression of pdeb transcripts and
other photoreceptor PDE subunits is more widely distributed than was first thought.

6.4.1 Tissue distribution analysis by RT-PCR
The RT-PCR and Northern analysis results are summarised in table 6.3. The first of
these techniques has demonstrated that there is expression of transcripts containing pdeb
exons 19-22 in a variety of tissues, three of which, retina, lens and pineal gland also express
the RDS/peripherin transcript, which was thought to be photoreceptor-specific. This result
may indicate that these samples have been contaminated at some stage with the retinal sample.
However, the tissue distribution of peripherin has only been tested at the Northern blot level
on retina and liver and not specifically in lens or pineal gland (Connell and Molday, 1990).
Additionally, in lens and pineal gland pdea is not present by RT-PCR, which effectively rules
out the possibility of retinal contamination of samples. Therefore, the positive results are
likely to represent genuine expression.
Examining the rest of the PCRs, ubiquitous expression is not seen for any transcript,
which indicates that none of the PDE subunits are truly housekeeping genes (which are
expressed in all tissues since they have a role in biochemical processes common to all cells).
This is not surprising, given that rcd-1 dogs and rd mice do not show clinical signs of other
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Retina
Skeletal muscle
Lung
Liver
Adrenal gland
Lens
Kidney
Ovary
Cardiac muscle
Brainstem
Lateral geniculate nucleus
Visual cortex
Pituitary gland
Cerebellum
Caudate
Frontal cortex
Pineal gland
Spleen
Hela

RDS/peripherin

pdea

pdeb

* * * *

* * * *

* * * *

-

-

-

* *

* *

pdeg
* *

*

* *
-

-

ND

-

-

[* ]

*

* * *

*

* * *

-

* *

* * *

-

* * *

*

*

* *

* *

-

-

ND
*

-

1.4
[4.4, 4.6]

*
*
*

7.0, 1.4

* * * *

-

*

[8.5]
[8.5]

* Jjs

*

*

-

* *

* *

»

*

*

*

* * *

* * *

[*]

-

* *

* *

*

-

* * *

* *

ND
* * *

-

*

* 5f:

* *

ND

* * * *

-

-

* * *

* * *

-

-

-

G3PDH

[* ]

-

-

pdeb/Northern
2.8, 4.0, 4.6
7.0, 1.4

-

* *

*

*

ND

ND

-

[2.5]
[8.5]
[8.5]

-

2.8
1.9

ND

[3.2]

* *
* *
* *
»

'M

* *
*
*
* *
* *

Table 6.3 Summary of the RT-PCR and Northern blot results for different canine tissues plus Hela cell mRNA (Clontech).
ND = not done; * = presence of expected band; - = absence of expected band. The scale denotes band intensity and is relative
within a particular subunit PCR or Northern blot (G3PDH). An absolute comparison between subunits is not attempted. [*] = a
faint band seen only on a Southern blot of the PCR. Numbers indicate the approximate size of a band seen on a Northern blot.
Numbers in parenthesis indicate a very faint band which is only just discernable above the lane background.
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cellular dysfunction. However, a reduction in the number of cells in the dentate gyrus of rd
mice has been reported, which does not appear to be a result of reduced photic stimulation at
the age tested (Wimer et al, 1991). Additionally, pdeb-homologous transcripts have been
demonstrated in human brain tissues from which partial cDNA clones have shown identity to
pdeb 3' portion of the coding sequence (Collins et al, 1992). In tandem with the RT-PCR
results, these data suggest that pdeb is expressed elsewhere than in the retina. If a protein
product is made in these tissues, PDE dysfunction may not be detected if it does not have an
obvious clinical effect: for example, the loss of cells in the dentate gyrus of rd mice, or if
other biochemical mechanisms are able to compensate for the mutant PDE in cells less
differentiated than rod photoreceptors. Neuropathological examination and use of cell
counting techniques for the equivalent region in rcd-1 dogs will be interesting to see if they
confirm the findings of Wimer and coworkers and whether any other specific defecits are
revealed.
'Ectopic' or 'illegitimate' expression of tissue-specific transcripts has been detected by
RT-PCR and Southern blotting with definite bands detected with between 6 and 72 hours of
exposure, depending on the transcript (Chelly et al, 1989). The PCR experiments performed
in this thesis would not be expected to be as sensitive as the one used by Chelly and
coworkers for two reasons.
Firstly, they primed their cDNA synthesis with transcript-specific primers, whereas in
this work, oligo-dTi2-i8 was used. As seen in figure 3.11, when equal amounts of retinal RNA
were primed with oligo-dT based and gene specific primers, then subjected to PCR
amplification, there was a dramatic difference in the amount of product obtained. This
enhancement would be expected to be even further skewed for an extremely rare, 'illegitimate'
transcript. Secondly, transcripts were detected by Chelly and coworkers in every tissue
studied, whereas certain tissues were consistently pdeb negative.
However, the additional sensitivity imposed by cDNA blotting in the detection of
transcripts may mean that faint pdeg signals obtained upon hybridisation may represent
'illegitimate' or 'ectopic' expression. Liver, cerebellum and ovary gave very weakly positive
signals upon autoradiography which may indicate the detection of illegitimate transcripts.
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especially since cerebellum and ovary gave strong bands for both pdea and pdeb whereas
liver, which gave a reasonably strong signal with GSq was negative for both. Although these
PCRs are not strictly quantitative, experiments carried out using serial 10 X dilutions of retinal
cDNA demonstrated a direct relationship between amount of template and intensity of
product (data not shown). Some small inference may be drawn from the intensity of bands on
the gels in a relative assessment for a particular tissue.
The RT-PCR results were consistent when tested in repeat experiments for all tissues
and for most tissues when compared to their murine counterparts, except for lung. This tissue
was pdeb positive, pdeg negative in the dog, but the converse was present in the mouse. The
reason for this is unknown. There may be a species difference in expression between dog and
mouse, or perhaps a difference in composition of the samples whereby the canine sample
contained an amount of neural tissue whereas the mouse sample contained some heart or
skeletal muscle when dissected.

6.4.2 Tissue distribution analysis by Northern blot
Retina, pineal gland, lens and spleen, which are RT-PCR positive for pdeb also give
hybridising bands detectable on the blot. This raises two possibilities: firstly, the transcripts
present in these tissues genuinely contain the pdeb exons present in the RT-PCR products,
which are alternatively spliced in different tissues or secondly, that they are closely related to
pdeb. Since exons 19 and 20 both contain sequences encoding amino acids which are part of
the homologous (catalytic) region conserved in different PDE enzymes (section 3.9.2), an
alternatively spliced transcript might be expected to contain this functional domain. However,
a region spanning the mutation site is known not to be present in skeletal and cardiac muscle
by RT-PCR.
There are precedents for alternative splicing in the PDE gene family. Preliminary
sequence data from the calmodulin-stimulated cyclic nucleotide phosphodiesterase (Beavo,
1988) 61kD protein present in bovine brain indicated that it appeared to be identical to the
59kD heart isoenzyme, except for a small difference in the N-terminal region of the protein
(Beavo, 1988). In RNase protection experiments, only brain RNA completely protected a
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240bp antisense riboprobe from the 61kD protein N-terminal region, whilst heart and a
variety of other tissues only protected 150bp (Sonnenburg et al, 1993). In addition, work on
a cGMP-stimulated cyclic nucleotide PDE expressed in heart, adrenal gland, brain and other
tissues showed different RNAse protection bands according to tissue source (Sonnenburg et
al, 1991). This type of alternative splicing also appears to be occurring in pdeb itself. Collins
and coworkers (1992) detected 2.9kb pdeb-hybridising transcripts on a Northern blot for
brain tissues from which partial cDNA clones were essentially identical to the retinal transcript
3' end. The size of the major band in retina is about 3.5kb. These results suggest that
alternative splicing is the mechanism for generating the tissue specific isoforms of this PDE
enzyme.
The second possibility is that pdeb transcripts are only present at detectable levels in
retina and in the pineal gland and the bands present in the other tissues represent homologous
but not identical transcripts.
The discrepancy between the RT-PCR positive tissues and those giving a detectable
band on the Northern blot may be due to the high sensitivity of RT-PCR (several orders of
magnitude greater than that of Northern analysis (Kawasaki, 1990)). Reasons for the absence
of a signal on the blots include (i) the majority of cells in certain tissues are expressing pdeb
mRNA, or an alternatively spliced transcript only at very low steady state levels, or (ii) a small
subset of cells within the tissue could be expressing a transcript at a relatively higher level.
The transcripts present in skeletal and cardiac muscle on Northern analysis do not
contain one or both of the RT-PCR primer binding sites. The probe used on the blot extends
further 5' than this (exon 16, as opposed to exon 19) and therefore it may be hybridising to a
transcript containing pdeb exons 16 onwards, but with some or all of exons 19 to 22 spliced
out. The lack of hybridisation to any of the known transcripts identified by the FASTA
search suggested that the apparent threshold of detection of the blot was high enough to
detect only known photoreceptor PDEs and not other known members of the PDE family.
The possibility of cross-hybridisation could be tested in a further experiment. If labelled
pdeb was competed with an excess of cold pdea in a blot hybridisation, if the transcripts were
pdea-derived then the formation of stable hybrids would equilibrate in favour of the cold
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pdea rather than the hot pdeb. The ability of the pdeb probe to bind would be internally
controlled by the retina track.

6.4.3 Significance of transcript detection in different tissues
The results suggest that the Northern blot positive signals represent transcripts
containing pdeb sequences in the case of retina, pineal gland, lens and spleen but there is also
the possibility that related transcripts are being detected in these tissues and also in skeletal
and cardiac muscle. In these latter two, the size of the band on the Northern blot is larger than
most of the other PDE family members except the bovine lung cGMP-binding, cGMPspecific PDE. This transcript gives a single band at 6.9kb on Northern analysis (McAllisterLucas et al, 1993). The fact that the Northern signals are the same size in both muscle tissues
may reflect a similar role in their physiological function.
The combination of RT-PCR and Northern analysis has been used to verify the
presence of transcripts in tissues for which the mRNAs are present at or below the threshold
of blot hybridisation. Retinal expression of membrane-bound guanylate cyclase w as
confirmed in this way (Kutty et at, 1992). The mRNA is expressed at levels in the brain which
are easily detectable by Northern analysis, but detection in the retina is much more difficult to
interpret by this method. This approach was also used for pdeb.
Quantitative, competitive RT-PCR would have given an assessment of the amount of
pdeb (exons 19-22) that was being expressed in each tissue. However, the lack of available
scanning equipment meant that the levels of target transcript in relation to varying
concentrations of competitor could not be accurately assessed. However accurate an
assessment this method might have given, it still has the disadvantage that, where the tissue
source of RNA is heterogeneous in content, it cannot distinguish between low level expression
in the majority of cells and a high level of expression in a small subset.
An example of the insensitivity of Northern analysis was demonstrated recently in
relation to the synthesis of renin mRNA in ocular tissues. Renin itself has been localised in the
eye but the source of the synthesis was unknown. Northern analysis was negative, so RT-PCR
and in situ hybridisation were used to demonstrate mRNA expression in cell subpopulations
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of the iris, ciliary body retina, and kidney (Brandt et al, 1994). This demonstrates that a
functional transcript need not be detected on Northern blots but is revealed by RT-PCR.
The question of whether transcripts detected by RT-PCR and Northern analysis
represent full pdeb transcripts, alternatively spliced pdeb transcripts, or homologous ones
requires further work to resolve.
Initially, the polarity of the signals detected needs to be ascertained, i.e. do they
represent sense or anti sense transcripts? A relatively short stretch of amino acids spliced into a
transcript being synthesised from the anti sense strand in the region of the probe could
theoretically generate a signal. This possibility would be formally tested by generating
riboprobes for the sense and antisense strands and probing the filter with each, separately.
Then, there are the issues of homology versus identity, and alternative splicing.
Genomic Southern blotting confirmed the possibility of related transcript hybridisation by
the probe. However, due to the signal differential, the intense bands obtained in the muscle
tissues, spleen and lens would represent novel transcripts present at high levels in these tissues.
Perhaps the related genes revealed by Southern blotting using probe F6/X22R represent the
same genomic clones which were hybridised by other pdeb probes in the library screens
(Chapter 5).
Further hybridisation experiments under conditions of greater stringency would be
required in an attempt to confirm the presence of transcripts in the neural tissues and the
strong bands visualised in the other tissues. Such a stringency increase may result in a
reduction in background hybridisation, allowing the filter to be exposed for a longer period
of time. Collins and coworkers (1992) analysing human pdeb carried out their hybridisations
at 65®C, washed to 0.5 X SSPE; 0.1% SDS and exposed for 14 days to visualise a faint signal
in brain tissue. The membrane was different (Hybond-N"^) and the probe being hybridised
was from a human caudate cDNA library. Additionally, no bands were seen in skeletal muscle
which was also present on the Northern blot. Since the probe used was very similar in content
to probe F6/X22R this stringency is apparently sufficient to completely dissociate any probe
which may have been bound to a skeletal muscle transcript.
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For Genescreen plus membranes, increases in temperature of incubation (above
62®C) may aid the removal of homologous, but not identical transcipts, but it is debatable
whether or not, upon prolonged exposure, the signal-to-noise ratio for the faint transcripts
would be much improved. Once a satisfactory level of stringency has been achieved, the pdea
and pdeg transcripts can also be specifically tested in the range of tissues, in tandem with the
RT-PCR results.
The RT-PCR experiments for pdeb showed the same sequence in those portions of the
PCR products analysed, which would suggest that they are derived from the same exons as the
photoreceptor pdeb. However, the limitation of this technique is that it will only detect the
portion of sequence covered by the primers used. Repeating the experiment by extending the
forward primer progressively 5’ may reveal differences in product size due to alternative
splicing. If a common transcriptional start site is used, then alternative exon usage could be
detected by sequencing any PCR products which span the differential splice sites.
RNase protection experiments have been used to demonstrate alternative splicing in
other members of the PDE family (Sonnenburg et al, 1991, 1993). This method has a greater
sensitivity than Northern analysis and is able to map the position of the breakpoint in
homology but gives no information regarding the size of the alternatively spliced transcript.
Use of Northern analysis would give more direct information regarding the nature of
the transcript. Antisense probe selection from regions immediately upstream and downstram
of the transcriptional start site would reveal whether or not the differently sized transcripts
seen in muscle, lens, and spleen used the same promoter as the retina. Then, subsequent
experiments hybridising different exons of pdeb might indicate which were present in the
different transcripts.
Two observations suggest that it may be possible that the signal seen in pineal gland
may represent the canine cone PDE superimposed upon a pdeb signal. Firstly, although the
size of the cone pdea mRNA is not known in the dog, it is highly homologous to the pdeb
probe (89-91% maximum) and the RT-PCR experiments indicate an absence of the rod pdea
RNA in the pineal gland. Secondly, HPLC separations of proteins from bovine and rat pineal
gland preparations show a peak of PDE activity which is present in the same fraction as retinal
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cone PDE isolated from retinas using the same procedure. Remaining activity was
immunoadsorbed by a monoclonal antibody specific to calmodulin/PDE complexes
(Carcamo et al, 1993).
The possibilities that the Northern blot signals detected in lens and spleen represent
transcripts which either contain pdeb exons 19-22 or are closely related, are both exciting.
This demonstrates either novel splicing of pdeb in these tissues, or that the transcripts may
represent novel members of the PDE family. Although Northern blotting, RNase protection
or RT-PCR experiments will give information regarding the possibility of alternative splicing
in different tissues, cDNA library screening and sequencing will be required to fully
characterise the transcripts hybridised by the pdeb probe in lens, spleen, cardiac and skeletal
muscle.
The biological significance of these possibilities is as yet untested. It has been
reported that phenothiazine antipsychotic drugs which induce cataractogenesis are potent
inhibitors of phosphodiesterase activity (Kamei et al, 1994). Affected dogs do show cataract
formation as a sequel to their blindness, which may reflect a specific disruption of the lens
PDE transcript, but this effect is also seen in GPRA in other breeds. Additionally, the
mechanism of action of the phenothiazines is thought to be mediated via calmodulin
antagonism (Kamei et al, 1994). Alternatively, it may be that pdeb and the other genes
causing GPRA are also expressed in the lens and are all essential for lens function. However,
this simple explanation does not explain the time lag between retinal degeneration and the
late onset of cataract formation.
In order to resolve the question of whether or not expression is restricted to certain
cells in a tissue, in situ hybridisation or in situ PCR experiments would need to be performed.
Signals detectable on the Northern blot indicate expression of a transcript in sufficient
quantity to suggest translation into a functionally significant protein. Immunocytochemical
techniques and western blotting can be used to demonstrate the presence of protein in those
tissues which are positive for a transcript.
It is tempting to speculate that in tissues showing different RT-PCR and hybridisation
signals, subtly different PDE functions could be achieved by the use of a different
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combination of catalytic subunits, which may themselves be alternatively spliced. This may be
occurring in the lens and pineal gland which are pdeb and pdeg positive, but pdea negative.
Avian pinealocytes show light sensitivity, the presence of certain transduction elements and a
photoreceptive pigment (Okano et al, 1994). Transcription of rod phototransduction
components may still occur and a subtly different function in signal transduction may have
evolved in mammals.
The canine pdeb promoter is atypical of many tissue specific promoters in that it does
not have a TATA or CCA AT box and it appears to be situated in a CpG island (Chapter 5).
However, such features are not exclusive to housekeeping genes (Dynan, 1986). Indeed, pdeb
could not be classified as such since there are certain tissues in which the transcript is not
detected. The wider tissue distribution of transciripts which are positive by RT-PCR and which
may be detectable on Northern analysis may reflect the structure of the promoter or as yet
uncharacterised enhancer elements, if the different transcripts possess the same start sites.
Farber and coworkers (1994) have recently reported the results of experiments which
have defined the basal promoter of human PDEB and have localised a proximal enhancer
element which results in a high level of expression in retinoblastoma cells. It may be that
other elements directing a lower level of expression may be defined by transfection of cell
lines from other tissue lineages, if any of the transcripts present possess a 5' end common to
the retinal pdeb mRNA.

6.5 Summary
Detection of transcripts containing pdeb exons 19-22 has been demonstrated in a
variety of neural and non-neural tissues outside of the retina. Northern blot analysis has
demonstrated that for many of these tissues, the transcript level is below the detection
threshold, but has revealed transcripts present at moderate levels in lens, spleen, pineal gland,
skeletal muscle and cardiac muscle, some of which represent novel, alternatively spliced pdeb
transcripts or else mRNAs which may be from members of the PDE family which are closely
related to the photoreceptor PDEs.
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CHAPTER 7: CONCLUSIONS AND FUTURE

ii»iRECTi#s\"3r':
7.1 Conclusions
The complete sequence of the canine pdeb mRNA and the intron/exon boumdary
organisation of the 3' end have been ascertained. The presence of a G to A transition at codon
807 has been confirmed in Irish setters affected with red-1, the early onset form of GPRA in
this breed. Additionally, this mutation has been shown to cosegregate with diseased and
carrier status in animals maintained in a breeding colony and an allele-specific,
PCR/restriction endonuclease based diagnostic test has been developed. This is the first such
test for a hereditary canine ocular disease. The transcriptional start sites have been mapped in
the genomic sequence upstream of the pdeb coding region and proximal promoter sequences
have been analysed. Conserved DNA sequence motifs known to bind transcription factors
have been identified and there are other, conseved regions with no known function which
could bind novel factors. The pdeb promoter possesses features compatible with a CpG island
which are common to many housekeeping genes and in addition, it lacks TATA and CCA AT
boxes. However, its expression is not universal, although the mRNA does appear to be more
widespread than was originally perceived.

7.2 Achievement of the original aims of the thesis
The original objectives of the thesis (section 1.9) have been mostly achieved as
judged by the above summary. The cDNA sequence was obtained which, at the time
contained several amino acid differences with the preliminary Irish setter sequence obtained
in the USA and communicated by Professor W Baehr (Clements et al, 1993a). A comparison
resulted in their sequence being corrected prior to publication. Following a preliminary
characterisation of the twelve intron/exonboundaries at the 3'end of the pdeb gene, the rcd-1
mutation was reported (Suber et al, 1993). At this stage the priority of the experimental work
switched to confirmation of the mutation and the development of the diagnostic test to show
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segregation of the mutation with rcd-1 status in a pedigree (Clements et al, 1993b).
Consequently, the genomic organisation of canine pdeb was not pursued further.
The characterisation of upstream genomic sequence is not as extensive as was
originally envisaged, due to limitations of the techniques used to achieve the genomic walk.
However, the data obtained allowed the transcriptional start sites to be mapped and facilitated
the identification of the proximal promoter elements which is now ready for functional
characterisation. The RT-PCR investigation of PDE transcript distribution extends the
findings of Collins and coworkers (1991) and suggests that transcripts of all three subunits
are expressed in a variety of tissues outside the retina (Clements et al, 1994). At the Northern
blot level, although the threshold of detection is much higher than RT-PCR, clear signals have
also been obtained for extraretinal signals which appear to be novel.

7.3 Future directions
The immediate use for the diagnostic test is to screen members of the Irish setter
breed in the UK to ascertain the prevalence of the rcd-1 gene in the general population.
Anecdotal evidence of the rarity of the disease in the breed (Curtis et al, 1991) suggests that
the incidence has been reduced by previous attempts to eradicate the disease by test mating
but international breeding, from dogs in the USA, for example could be responsible for
introducing more affected alleles into the population. A current study is investigating this
using the Bfal diagnostic test coupled with the BsrI normal control digest (Petersen-Jones and
Sargan, personal communication).
Much biochemical study of the mutant pdeb has already been carried out in work
attempting to characterise the defect before the genetic lesion was identified, but the
mechanisms of cell death have not been examined in the dog. Like the rd and rds mice, the
mechanism is likely to be one of apoptosis but experiments could use the TUNEL technique
to demonstrate chromosome fragmentation and also look at the expression of genes
implicated in PCD such as bcl-2, clusterin, ice-2 or even p53.
The promoter sequence information could be extended and/or functionally
characterised. Farber and coworkers (1994) suggest that the present sequence is likely to

216

Conclusions and future directions

contain the necessary promoter elements to direct accurate transcriptional initiation at a high
level in the retina. However, the situation may be more complicated. Baehr and colleagues
were unable to rescue the rd mouse using a larger region of the murine pdeb upstream
sequence ligated to the mouse cDNA in transgenic experiments (Professor W Baehr, personal
communication). Their construct may have contained cis-acting inhibitory sequences not
contained in Farber's smaller upstream portion. It should be noted that Barber's experiments
were done with a retinoblastoma cell line which,although it expresses other photoreceptor
genes, may not reflect the situation in vivo. In the transformed cell line carrying no functional
retinoblastoma gene product, levels of activator proteins such as c-fos, c-jun and AP-2 may be
acting to stimulate transcription via the conserved AP-1 and AP-2 sites found in the upstream
region of pdeb.
It would be possible to investigate the function of putative binding sites by
footprinting and subsequently gel retardation experiments. These could be useful for
identifying not only retina-specific motifs, but ones which may be specific to other tissues in
which transcripts of different size are expressed. The inability to maintain photoreceptors in
long term culture due to their differentiation state makes it difficult to do in vitro experiments
which are relevant in vivo.
Investigation of the pdeb transcripts in other tissues is another avenue of
experimentation. Quantitative PCR could reveal the level of expression in tissues which were
RT-PCR positive but Northern blot negative. For skeletal muscle, cardiac muscle, lens and
spleen which showed bands on Northern analysis, confirmation that they are 'sense' transcripts
could lead to further characterisation. Since cyclic nucleotide ion channels closely related to
those in photoreceptors have been localised to the kidney (identical to that expressed in rod
cells; Ahmad et ai, 1992), spermatozoan cell membrane (which is also expressed in cone
cells; Weyand et al, 1994), the avian pineal gland (Dryer and Henderson, 1991), the aorta
(identical to that in olfactory tissue; Biel et al, 1993) and a cGMP-activated channel has been
found in skeletal muscle, then it is not inconceivable that pdeb itself, or differentially spliced
transcripts may be expressed in tissues other than the retina.
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The possibility of wider tissue distribution of pdeb transcripts than was originally
thought has implications for the use of the natural promoter in gene therapy constructs. The
phenotypic similarities of rcd-1 to the forms of arRP caused by mutations in the human
PDEB gene, and the closer similarity of ocular size and photoreceptor composition make this
a good model for testing gene therapy modalities in a much larger mammal than the mouse.
There are no other animal models with demonstrated lesions in pdeb, certainly not primate
ones. Generating artificial models is a difficult process since gene knockout experiments
would have to generate a homozygous knockout animal. Additionally, the phenotype and
genetics of any new animal model would have to be thoroughly investigated before it could
be used for experimental purposes. Rcd-1 is a well-characterised, naturally-occurring disease
which has potential as a valuable gene therapy model. As a recessive disorder, the aim of
therapy would be to get a normal copy of the gene stably expressed in photoreceptors.
Presence of the abnormal, mutant product should not be a clinical problem as might be
expected in dominant disorders, since rcd-1 heterozygotes show no clinical disease.
Ideally, it would be best to use a photoreceptor-specific promoter. Since the natural
pdeb promoter directs a high level of expression in the retina it is well-suited to this purpose,
but given evidence of expression in other tissues, it may not be so desirable. The eye is an
immunopriviledged site, as is the brain, but if expression of an antigen (pdeb) which has
presumably not been seen as 'self by the immune system (because the mutant protein is
unstable) occurs in other tissues such as muscle, spleen etc, it may generate an immune
response. The route of introduction of the construct would be intraocular but the possibility
of physical disruption of the blood/retina barrier may lead to more widespread dissemination
of the virus than intended. If the pdeb promoter was characterised to the extent that only
those elements directing retinal expression were engineered into a therapeutic construct, then
that would probably be the construct of choice. However, promoter characterisation of pdeb
in any species is in its early stages. The ability of the pdeb promoter to direct expression in
other tissues could be examined by fusing it to the lacz reporter gene in any gene therapy
construct, or in transgenic mice. Tissues could then be examined histologically. These
experiments require more promoter sequence and characterisation to ensure that at least all
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the elements necessary for a high level of retinal expression are present, although the work of
Farber and colleagues (1994) suggest that the canine clones obtained in this study may
contain the necessary elements.
A useful alternative might be to use the opsin promoter to drive expression since it
has been successfully used to rescue the rd phenotype in transgenic experiments (Lem et al,
1992).
A subretinal approach could be used to introduce small volumes of the desired
construct in close apposition to its target cells, the photoreceptors. There are various forms of
carriage which could be used to facilitate entry of the therapeutic DNA but the use of
retroviruses, specifically the lentiviruses (e.g. HIV and Maedi-Visna virus of sheep) could
prove an interesting option. Recent work has demonstrated that virus pseudotyping
technology would be able to provide an envelope for the construct with a wide range of host
cell tropism (Burns et al, 1993). The lenti virus genome itself is made replication-deficient by
the removal of genes essential for replication, for example, the envelope protein. The only
nucleic acid sequences required for integration of the 'proviral' DNA are those in the long
terminal repeats at each end of the genome, and the packaging signal (y). The group-specific
antigen (gag) sequences necessary for nuclear transport need only to be supplied in protein
form, but the gag gene is usually left in the construct. Similarly, the polymerase (pol) gene
required to synthesise the double stranded DNA from the RNA genome and the integrase
enzyme in order to splice into the host genome can also be provided, if desired, by the
packaging cell line. Other retroviruses classically need a dividing cell in which to replicate but
lenti viruses contain a nuclear transport signal in their matrix (gag) proteins which causes the
core to be transported to the nucleus where the viral genome can be transcribed into DNA
and integrated (Bukrinsky et al, 1993). This discovery is significant because it means that
non-dividing cells are targets for infection.
Advantages of this type of virus vector is that due to the latency of the virus and the
consequent low level of expression of viral antigens, there is a reduced problem of immune
response or cell destruction due to a lytic infection. A major bonus is that once cells are
stably infected with an integrated, normal gene under the control of the desired promoter.
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then this is effectively a 'permanent’ cure. There may be no need for further treatments once a
suitable proportion of the target cells have been infected. Present drawbacks include the
technical difficulties in obtaining high titres of helper virus-free constructs but recent
advances have been made in this area (Burns et al, 1993). Also, the apparently random site of
integration cannot, at present be controlled. However, the lentivirus LTR-mediated integration
in natural infections does not cause tumours like the oncoretroviruses. If integration could be
controlled, or the requirement alleviated then this small risk is reduced even further. However,
as far as tumourigenesis is concerned, experiments expressing SV40 large T antigen under
the control of the opsin promoter in transgenic mice (Al-Ubaidi et al, 1992) resulted not in
the transformation of cells, but in their degeneration. There may be some feature of
photoreceptor development whereby, once they have passed some stage of differentiation, it is
impossible to transform them. If this is the case, then on the rare occasion that a lenti viral
insertion interrupted the function of a gene which resulted in perturbation of the cell cycle or
normal cell function, then cell death would ensue. This situation is little different to the
alternative faced by affected individuals if gene therapy was not used. Initial experiments
would focus on attempts to infect target photoreceptors with an opsin promoter-lacz fusion in
mice and ascertain what levels of expression may be achieved. If successful, studies could
move on to a construct containing pdeb, to try to rescue rd mice and also finally, the affected
dogs.
If the initial experiments are not successful, the dog model can be investigated using
the other forms of viral and liposome vectors currently available.
There are several avenues to pursue following the work presented in this thesis,
involving genetic diagnosis of carrier animals in the population, functionally defining the
pdeb promoter structure and distribution of novel transcripts but perhaps the most exciting in
terms of a wider medical applicability, is to follow this disease as a model for gene therapy.
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ABSTRACT
Rod/cone dysplasia type one (rcd-1) is an early onset inherited
retinal dystrophy segregating in the Irish setter breed. It is
classed as one of the autosomal recessive canine generalised
Progressive Retinal Atrophies (PRA). The disease results in
complete loss of photoreceptors by approximately one year of
age. Levels of retinal cGMP are markedly elevated and of
abnormal distribution in rod photoreceptors. Rod
phosphodiesterase activity is absent and mRNA encoding the
beta subunit (PDEP) of the holoenzyme is uniquely reduced in
predegenerate retinae. Using retinae from normal, unrelated
adult dogs we have PCR-amplified and sequenced the cDNA
for PDEp. The cDNA is almost identical to that recently
described for the Irish setter in the USA apart from two
translationally silent single nucleotide changes. Using carrier
and affected setters from a UK breeding colony we have
screened genomic DNA and can confirm the G to A transition
in rcd-1 affected dogs at position 2420, creating an amber
mutation in codon 807. However, PRA-affected Tibetan
terriers and miniature longhaired dachshunds are normal at this
locus, underlining the genetic heterogeneity of this disease
group. In addition we have developed a rapid, PCR-based
diagnostic test for this mutation that will differentiate normal
dogs from asymptomatic carriers.

Biochemically, the earliest detected abnormality is an
accumulation of retinal cGMP by postnatal day 10, when
normal morphology is still retained. This rapidly rises to a 1015 fold excess concurrent with the phase of major
photoreceptor degeneration (3). The distribution of cGMP is
also abnormal between the different retinal strata (5). These
features are extremely similar to the photoreceptor
degeneration of the rd mouse phenotype in which a nonsense
mutation in exon 7 of PDEp results in premature truncation of
the peptide, cGMP accumulation and early photoreceptor
degeneration (6). Transgenic introduction of the normal bovine
PDEp cDNA in rd/rd mice rescues the phenotype (7),
confirming the causative role of a non-functional beta subunit.
Levels of PDEp mRNA are reduced both in affected rd (8) and
rcd-1 predegenerate retinae (9,10). Additionally, rod PDE
enzyme activity and PDEp immunoreactivity have recently
been shown to be absent in the latter (11). We have
independently obtained a normal composite canine cDNA

Generalised Progressive Retinal Atrophy is the term
given to a heterogeneous group of canine retinal dystrophies,
and distinct forms are recognised in different breeds of dog.

sequence for PDEp and used this information to screen carrier
and affected rcd-1 Irish setters.
All the dogs used in these experiments were treated

They can be broadly divided into early and late onset and have

according to the recommendations given in the Guiding

been recently reviewed (1). These diseases show phenotypic

Principles in the Care and Use of Animals, in premises subject

similarities to the retinitis pigmentosa (RP) group, an

to Government legislation.

important cause of inherited blindness in humans. Rcd-1 is the

Retinae from three normal, unrelated dogs (adult boxer,

locus designation given to the early onset degeneration which

dobermann and crossbred dogs) were removed immediately

affects certain members of the Irish setter breed and results in

after sodium pentobarbitone euthanasia and used fœ total or

rapid, progressive loss of photoreceptors (2). The

poly-(A+) RNA isolation by the method of Chomczynski and

photoreceptors appear to develop normally for the first 13

Sacchi (12) or with a QuikPrep Micro mRNA Purification Kit

postnatal days, after which rod development is arrested and by

(Hiarmacia). 1-2 pg poly-(A-f-) mRNA was used as a template

postnatal day 25, rod degeneration has commenced. Although

for oligo-dT primed reverse transcription with either a cDNA

initially spared, cones have also begun to degenerate by about

Synthesis Kit (Pharmacia) or a 3' RACE (Rapid Amplification

day 128, with total photoreceptor loss by approximately one

of cDNA Ends) System (Life Technologies, Inc.) according to

year (3). Changes in the electroretinogram (ERG) reflect this

manufacturers' instructions. Aliquots of the first strand cDNA

pattern of cell death (4).

were used for PCR amplification with gene-specific, conserved
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oligomer pairs or for anchored PCR to obtain the 3'

Sequencing (Pharmacia) kits with the recommended protocols

untranslated region. If the PCR contained a biotinylated primer,

for double-stranded DNA. Thus, an overlapping 2734 base pair

solid phase dideoxy-sequencing was earned out using

PDEp sequence contig (excluding the poly-A tail) was

magnetic-streptavidin beads (Dynabeads M-280, Dynal).

generated from three unrelated normal dogs.
The sequences from different dogs were 100%

Otherwise, amplified DNA was ligated into a plasmid vector
(pCR II, or pAMP I for 3' RACE products) and competent E.

homologous in the areas of overlap (no one individual

coli were transformed (TA Cloning Kit, Invitrogen and the

contnbuted a complete cDNA sequence) and also identical to

CloneAmp System, Life Technologies, Inc.). Multiple positive

the Irish setter cDNA sequence (11) except for one silent T to

clones were sequenced, to eliminate Taq polymerase

C tiansition at position 2343 and an extra C nucleotide in the 3'

misincorporation errors or cloning artefacts, using reagents

untranslated region at position 2601/2602. These probably

from the Sequenase (United States Biochemicals) and T7

represent polymorphisms in normal dogs of different breeds

red l/rcd 1

G

A

T

C

red 1/+

G

A

T

C

A
T

T/C

C
m

Figure 1. A 47 bp DNA sequence window of the antisense
strand of Irish setter affected (red-l/rcd-1) and carrier (rcd-l/+)
dogs. This corresponds to a sense strand sequence of : 5-TAG3' for the affected dog and 5-TAG-3' 15'-TGG-3' for the
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heterozygote. The normal sequence at this site is 5'-TGG-;'
(data not shown). The amino acid code is therefore altered from
Trpto Stop at residue 807 by this amber nonsense mutatioi.
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since they alter neither the amino acid sequence nor any

mutation (11) Insh setters, Tibetan terriers and miniature

recognised motiis such as the polyadenyiation signal. The

longhaired dachshunds kept in breeding colonies at the Animal

deduced amino acid sequence has the same number of residues,

Health Trust (AHT), Newmarket, were blood sampled.

856, as the closely related rod cGMP PDEp subunits from

Genomic DNA was isolated from perpiheral blood leucocytes

different mammalian species (8,13,14) and is greater than

in 10ml of whole blood in potassium EDTA by a method based

90% homologous. All the well-descnbed features such as a

on Herman and Frischauf (17). Genomic DNA corresponding

and Y subunit binding sites, homologous domain and CAAX

to the putative exon 21 (based on murine and human genomic

box are conserved (6, 15, 16).

organisation) of PDEp was PCR-amplified and the desired

In order to screen for the recently descnbed rcd-1

A.

band purified from an agarose gel onto DEAE paper (NA45,

GENOM IC DNA

114 bp
91 bp
RESIDUE 807

3'

5'

i
/

EXON 21

—

primer E 21 F

primer E 21 R

5'-0ACT0CA0AACAACA00AA00AAl
5'- OACTOCAOAACAACAOGAAOGAAl

IAAG..r3 NORMAL
1AAG..,3' MUTANT

5'- OACTOCAOAACAACAGOAAGGACT-3'

primer E 21 F

Î
MISMATCH

Bfa I
B .

5'-G A CTG C A G A AC AA CA G G AA G G AC TAG AA G ...-3'

Figure 2.A. Expected restriction fragment sizes after
amplification using the mismatched primer E 21F and digestion
with Bfa I (New England Biolabs). Where the G to A transition
at position 2420 is present, a fragment of 91 bp is generated.
The normal, mutant and primer E21F nucleotide sequences

are also given. B. The sequence generated by amplification of
the mutant allele is shown, and the unique Bfa I restriction site
created is underlined, the point of cleavage indicated by an
arrow. The nucleotide sequence of primer E 21R is : 5'-

CTTTCrTGGCTGTCGTCCTGTC-B'.
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Schleicher and Schuell). This was directly sequenced with one
of the original PCR primers end-labelled with

A.

based on

the method of Ingleheam and coworkers (18). We can confirm
that the G to A transition found in rcd-1 affected Irish setters in
the USA is also present in rcd-1 affected dogs in the AHT
breeding colony (Fig. 1), resulting in a nonsense amber
mutation and the predicted loss of 49 amino acid residues from
the carboxy-terminus containing the isoprenylation site (CAAX
box) required for membrane association (11,19). It is not
known how closely related these dogs are to those in the USA

1 2

3

4

5

6

7

but the results rule out different mutations at the same locus

I

rcd-1/rcd-1 male

^

rcd-l/rcd-1 female

between these two pedigrees and suggest a founder effect from
a common ancestor.

+/+male
^

rcd-l/+female

This mutation is not present in PRA-affected Tibetan
terriers or miniature longhaired dachshunds (data not shown),
underlining the further heterogeneity of PRA between different

B.

M N A 1 A 2

1 2 3 4 5

6 7

breeds. Clinically, the disease in these breeds is of later onset
and slower progression than rcd-1. The munne and canine
PDEp mutations so far identified, both result in loss of enzyme
activity and an early, rapid onset of degeneration with initial
selective rod loss, whereas in the Tibetan terriers and
miniature longhaired dachshunds the ERG appears relatively
unaffected during the first few weeks of life. Additionally,
once ERG changes are seen, rods and cones appear equally
affected (20,21). This contrasts with preliminary
histopathological evidence of selective rcxi outer segment
disorientation in affected miniature longhaired dachshunds
(21). Although retinal cGMP levels are normal in
predegenerate, affected Tibetan terriers (22), increases in
cGMP have not yet been reported in the miniature longhaired
dachshunds and it may be that there is a defect in transduction
despite (a) the clinical and ERG findings, and (b) the fact that
the rcd-1 mutation is not present. Crossbreeding experiments
have yet to determine non-allelism of these genes with the rcd-

Figure 3. A. Pedigree show ing segregation of rcd-1 in the
Animal Health Trust Irish setter breeding colony. Numbered
individuals correspond to lanes on the gel below. B. 8%
polyacrylamide gel of the E 2 IF / E 21R PCR products from 10
dogs of known status after Bfa 1 digestion. PCR conditions :
9 4 0 c , 2min; 94°C, 30 secs, 640C, 1 min, 72»C, 1 min for 40
cycles; 72% , 10 mins. Electrophoresis was carried out at lOOV
for 16 hours. Size of fragments is given in base pairs on the left
hand side. M = Molecular size markers PhiX 174 digested with
Hae 111 (Promega); N = normal Tibetan terrier; A 1 = PRA
affected Tibetan terrier; A2 = PRA affected miniature
longhaired dachshund.

1 mutation but it seems unlikely that a null mutation is present
elsewhere in the rod PDEp gene.
Regarding the suitability of rcd-1 as a model for human
Elucidation of the rcd-1 mutation facilitates the

disease, one report showed elevated cGMP and reduced
phosphodiesterase in the retina of an autosomal dominant RP

development of methods to quickly and specifically screen

(ADRP) sufferer (23) and now mutations in PDEp itself have

members of the breed, as well as sporadic cases of PRA from a

been identified in autosomal recessive RP patients (24). This

blood or tissue sample at any age. Mismatch PCR to engineer

emphasises the importance of such a model. Further study of

restriction sites in areas where single base changes do not

rcd-1 and rd pathogenesis may therefore have direct relevance

themselves create restriction fragment length polymorphisms

to RP patients in increasing our understanding of the

has been applied to linkage analysis in cattle (25) as well as to

mechanism of degeneration caused by cGMP accumulation and

point mutation detection in the human lipoprotein lipase gene

to test the possibilities of gene therapy.

(26).
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We have developed a rapid, PCR-based, non-isotopic
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The normal dog PCR product (114 bp) contains no Bfa

1site and remains undigested whilst the affected homozygote
product will digest to 91 bp and 23 bp fragments. However,
the heterozygous DNA, when amplified will have a proportion
of wild type and mutant products, giving both 114 bp and 93 bp
bands after incubation with Bfa 1. We have currently tested 8
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Irish setter dogs, 4 heterozygotes and 4 affected homozygotes,
by this method using a normal Tibetan terrier and carrier I
affected Tibetan terriers and miniature longhaired dachshunds
as controls. The accuracy and repeatability of the test will need
to be further assessed in individuals of known status but the
preliminary results are consistent. This provides a method of
screening individuals of any age which is more rapid, specific
and less expensive than test matings or ERG. It may be useful
for purposes such as,
(i) confirming the genetic status of experimental animals before
detectable clinical signs are present,
(ii) confirming diagnosis since other, later onset forms of PRA
have been recognised in Irish setters in the field (27),
(iii) ascertaining the true proportion of heterozygous carriers in
the breed, and
(iv) as a principal tool in any scheme to eradicate this disease
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