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1.1

INTRODUCTION

Molecular approaches to identify disease genes

The tasks and tools of geneticists are rapidly evolving The Human Genome Project, founded
by the U S government m 1990, was originally scheduled to complete the human genome sequence
by 2005 Owing to conceptual and technological improvements, this timetable was continuously
revised In 1998, completion of the sequence was predicted by 2003, and availability of a working
draft was expected by the end of 2001 ' At this writing (June 2000), this goal has already been reached
The wealth of sequence information soon available will dramatically speed up gene discovery,
as shown previously for the "finished" eukaryotic genomes of baker's yeast, Saccharomyces cerevisiae1,
the nematode Caenorhabditis elegans3 and the fruitfly Drosophila melanogaster*, and for human
chromosomes 215 and 226 The next step, however, will be the identification of disease genes, and
this bottleneck will be at best widened by the recent developments Approximately 5,000 Mendehan
disease phenotypes are currently known in man, bu t for no more than 1000 of these, the fundamental
molecular defect has been elucidated Patient material and family analysis will remain the main
stay for determming the genetic factors underlying disease Two methods are currently used to
establish links between genetic disorders and specific genes the phenotype-onented approach
and the gene-based approach7
1.1.1 The phenotype-oriented approach
With this approach, which was used to discover most of the human gene-disease correlations
found thus far, patients with a specific phenotype are gathered and analyzed Clues to the responsible
genes are obtained from clinical and biochemical fmdings and/or genetic analyses If a specific
biochemical abnormal! ty is discovered, this information can be used to narrow the search for genes
involved m the relevant biochemical pathway In this way, sickle cell anemia, gyrate atrophy, and
phenylketonuria were found to be due to mutations in the genes encoding ß-globin8, ornithine
ammotransferase9 lu, and phenylalanine hydroxylase1112, respectively More recently, linkage studies
with polymorphic markers were introduced to determine the approximate chromosomal interval
carrying the gene defect in question Subsequently, this interval can be narrowed in various ways
This strategy is referred to as "positional cloning"11 It usually requires large families with many
individuals, but precise mappmg of the disease gene is also possible with a few, but distantly related,
affected individuals The chromosomal location of disease genes can also be inferred from (rare)
affected individuals with detectable deletions or translocations, assuming that the relevant genes
lie within the deletion or the respective breakpoint region Once the approximate chromosomal
location is known, one can examine all "positional candidate genes" which are known to map to
this region14 Alternatively, novel candidate genes can be identified by physically cloning the entire
candidate interval into yeast artificial chromosome (YAC), bacterial artificial chromosome (BAC),
PI artificial chromosome (PAC) and/or cosmid vectors, and by using a combination of various
gene isolation tools, like exon trapping1516, cDNA library screening17, cDNA selection/ capture18"20
and computer assisted gene prediction from sequenced DNA21 B Since the entire sequence of the
human genome is soon becoming available, and m view of equally rapid improvements in computer
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technology (bioinforma tics), the emphasis is shifting towards this "in silico" cloning of novel genes.
Previously popular techniques like chromosome walking and jumping libraries26,27 and CpG island
identification28"10, have already been replaced by large scale sequencing and "data mining" of the
area involved. The genes identified by any of these methods are then screened for sequence
abnormalities that are specific for the aberrant phenotype.
1.1.2 The gene-based approach
The goal of this approach is to investigate the role of a given gene in human disease: with the
normal, or "wild type", sequence as a reference, one searches for mutations in plausible "candidate
phenotypes" which can be identified in various ways. The expression patterns of a gene can provide
important insights: genes expressed only in the retina, for example, are likely to be associated with
hereditary forms of blindness, thereby greatly limiting the number of phenotypes to be screened.
In addition, positional information of the chosen gene can be easily gathered by using radiation
hybrid panels11 '32'T> Systematic generation of (suppression) subtracted cDN A clones14 and subsequent
radiation hybrid mapping has proven to be a successful method, leading to the isolation of the
retina-specific Drosophila crumbs homologue 1 (CRB1) gene, which was mapped to Iq31-q32.1.
This position corresponded with a retinitis pigmentosa locus, RP12, and CRB2 was found to be
the gene involved in this severe progressive eye disorder35,36.
A more direct gene-oriented method is to study the phenotype of animal models with induced
(e.g. knock-out) or naturally occurring mutations in the gene of interest. Drosophila melanogaster
mutants and mouse mutants are commonly used for this purpose. The next task is then to identify
humans with phenotypes similar to those seen in the mutant animals. An illustrative example for
this approach is the Shaker-2 mouse, which exhibits deafness and a shaking-waltzing behavior37.
The mutated gene encoded the unconventional myosin XV3" and mutations in the orthologous
human gene turned out to be responsible for congenital profound deafness DFNB339.
For either the gene-based or phenotype-oriented approach, the allele-phenotype associations
that are encountered initially will provide only tentative evidence of an etiological relationship.
Additional evidence supporting a causal relationship could come from documenta tion of a s ta tis tically
significant association of alleles with a phenotype, the detection of new germ-line or soma tic mutations
appearing together with the phenotype, the observation of a corresponding phenotype in lower
animals with homologous alleles, or the demonstration of biochemical properties of the allelic variants
of the protein product that each explain the phenotype.
1.1.3 Studying the molecular causes of inherited blindness
Blindness is a severe sensory defect that has a drastic effect on the everyday life of the patients.
The severity of the phenotype however enables the quick determination of a genetic factor in families.
These families have been indispensable for the identification of genes that are involved in blindness.
They are key components in both the phenotype-based approach as in the gene-based approach.
The identification of numerous genes that are involved in hereditary retinopathies, diseases of
14
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the retina, however has only provided, at best, insight in which basic cellular mechanism is disrupted.
In most cases, the molecular mechanism of the disease pathology remains elusive. More insight
is required in the subcellular localization of the encoded proteins, spatial and /or temporal expression
patterns, and macromolecular complexes/pathways they are part of. Answering these questions
will contribute to the basic knowledge of the function, development and disease pathology of the
retina on a molecular level.

Figure 1-1
Anatomy of the eye40.
1.2

Structure and function of the retina

The key to unraveling the complexities of retinal degeneration is to first understand the structure
and function of the normal retina. Vision is dependent on the interaction of light with the retina,
a sheet of tissue of about 0.4 millimeters thick, that lines the interior of the back surface of the eye
and extends forward towards the optical portion of the eye, represented by the cornea, iris and
lens (Fig. 1-1). The retina consists of two, anatomically and developmentally distinct, parts:

15
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Figure 1-2
Cellular structures in the retina40. In the right panel, the different retinal cell types are shown; Ch=choriocapillaris,
RPE=retinal pigment epithelium, Ro=rod, Co=cone, Am=amacrine cell, Bi=bipolar cell, Ga=ganglion cell,
Mü= Müller cell.

a monolayer of neuro-epithelial cells, the retinal pigment epithelium (RPE), and the multi-layered
neural retina. The neural retina, embryologically an outpouching of the central nervous system
(CNS), transmits visual information to the brain via the optic nerve. To a first approximation, it
is composed of five classes of neurons: photoreceptors, horizontal cells, bipolar cells, amacrine
cells and ganglion cells. It also contains Müller cells, the glial cells of the retina. The simplest common
pathway from the eye to the brain is from photoreceptors to bipolar cells to ganglion cells. Each
ganglion cell has an axon that passes across the surface of the retina to the optic disc, where it enters
the optic nerve. Horizontal cells and ganglion cells serve in a variety of ways that greatly enrich
the performance of the retina. The retina contains about 100 million photoreceptors, about 10 million
horizontal, bipolar and amacrine cells and about 1.25 million ganglion cells. Each of the cell classes
is found all across the retina, and cells of each class occupy one of the three particular cell layers
within the retinal thickness, separated by two layers that are virtually empty of cell bodies but
are rich in sites of contact between neurons, the synaptic or plexiform layers (Fig. 1-2). The retina
is separated from the vitreous body by the inner limiting membrane, and the RPE is anchored to
the Bruchs membrane, which forms the border of the choroid. The choroid is a dense mesh work
of capillaries and associated blood vessels that indirectly (through the RPE) nourishes the outer
retina.
16
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1.2.1 Photoreceptors

The light-sensitive photoreceptors lie in a dense array in the outer part of the retina, at the very
back of the eye. Therefore, light must pass through almost the entire thickness of the retina in order
to reach the outer segment of each photoreceptor, which contains visual pigment molecules that
initiate the neural response to light (visual transduction). There are two main morphological types
of photoreceptors, rods and cones (Fig. 1-3), which contain different photopigment molecules and
vary in their anatomical distribution. They subserve different but overlapping functions. In humans
only 5% of photoreceptor cells are cones and 95% are rods.

rod

cone

rod

cone

Figure 1-3
Rods and cones40. (A) is a schematic outline; (B) shows the cells in the right proportions.

Cones are found throughout the retina but are most concentrated within a small central region,
the fovea. The retinal region around the fovea contains a light-absorbing pigment that screens the
photoreceptors' outer segments from much of the blue light that falls on them. This pigment gives
this portion of the fundus a yellow tinge, and is therefore termed the macula lutea. This region also
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includes the immediately surrounding rod-rich retina.
Photoreceptors are highly polarized. The pho totransduction proteins are located within a modified
and greatly enlarged cilium, referred to as an outer segment, that protrudes from the apical face
of each photoreceptor. Cone outer segments are composed mainly of infoldings of the surface
membrane of the cell and taper slightly, which gives the cones their name. Rod outer segments
(ROS) are filled with about a thousand flattened membrane sacs, called disks, that are derived from
the surface membrane of the cell, but no longer continuous with the surface membrane or with
each other. These disks are renewed at a rate of 100 per day by new synthesis and assembly at its
base, and by shedding of older material from its tip into the RPE41. Both rod and cone outer segments
contain visual pigment, consisting of molecules composed of two portions: a protein portion and
a light-catching portion termed the chromophore. Varia tions in the protein portion of the molecule
determine its sensitivity to different parts of the visible spectrum of light. Each photoreceptor contains
only one type of visual pigment molecule. Visual pigment molecules are synthesized in the inner
segment of the photoreceptor and transported through the connecting cilium to the outer segmen t,
where they are incorporated into the membranes. These membranes take up about half the volume
of the outer segment.
The rods are able to convey variations in light intensity in dim conditions (mediating scotopic
vision), but in bright light they lose this ability. There is only one rod type, containing the transmem
brane protein rhodopsin both in the plasma membrane and in the lamellar sides of the disks42. This
visual pigment represents up to 85% of the total protein content of the ROS. Its major function is
the initiation of phototransduction, but considering it a major component of the membranes of
both the disks as the plasmamembrane of the photoreceptor, it is likely to be of some structural
importance as well 43 · 44 . The curved rim of the disks contain different transmembrane proteins:
peripherin / retinal degeneration slow (RDS)4S and rod outer segment membrane protein 1 (ROM1 J46.
The function of these proteins is similar, but their expression pattern is different. They first form
dimers, that then interact to form the functional heterotetrameric and larger oligomeric structures47.
Disk rims are thought tobe critical for disk morphogenesis, outer segment (OS) renewal48 and the
49
maintenance of OS structure , and ROM1 was recently found to be required for rod viability and
the regulation of disk morphogenesis50, while peripherin/RDS is critical for OS structure ^ The
peripherin/RDS-ROMl complexes have a function in bending of the disks, as well as connections
between the disk rims and the plasma membrane" Μ . The rod synaptic terminal (the spherule)
contains neurotransmitter vesicles for signal transduction onto the neurons: within a single
invagination of the cell membrane, termed a synaptic cleft lie the processes of two horizontal cells
and two to five bipolar cells.
The cones are slightly less sensitive than rods, but well suited to work in bright daylight (mediating
photopic vision). Cones mediate color vision, and in humans come in three types that differ depending
on which one of the three visual pigments is present. These three cone types, termed L, M, and
S, are distinguished mainly by the portion of the spectrum of light to which each is most sensi tive.
L cones are most sensitive to low-frequency photons of light (towards infrared), M cones to middlefrequency photons and S cones to supra-frequency photons (towards ultraviolet). S cones constitute
only about 10% of the cone population, and are absent from the center of the fovea. There are 2-4
18
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times as many L-cones as M-cones, but these two types show similar spatial distributions, and
appear tobe randomly mixed. The cone synaptic terminal (the pedicle) contains a number of invaginations. Each invagination contains the processes of two horizontal cells and two or more bipolar
cells. Additional bipolar cell processes lie near the invagina tions or at the base of the terminal. Also,
processes from cone pedicles spread ou t to form interphotoreceptor contacts with other cone pedicles
as well as rod spherules through gap junctions, which function remains unclear.
The photoreceptor layer also contains the subretinal space, limited at the external side by the
retinal pigment epithelium and internally by intermediate junctions (zonulae adhérentes) that cons ti tu te
the external limiting membrane55. In addition to rod and cone outer and inner segments, the subretinal
space contains the interphotoreceptor matrix (IPM), a complex mixture of glycoproteins and
glycosaminoglycans secreted by the RPE and photoreceptor cells that border it56-57.
The connecting cilium is a narrow stalk that joins the inner and outer segments of rods and cones.
The cilia resemble motile cilia by having nine outer microtubule doublets that emanate from a basal
body in the apical inner segment. Unlike motile cilia, the connecting cilia lack a central pair of singlet
microtubules, radial spokes and dynein arms, but they closely resemble the transitional basal zone
of motile cilia in fine structure and molecular composition58·59. The inner segment contains the
components necessary for the metabolism of the cell. This includes most cell organelles, like the
nucleus, the endoplasmatic reticulum (ER), mitochondria and Golgi apparatus.
1.2.2 Bipolar cells, horizontal cells, and amacrine cells
The second (inner) layer of cells contains bipolar cells, the second-order neurons onto which
photoreceptors synapse, as well as horizontal and amacrine cells, interneurons that process visual
information in the ou ter and inner retina, respectively. Each bipolar cell has some dendritic processes
in the outer synaptic layer, a cell nucleus in the inner nuclear layer and some axon terminals in
the inner synaptic layer. The dendritic processes of a bipolar cell receive signals either from rods
or cones, never from both. Each rod bipolar cell contacts between 30 and 50 different rods. The
other types of bipolar cells receive signals only from cones, and at least 13 morphologically different
cell types can be distinguished, which can be placed in 5 groups: midget-, diffuse-, S-cone-, and
giant bipolar cells, these groups are based on three important differences: 1.) Number of cones
that contact the bipolar cell, 2.) type of contacts made, and 3.) type(s) of cones that contact the bipolar
cell. The bipolar cells convey their changing level of activation to the inner synaptic layer, where
they contact the processes of both amacrine and ganglion cells40.
Each rod or cone invagination also contacts two horizontal cell processes, each from a different
horizontal cell. Two different types can be distinguished: HI- and HII horizontal cells. HI horizontal
cells contact rods and L- and M-cones. HII horizontal cells only contact S-cones. Horizontal cells
provide lateral inhibition, which acts to enhance spatial differences in photoreceptor activation
at the level of the bipolar cells.
Amacrine cells receive signals from bipolar cells and other amacrine cells. There are up to 40
different types of amacrine cells40, which vary greatly in size, morphology and function. Amacrine
cells, in turn, send their messages to bipolar cells, other amacrine cells and ganglion cells. This
19
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suggests that amacrine cells play a variety of roles in retinal function, but with a few exceptions,
their specific roles remain unknown.
1.2.3 Ganglion cells
The third and innermost cell layer contains, besides some amacrine cells, mainly ganglion cells,
the output units of the retina. Ganglion cell axons track along the inner surface of the retina, coming
together at the optic disc to form the optic nerve. Each ganglion cell sends a message to the brain
in the form of the rate at which it generates action potentials. This rate is influenced by the activity
of the different amacrine and bipolar cells that the ganglion cells receive from. As a general rule,
the activity of bipolar cells tends to increase the firing rate of the ganglion cell, and the activity
of amacrine cells tends to decrease it. There are at least 22 different ganglion cell-types. Each ganglion
cell type is specialized for coding some particular aspect of the visual world, like contrast, color
and movement. The brain therefore receives a wide variety of different messages from the retina.
The axons of different types of ganglion cells go to six different regions within the brain, that are
each adapted to subserve a different type of visual function40.
1.2.4 Müller cells
Müller cells are the principal glial cells of the retina, assuming many of the functions carried
outby astrocytes, oligodendrocytes and ependymal cells in other CNS regions. Müller cells express
numerous voltage-gated channels and neurotransmitter receptors, which recognize a variety of
neuronal signals and trigger cell depolarization and intracellular calcium waves. In tum, Müller
cells modulate neuronal activity by regulating the extracellular concentration of neuroactive substances.
The two-way communication between Müller cells and retinal neurons indicates that Müller cells
play an active role in retinal function611. They have also been found to play a role in retinol metabolism,
involving RPE-retinal G-protein-coupled receptor (RGR), an opsin homologue that is specifically
found in the RPE and in Müller cells61.
1.2.5 Retinal maintenance: choroid and RPE
The metabolic needs of the retina are about seven times those of the brain, for the same mass
of tissue, the highest of any tissue in the body. The blood supply to the eye and retina reflects this
fact. There are two separate circulations, retinal and choroidal. The larger arteries and veins of
the retinal circulation can be readily seen when the fundus is viewed with an ophthalmoscope
(Fig. 1-4).
The retinal capillaries are connected by tight junctions, multiple strands of protein molecules
that bind the capillaries together in such a way that nothing can pass between them. They thus
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Figure 1-4
(A) Fundus of a healthy person (ophthalmoscopic image); (B) Fundus of an RP patient40.

form part of the blood-retinal barrier, limiting what can enter the environment of the neural cells
of the retina. This prevents the retina from exposure to toxic substances in the blood and from the
immune system. The retinal circulation springs from a retinal artery and vein that pass through
the optic nerve and emerge from the center of the optic disc (Fig. 1-5).
cornea
Schlemm's canal

Figure 1-5
Retinal and choroidal circulations
in the eye40.

vein

choriocapiilaris
arteries

central retinal
artery + vein
optic nerve
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The choroidal circulation provides a second means of nourishing the retina. It is part of a system
of blood vessels termed the uveal circulation, which also nourishes the iris and the cilliary body.
These arteries and veins pass through the sclera, branch and pass inward until they suddenly break
into a meshwork of very large capillaries, termed the choriocapillaris. The size of these capillaries
and the path from artery to vein is short, which optimizes the rate at which blood passes through
them. This keeps the concentration of oxygen high and that of carbon dioxide low. Furthermore,
heat from the focused rays of the sun can be quickly removed. On the side of the capillary facing
the RPE, the cells are thinned in spots to form a fenestrated capillary bed (Fig. 1-6). The fenestrae
further promote exchange with the RPE across the wall of the capillary. The outer portion of the
blood-retinal barrier is not maintained by the cells of the choriocapillaris, but by the cells of the
RPE, that are interconnected by means of functional complexes, including tight junctions {zomdae
occludentes) (Fig. 1-6). Since the photoreceptor layer lacks blood vessels, its metabolic needs are
met mainly by the choroidal circulation. The rich vasculature of the choroidal circulation appears
to provide a means of compensating for the restriction that anything it provides or receives from
the retina must pass through both the inner and outer membranes of the cells of the RPE and also
diffuse through the photoreceptor layer.

Figure 1-6
Connection between photoreceptors, RPE and choroid40.

The RPE is a non-neural layer of epithelial cells which has a neuroectoderm origin. They contain
melanin molecules, packed in pigment granules, that strongly absorb light throughout the visible
spectrum. Most of the light that is not caught by the photoreceptors' outer segments is absorbed
by this layer, which makes the fundus appear dark. This protects the neural retina from absorption
of excessive light, light scatter and light entering the retina through the sclera. Each RPE cell contacts
approximately 45 outer segments. Besides nourishment of the outer retinal layers and removal
of waste products, this close contact is necessary for other reasons. One of the RPE functions is
the renewal of the photoreceptor outer segments. The RPE engulfs and digests the distal 10% of
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each outer segment daily, a total biomass equivalent of several average-sized cells. This digestion,
which continues throughout life, makes the RPE cell the most active phagocytic cell in the human
body. The RPE itself synthesizes and secretes trophic factors for photoreceptor survival and
components for the interphotorecep tor matrix and Bruchs membrane. It also transports water and
ions in order to create the correct environment for the neural retina with respect to dehydration
and optical cleanty. Besides these structural maintenance functions, the RPE participates in a unique
pathway with the photoreceptors, known as the visual cycle, which plays a critical role in visual
pigment regeneration.

photon

Ca 2+

[Ca2+U
(hyperpolarization)

ROS

1

= cGMP-gated channel
(CNCG)
Figure 1-7
The phototransduction cascade
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1.2.6 Phototransduction
All visual pigments consist of an apoprotein, opsin, linked covalently to a chromophore 11-as
retinal (an aldehyde derivative of vitamm A) The excitation phase of the phototransduction begms
with the photoactivation of a visual pigment (ll-as-retmal —• all-frans-retinal), which induces a
conformational change tha t catalyzes the activa hon of a photoreceptor G-protein, transducin During
this stage, the signal is amplified by the activation of hundreds of transducin molecules by a single
achvated rhodopsin Thus, the flux through the visual cycle can get extremely high up to 20,000
photoisomenzations per rod per second m bright light viewing condì tions The visual cycle in each
RPE cell then processes approximately a million chromophores per second (Fig. 1-7)
Each activated alpha subunit of transducin, now bound to GTP, displaces the inhibi tory subunit
of a cGMP phosphodiesterase (PDE), which then catalyzes the hydrolysis of cGMP to GMP A cGMPgated cation channel (CNCG) located in the outer segment plasma membrane closes in response
to lower intracellular cGMP, leading to a decrease in sodium and calcium influx (Fig. 1-7) In the
dark, these channels transport sodium and calcium ions into the cell, while other channels maintain
a continuous efflux of sodium Closure of the channels, m response to light, disrupts the influx,
while the efflux of sodium and calcium continues undisturbed The resulting membrane
hyperpolanzation leads to a graded attenuation in neurotransmitter release at the photoreceptor
synapse62 a Within the outer segment, the drop in intracellular calcium triggers a negative feedback
loop, the recovery phase of the photoreceptor cell, that mediates light adaptation in the case of
a sustained stimulus (important for mamtaining sensitivity in vision), or restores the cell to its
preachvated state m the case of a transient stimulus (important for mamtaining the cell s ability
to respond to a single photon)
The recovery phase of phototransduction involves active tumof f and recycling of the transduchon
components (Fig. 1-8) Rhodopsin is inactivated by the combmed action of rhodopsin kinase, which
specifically phosphoryla tes photoachva ted rhodopsm, and arrestin, which binds phosphorylated
rhodopsin The arrestin-binding releases the all-frans-retinal from rhodopsin, to be replaced by
a new molecule of 11-as retinal, and prevents further activation of transducin64 This mechanism
thus prevents further stimula hon of cGMP PDE The concentra hon of cGMP within the cell is restored
by the increased synthesis of cGMP (from GTP) by a photoreceptor-specific guanylate cyclase (RetGC-1,
RetGC-2)f'i 67 These pathways are triggered by the decline m the intracellular calcium concentration
and mediated by a family of calcium-binding proteins, including recoverin6" and guanylyl cyclase
activating protein-1, -2, and -3 (GCAP-1, -2, and -3)69 The calcium-bound recovenn inhibits the
activity of rhodopsin kinase The light-induced decrease in calcium removes calcium from recovenn
and releases the inhibition of rhodopsm kinase68
The guanylate cyclase activa ting protein acts in the opposite way Release of the bound calcium
ions activates GCAP and stimulates cGMP synthesis by guanylate cyclase70 The resulting increase
in the cy tosolic cGMP concentration leads to an increase in the number of open cGMP-gated channels
(Fig. 1-8B) Thus, the calcium-dependent modulation of guanylate cyclase activity serves to restore
the outer-segment cGMP level to baseline This feedback loop is the principal mechanism by
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Figure 1-8
Events m the recovery phase of phototransduction (A) the retinol (vitamin A) metabolism, (Β) the calciummediated shut-off of rhodopsm and synthesis of cGMP, (C) the calcium-independent inactivation of transducin
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which photoreceptors adapt to light and damp out fluctuations in the membrane potential71. After
the instant shutoff mediated by calcium, more time-consuming processes complete the regeneration
of the cells. The deactivation of transducin is one of these processes, next to the regeneration of
rhodopsin with 11 -as-retinal72. Transducin hydrolyzes GTP to GDP and P,, a reaction that is accelerated
by a member of the regulator of G-protein signaling (RGS) family, RGS-9, thereby allowing PDE
to return to its inactive state73 (Fig. 1-8C).
In rods, the released all-frans-retinalchromophore is reduced to all-frans-retinol (the corresponding
alcohol derivative of vitamin A) and transported to the RPE. Within the RPE, it is esterified to a
lipid, chemically isomerized to the ll-c/'s configuration, hydrolyzed from the ester linkage, and
finally oxidized to the aldehyde and returned to the photoreceptor (Fig. 1-8A). The isomerization
cycle for cones may occur within the retina rather than the RPE. During the regeneration process,
the derivattves of retinol (retinoids) are bound by retinoid-binding proteins (cellular retinoid-binding
protein, CRBP, and cellular retinaldehyde-binding protein, CRalBP) in order to solubilize the
hydrophobic proteins and to protect the retinoids from oxidation74. The transport of all-f rans-retinol
between the ROS and RPE is mediated by the interphotoreceptor retinoid-binding protein (IRBP).
1.3

Hereditary retinal dystrophies

Retinal dystrophies are a clinically and genetically heterogeneous group of diseases in which
the retina degenerates, leading to either partial or complete blindness. The most common diseases
in this respect are diabetic retinopathy, glaucoma and age-related macular degeneration (AMD),
together affecting several percent of the population. These diseases for the largest part are multifactorial traits, having both genetic and non-genetic components. The monogenic or Mendelian
retinal diseases, like retinitis pigmentosa, Leber's congenital amaurosis (LC A) and various macular
degenerations, affect approximately 1 in 3000 people". As an example, an overview of the blindness
incidence for a specific region in Germany is shown in Figure l-976.Many of the Mendelian diseases
have an earlier onset and some have a more severe clinical course than typically observed for the
three more common disorders mentioned before.
1.3.1 Diagnosis of retinal dystrophies
Hereditary retinal dystrophies are usually characterized by age of onset, severity and topographic
pattern of visual loss, rod vs cone involvement, ophthalmoscopic findings, and family history.
Thus, genetic analysis depends on accurate disease classification. The appearance and function
of the retina can be examined with high precision methods that are minimally invasive, like fundus
imaging77, psychophysics78 and electrophysiology79. Traditionally, the fundus is observed through
the ophthalmoscope, allowing examination of the appearance of the retina and its vasculature.
Gross abnormalities like defects in the RPE, retinal and subretinal deposits, neovascularization
and retinal detachments can be detected in this way. When fundus photography is combined with
intravenous fluorescein injection, intraocular blood flow can be monitored.
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Age-related Macular Degeneration

Figure 1-9
Blindness incidence in Germany (% of total reported cases)75.

Using this fluorescein angiography, one can detect the neo-vascularization that often accompanies
macular degeneration and diabetic retinopathy. It is also useful for identifying defects in the RPE,
since fluorescent signals from the choroidal circulation are normally attenuated by melanin within
the RPE. Several novel imaging methods greatly enhanced the resolution. Optical coherence
tomography uses laser inferometry to measure optical reflectivity and generates cross-sectional
images of the retina80. Autofluorescent imaging measures the distribution and levels of autofluorescent
pigments deposited within the RPE, a characteristic of the aging human eye that appears to be
a risk factor for macular degeneration81. Very recently, adaptive optics, a method developed to
enhance the quality of astronomical images, has been used to view the human retina at single-cell
resolution82.
Another way to monitor retinal disease is by clinical assessment of responses on visual stimuli
by psychophysical testing of visual acuity, color vision, and the visual field. Regions within the
retina that show decreased or absent sensitivity (scotomas) are mapped out using either static or
kinetic stimuli. For example, dark adaptation, the period of time a subject needs to be in the dark
after being exposed to bright light, until the detection threshold for a brief testflashof light at variable
intensity is reached, can be altered with diseases that affect scotopic vision, like retinitis pigmentosa
(RP) and congenital stationary night blindness (CSNB).
The electrical response of the retina to light stimuli can also be measured quantitatively. The
fluctuating potential between a corneal and a reference electrode in response to illumination can
be recorded. This signal, referred to as the electroretinogram (ERG), consists of sequential waves
of activity that originate in the photoreceptors (the a-wave), the inner retina (the b-wave) and the
RPE (the c-wave) (Fig. 1-10). Rod or cone responses can be measured selectively: rod responses
are obtained under scotopic conditions, while cone responses under photopic conditions or by
using a high-frequency stimulus train that the slower rods cannot distinguish. Another test, the
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Figure 1-10
Electroretmogram (ERG) measurements from an unaffected person and five affected patients (P1-5) in a
family with adRP caused by the rhodopsm P23H mutation83 Rod isolated responses are illustrated to blue
light, mixed cone-rod responses to white light and cone isolated responses to 30-Hz white flicker A variable
degree of responses can be observed
electrooculogram (EOG) measures a standing potential across the eye that originates in the RPE
Diffuse disease of the RPE, like Best vitelliform macular dystrophy, can be detected in this way
1.3.2 Heterogeneity of retinal dystrophies
Using these methods, many hereditary retinal dystrophies could be categorized in to many clinically
dishnct subtypes, often with subtle differences More than 100 distinct diseases or syndromes that
mclude some form of retinal degeneration are described and listed in the online Mendelian inheritance
m man (OM1M) database (http //www3 ncbi nlm mh gov/Omim/) Generally, they can be divided
into two major groups*1 The firs t and most frequent group are disorders with an onset m the peripheral
rehna These diseases cause night blindness and, depending on the disorder involved, complete
loss of the peripheral visual field (" tunnel vision"), only later progressing to the macula This group
mcludes RP and CSNB, though the latter is not actually a degenerative disorder, but does show
signs similar to early RP Syndromes that mclude RP, like Usher's syndrome and Bardet-Biedl
syndrome can also be placed in this group Choroideremia shares clinical symptoms with RP,but
additionally includes a dramatic and early loss of the RPE and a progressive a trophy of the choroidal
vasculature The second group involves disorders that primary involve the macula, causing an
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increasing loss of the central visual field. To this class fit many conditions like cone dystrophies
(CD), cone-rod dystrophies (CRD), Sorsby fundus dystrophy, progressive bifocal chorioretinal
atrophy and the macular dystrophies Stargardt's disease. Best's vitelli form macular dystrophy,
X-linked juvenile retinoschisis, pattern dystrophies of the RPE, the central areolar choroidal dystrophy,
North Carolina macular dystrophy and several rare entities like Doyne honeycomb retinal dystrophy,
dominant cystoid macular dystrophy (CyMD) and helicoid peripapillary chorioretinal degeneration.
If the multifactorial disorder AMD would be included in this group, its prevalence will rise significantly
in an aging western population.
Even though a first classification could be made, identification of the genetic causes of many
of these disorders revealed a high degree of heterogeneity on different levels 71 * 4 . The genetic
heterogeneity (different genes causing the same disease) suggests that retinal degeneration is a
common end point for many different biochemical abnormalities. Allelic heterogeneity (different
mutations in the same gene causing either the same disease or different diseases) suggests that
abnormalities a t different sites wi thin the same gene can have either similar or dissimilar consequences,
depending on the functional roles of these sites. Clinical variability (the same mutation causing
different symptoms in different individuals, even within the same family) is poorly understood
in retinal diseases, but it implies that genetic background and environment must play significant
roles in clinical expression.
As we speak, 122 genes have been mapped that are involved in retinal diseases, and 56 of them
have been cloned 8 S , numbers that are steadily increasing (Fig. 1-11). One of the most common
hereditary causes of visual impairment, retinitis pigmentosa, exhibits extreme heterogeneity on
all levels.

Mapped

Cloned

Figure 1-11
θ5
Mapped and cloned retinal diseases (1980-2000) .
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1.4 Retinitis pigmentosa
1.4.1 Clinical characteristics and histopathology
In 1857, the Dutch physician Donders described "bone spicule" pigmentation in the retina in
some forms of blindness86 There is a wide variety in clinical expression, but usually, the first symptoms
of RP, often noted in adolescence, are night vision disturbances, a reduced ERG87 and loss of the
888
mid-peripheral visual field (ring scotoma) '* Dark adaptation is also abnormal, with raised
thresholds9" The disease is progressive, the initial ring scotoma enlarges both towards the macula
and penpherally89 and the scotopic ERG becomes unrecordable87 The central retina, which mediates
high-acuity vision, is usually spared until late in the disease By adulthood, the peripheral visual
held and macular function are usually decreased as well The retinal blood vessels, particularly
the arterioles, gradually constrict as the disease progresses88 In advanced disease, the retinal vessels
are attenuated and the optic nerve heads appear pale and waxy88 89 The term "retinitis pigmentosa
is semantically incorrect, because retinitis ' refers to retinal inflammation, which is not a usual
component of the disease The term "pigmentosa" refers to the characteristic black melanin deposits
present m the retina in advanced RP Following degeneration of the photoreceptors, cells of the
retinal pigment epithelium (RPE) detach from Bruchs membrane and migrate into the thinner
retina, where they accumulate and form bone spicule (corpuscle) clumps of pigment around the
thin-walled blood vessels88 ^ (Fig. 1-4) The terms "bone spicule" and "bone corpuscle" refer to the
branching pattern of these pigmented deposi ts as they often adhere to the narrowed retinal vessels,
but it may also be diffusely sea ttered Atypical forms of the disease may also occur These include
RP sine pigmento, in which the classical symptomatic and electrophysiological features are observed,
but in absence of the visible pigmentary disturbance, sectoral RP, where the pathology appears
conhned to a localized region of the retina, and retinitis punctata albescens, characterized by the
presence of multiple scattered white dots in the mid-periphery
The early histopathologic studies of human RP retinas were performed on eyes with long post
mortem times, employing processing techniques that resulted in relatively poor preservation of
the tissues Many of the specimens were also from elderly individuals with advanced retinal disease
In spite of these deficiencies, the early studies revealed that the first degenerative changes in RP
occur in the photoreceptors, and documented various secondary changes in the retina, including
migration of RPE cells into the inner retina and gliosis of the Muller cells92 ^ More recent studies
have analyzed in detail well preserved retinal specimens from pahents with different genetic forms
of RP, including early96 and advanced adRP97 ", advanced RP of unknown genetic type 100101 , sectoral
107 m
, and arRP associated with the Bardeta d R pio2 m x LR pio4 IOS^ c a r r i e r o f x LR pi<* presumed arRP
1 9π,
112114
Biedl syndrome "
and type 2 Usher syndrome
An RP pahent typically experiences hemeralopia (night-blindness) m adolescence, caused by
dysfunction of the rods, followed by progressive loss of both rod- and cone-mediated vision over
the ensuing years to decades Although the list of gene defects that cause RP is rapidly expandmg,
it is not known how any of them cause dysfunction and finally, dea th of the rod and cone photorecep
tors As in several animal models of RP, the mechanism of photoreceptor death in humans appears
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to involve apoptosis115-116 as revealed by specific TUNEL labeling of apoptotic cells117 '18. Death of
rods usually begins in the mid peripheral (equatorial) retina and progresses with time to involve
the macula and more peripheral retina. Eventually, the cones in the fovea become affected, leading
to partial or complete blindness119120. Absence of visual function in end stage RP correlates with
the widespread loss of photoreceptors, although in cases with marked photoreceptor degeneration
elsewhere in the retma, a narrow rim of rods and cones is usually retained in the far periphery,
next to the ora serrata121 (Fig. 1-1) until quite late in the disease. Loss of the rods and cones is
accompanied by changes in the RPE cells and retinal glia. In retinal regions where all photoreceptors
have died, migrated RPE cells encircle blood vessels in the inner retina, the correlate of bone spicule
pigment12212\ Ultimately, the inner retinal neurons, blood vessels and the optic nerve are affected
by the disease. The characteristic waxy pallor of the optic disc is due to gliosis (glial cell prolifera tion)
of the nerve head87 ^9C. As a rule, regions documented to have abnormal rod function contain reduced
numbers of rods with short or absent outer segments, and regions with reduced cone function show
similar changes in the cones. The maculas of RP patients who had reasonably good visual acuity
ante mortem usually show a marked reduction in numbers of both rod and cone photoreceptors,
characteristically retaining only a monolayer of cone somata with shortened outer segments12'1125.
1.4.2 Genetic heterogeneity of RP
RP is estimated to afflict one in 4000 persons around the world88126127. It is therefore one of the
most common causes of heredi tary visual impairment128. Estima tes of the proportions of the di f ferent
genetic forms of RP vary between countries and with the method of ascertainment. About half
of the cases are isolated RP, i.e. only one patient is observed in a given family, which complicates
molecular analysis. The remaining 50% of cases display either autosomal dominant (adRP), autosomal
recessive (arRP) or X-linked (XLRP) modes of inheritance129. A case of digenic RP has also been
described™. The majority of the isolated RP cases reported in previous studies will be arRP or XLRP131.
An example of the high varia tion of different inheritance forms of RP is the 20% incidence of arRP
in the USA and the United Kingdom131 ™, compared to the 90% incidence in Switzerland134. Autosomal
recessive RP may also occur as a syndrome with other clinical findings89, like congenital bilateral
hearing loss (Usher syndrome), mental retardation, hypogonadism, and obesity (Laurence-Moon-Biedl,
or Bardet-Biedl syndrome), or growth failure, photosensitivity to ultraviolet light, peripheral
neuropathy and deafness (Cockayne syndrome). A variety of additional neurologic and metabolic
disease syndromes have been reported, that might also be associated with RP89.
In the last decade, 34 different non-syndromic RP loci have been reported, and to date, 18 RPassociated genes have been identified8'' (Table 1-1). This allows a first evaluation of the attempts
for RP classifications, either based on clinical findings88 89135136, or on coupling clinical findings with
modes of inheritance91137138. A classification based on genotype-phenotype correlation would provide
a valuable diagnostic improvement. A clear genotype-phenotype correlation however has not yet
been found, and the majority of genes involved in retinal degenerations are still to be identified.
A more fundamental understanding of the molecular mechanisms causing retinal degenerations
will be necessary to obtain clues for the specific disease pathogenesis in RP.
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Table 1-1
RP loci and genes involved in retinitis pigmentosa8.
Mode of
inheritance

Chromosom.il
location

locus

Identified gene (protein)

Ref.

arRP

lp31
Ip21-p22
Iq31-q32 1
2pll-pl6
2q31-q33
3q21-q24

RP20

RPE65 (RTE-specifK 65 kDa protein)

139

RP19
RP12

ABCA4 (ATP binding cabbctte transport protein A4)
CRB1 (crumbs homologue 1)
?

140, 141
36, 142, 143
144
145

4pl6 3
4pl2-cen
4q32-q34

RP26
RP4
CSNB3
CNGAl
RP29

5q31 2-q34

PDE6A

6cen-ql5
6p21 3

RP25
RP14

8q131-ql3 3

TTPA
RGR
RP16

10q23
14qll

adRP

15q23
15q26
16pl21-pl2.3

NR2E3
RLBPl

Iql3-q23
3q21-q24

RP18
RP4
RP7
RP9

6p21.1-cen
7pl5-pl3
7q31.3
8qll-ql3
14qll.2

XLRP

digemc RP

RP28

RP22

RP10
RP1
RP27

?

RHO (rhodopsin)
PDEóB (P-subunil cGMP PDE)
CNGAl (rod cGMP-gated channel a-subunit)
?

PDE6A (cGMP phosphodiesterase ce-subuml)
?

TULP1 (tubby-like protein 1)
TTPA (ct-tocopherol-transfer protein)
RGR (RPE-retinal G protein-coupled receptor)
?

146,147
148
149
150
151
152,153
154-156
157
158
159

?

160-162
163
164

?

165

NR2E3 (nuclear receptor subfamily 2 group E3)
RLBPl (CRalBP)

RHO (rhodopsin)

146,147

RDS(penpherin/RDS)

166
167, 168

?

?
RP1 (RP1 protein)
NRL (neural retina leucine zipper)

17pl3 3
17q22
19ql3 4

RP13
RP17
RPH

?

Xp22 13-p22.11

169-171
172-174
175-177

?

178-180
181

?

182,183

RP23

?

Xp21 3-p21 2
Xp21.1

RP6
RP3

7

184
185, 186

Xpll.3
Xq26-q27

RP2
RP24
ROM1

llql3

RPGR (RPGR)
RP2 (RP2 protein)
?

ROM1 (ROM1)

Π, 187
188-190
191
46, 192, 193

(*) See also Chapters
1.4.3 X-linked RP
X-linked RP (XLRP) constitutes 10-25% of the familial cases 1 2 6 1 1 2 m and is considered as one of
the most severe forms, with an earlier age of onset than autosomal dominant or recessive RP and
blindness in the third or fourth decade of life 1 3 8 1 9 4 . Early RP research focused on large X-linked
families, since the mode of inheritance already indicated which chromosome to study. Female carriers
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DXS85
DXS41
DXS28
DXS164
1\DMD
DXS206
DXS142
0X884
XK
CYBB/CGD
DXS140

Xp

deletions
B

B

N

„ SB „FoM

S/H

Xp21.1

-Dxsmo

ore

13

21.3

DXS228
DXS7
MAOA
SYN/ARAF1
DXS426
TIMP
L
0ATL1
Γ DXS225
LDXS146

DXS14
DXS1

• CYBB
- TCTE1L

RP3

- DXS352
- DXS6679

• SRPX
I

OTC

p11.4
p11.3

-DXS7

RP2

24
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pi 1.23
- DXS255

Xq
Figure 1-12
RP2 and RP3 loci on the short arm of the X-chromosome. The positions of the markers, genes and deletions
described in 1.4.3 are indicated.

in such pedigrees may have clinical signs at any age, but tend not to become symptomatic until
1 4 19
later in life '* ' ''. Random inactivation of one of the two X-chromosomes in each cell during early
embryogenesis196197 causes the phenotype to range from asymptomatic to clearly affected, depending
on the proportion of retinal cells with an active chromosome carrying a pathologic mutation 19419 '.
Males are severely affected and never pass the defect on to their male offspring.
There are some phenotypic differences between reported families198. The genetic significance of
these differences still remains unclear.
XLRP was genetically localized in 1984, when linkage was reported in five kindreds to the restriction
fragment length polymorphism (RFLP) marker LI .28 (DXS7) on Xpl 1.4-pl 1 .S199™. The XLRP locus
was one of the first disease loci to be mapped using polymorphic DNA markers for linkage analysis.
Although this finding was an important prerequisite for a positional cloning approach of the XLRP
gene, genetic he terogenei ty complica ted this search. Different reports were in conflict over the location
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of XLRP relative to DXS7 (Fig. 1-12). Some groups positioned XLRP proximal to DXS7201202, while
others favored a more distal location between DXS7 and DXS84, tightly linked to ornithine
transcarbamylase (OTC)201"206, a genetic distance of about 6 cM. More groups reported this locus
heterogeneity between XLRP families202 207-2W. Multipoint linkage analysis of 62 families with XLRP
revealed 2 distinct loci: RP2 at Xpll.3-pll.2, 2 cM proximal to DXS14, and RP3 at Xp21.1-pll.4,
1 cM distal to OTC173. The existence of a third locus, distal from DXS28, was strongly suggested
in this study.
The RP2 locus was more accurately mapped in various studies by multipoint linkage analysis185210"212,
to a minimal critical region of 5 cM18021\ In these studies, linkage in about 20% of the cases was
found with the RP2 locus, and in 60-80% of the cases with the RP3 locus. The RP2 interval was
screened for genomic rearrangemen ts using the method that is described in chapter 2 of this thesis,
YAC representation hybridization (YRH), and a LINEI (LI) insertion was detected in one XLRP
patient. This retrotransposition occurred in an intron of a novel gene and was suggested to affect
transcription or RNA stability, since no transcript could be detected in a lymphoblastoid cell line
of this patient, contrary to controlslw. The RP2 gene encodes a protein that shows homology with
human cofactor C, a protem that is involved in the ultimate step of beta-tubulin (TUBB) folding190 2l*
and was found to be ubiquitously expressed.
The candidate interval of the RP3 gene was narrowed down by the analysis of several patients
with contiguous gene deletion syndromes. One patient, BB, had a large, cytogenetically visible
deletion of approximately 2.5 Mb in Xp21 (Fig. 1-12). Besides RP, the patient suffered from Duchenne
muscular dystrophy (DMD), chronic granulomatous disease (CGD, locus CYBB) and McLeod
syndrome, an X-linked multisystem disorder characterized by abnormalities in the neuromuscular
and hematopoietic systems, like absence of the red cell antigen Kx (locus XK)2,\ Another patient,
SB, suffered from CGD, McLeod syndrome and RP, but not DMD216. In this patient, CYBB and
DXS140 were absent. Other deletions that were partly overlapping with the ones found in BB and
SB were identified in patients that didn't suffer from RP. Patient OM had CGD and McLeod
phenotype217, patient NF was diagnosed with DMD and CGD218, patients S/H with McLeod
syndrome220, and several other patients with DMD only2™ 22(,. These results suggested that the region
between CYBB and proximal part of the deletion in patient BB was the site of the RP3 gene (Fig.
1-12). This genomic region was cloned and analyzed in detail22122\ and a positional candidate gene
for RP3, TCTEÌL, was identified224. RP3-associated mutations in this gene, however, were never
found224. Presence of additional candidate genes in the region or a chromosomal position effect
was suggested224 ^ Several genes that were deleted in BB have been cloned (DMD226, X/C227, CYBB218),
but no definite relation of any of these with the RP phenotype has been reported. More detailed
comparison of the proximal breakpoints of patient BB (with RP), pa tien t NF (without RP) and patient
SB (with RP), revealed that the NF-breakpoint was located proximal from the BB-breakpoin t, and
that the SB-deletion breakpoint was located 380 kb proximal from the NF breakpoint228. Another
study found a recombination proximal of the BB deletion in a family that was previously linked
to the RP3 locus229. The candidate region therefore was narrowed down to a 380 kb region. In this
region, a novel gene that encodes a sushi-repeat-containing protein, SRPX (ΕΤΧΊ), was found by
exon amplification and cDNA library screening. However, no mutations were found in this gene
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in patients with RP3230231 Exon 1 of this gene however was deleted in a XLRP-patient, MO, that
contained a 75 kb deletion in this interval21" Eventually, the RP3 gene was found in the remaining
candidate region of 125 kb distal from the OTC locus, by us (as described in detail in Chapters 2
and 3) and others187
Identification by linkage analysis of a fourth XLRP locus, RP6,8\ RP23ltu, and recently a fifth,
RP24191, on the long arm of the X-chromosome (Xq26-q27), within a 23-cM region between the DXS8094
(proximal) and DXS8043 (distal) markers, adds to the genetic heterogeneity of XLRP

1.5

Molecular mechanisms of retinal dystrophies

The rapid advances m the molecular genetics of hereditary retmal dystrophies allows a functional
classification of the proteins that, when mutated, are causing the very similar phenotypes212 2^
This classification is based on their (presumed) involvement in the different molecular processes
of the retina It differs conceptually from the classifications based on either phenotypic differences
or modes of inheritance, which, as was shown m 1.3.2 and 1.4.2, were dramatically obscured by
heterogeneity The major groups and their members in the functional classification will be briefly
discussed below Smce many genes still await their identification, and the function of many newly
identified genes is still unknown, the classification will be improved in the future as research
progresses, resulting in a decrease of the miscellaneous ' group It will provide a framework for
the molecular characterization of retinal dystrophies and, directly related to that, will improve
genetic counseling and hopefully will form a basis for the development of efficient therapies
1.5.1 Phototransduction
TheG-protein-coupled transduction cascade that the photoreceptors utilize to amplify the signal
derived from a photoactivated visual pigment consists of a series of about 15 major interacting
proteins (1.2.7) The corresponding cDNAs have been isolated, and the genes have been charactenzed
and successfully used in a large screen of a mixed set of hundreds of retinal dystrophy patients
according to the gene-based approach7 (1.1.2) Only the identifica hon of the mvolvemen t of rhodopsin
in RP was facilitated by positional information (co-localization of Rho and RP4),',6 u7 This gene
was the first one found to be mutated in classic RP patients, and mutations in rhodopsin cause
RP in about a fourth of all adRP patients Many of the proteins of the phototransduction cascade
have been found to lead to some form of retmal dysfunction or degeneration, when a mutation
alters the protein
rhodopsin
In patients with adRP, two mutant rhodopsms, K296E and K296M, have been found that are
unable to bind 11-as-retinal, due to a mutation at lysine, the site of covalent attachment of the
chromophore in the seventh transmembrane domain236237 This leads to a constitutive activation
of transducin and is shut-off by phosphorylation and arrestin binding238 239 RHO mutations involved
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in other molecular mechanisms are described in 1.5.3
Two mutations in rhodopsm, G90D and A292E have been described in patients with autosomal
recessive CSNB240 241, influencing rod phototransduction without showing signs of degeneration
in carriers of the mutation This effect is likely due to a conformational change, leading to a protein
that mimics a desensitizing light stimulus242 ^
transduan
A mutataon in the alpha-subumt of transducin, G38D, causes congenital stationary night blindness
in the Nougaret family244 The mutation, which is in the part of the protein that forms the active
site for GTP hydrolysis24^, presumably leads to excessive signalmg in response to light, thereby
elevating the background noise within photoreceptors
arrestin and rhodopsin kinase
Recessive loss-of-function mutations in either the arrestin246 or rhodopsin kinase247 248 protein
produce the CSNB vanant Oguchi disease Arrestin mutations have also been associated with arRP249
Rhodopsin kinase mutahons have been found to slow both rod and cone recovery after light exposure,
implicating a function in cone pigment phosphorylation247
cGMP phosphodiesterase (cGMP PDE)
Recessive mutations in the alpha250 and beta251254 subumts of PDE, affecting the catalytic carboxytermmal domain, each account for approximately 4 percent of patients with arRP255 Disrupted
cGMP PDE causes raised levels of cGMP, which leads to an increase in the number of cGMP gated
channels that are open and thus an increase m sodium and calcium influx across the ROS plasma
membrane The resulting effect is an increase in the requirement for high-energy phosphate to
extrude intracellular calcium
A missense mutahon in thebeta-subumt of PDE, near the PDE gamma binding site in the ammoterminal half of the protein, has been found to cause CSNB m one family25* The mutation likely
decreases the effectiveness of PDE inhibition by the gamma subumt, leading to consti tutive hydrolysis
of cGMP and rod desensitahon
cGMP gated cation channel (CNCG)
Mutations in the alpha subumt of rod CNCG are responsible for 1-2% of arRP, either by a disruption
or a destabilizahon of the channel2^7
Amino acid substitutions within the alpha subumt of the cone CNCG have been found to cause
autosomal recessive rod monochromacy, which is a nonprogressive disorder characterized by a
complete absence of cone function258 The mutations are thought to impair gating by cGMP
guani/late cyclase and guani/late cyclase activating protein (GCAP)
In the gene encoding the photoreceptor-specific guanylate cyclase RetGC-1, recessive missense
and frameshift mutations have been found that are responsible for part of the families with LC A259
The mutations disrupt the feedback loop by which the photoreceptors adapt to light and damp
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out fluctuations in membrane potential7' Mutations in a putahve intracellular dimenzahon domain
in RetGC-1 cause autosomal dominant cone-rod dystrophy, presumably by a gain-of-function260
A missense mutation in the guanylate cyclase activatmg protein (GCAP-1) has been found to
be the cause of autosomal dominant cone dystrophy in one family261 The mutated protein was
found to inappropriately stimulate cGMP synthesis in dark-adapted photoreceptors, and had similar
effects as loss-of-function mutations in cGMP PDE The predominant degeneration of cones in
the patients may reflect the high level of expression of GCAP-1 in cones compared to rods70262
1.5.2 Visual cycle and RPE
Mutations in the genes encoding the proteins that orchestrate the exchange between the
photoreceptors and the RPE in the visual cycle have also been idenhfied in patients with different
retinal dystrophies Also other proteins that are localized in the RPE have been shown to be
involved in retinal degeneration
cellular retinaldehyde-bindtng protein (CRalBP)
CRalBP-mu tati ons have been identified in recessive progressive retinal degenerations, variably
characterized by night blindness, maculopathy and yellow/white deposits in the fundus2"2''''
When this retinoid binding protein, that preferentially binds 1 l-c/s-retinol, is mutated in patients,
it loses the ability to bmd ll-cis-rehnal, and thus reduces the 11-as-retinal available for regeneration of visual pigment 2 "
ll-as-retinol dehydrogenase
This protein, that catalyzes the conversion of ll-c/s-retinal into ll-as-retinol, is encoded by the
RDH5 gene266267, and two recessive missense mutations in this gene have been found in patients
with delayed dark adaptation and yellow/white deposits in the fundus268 The mutations lead to
a loss of function of the enzyme
ABCA4 (ABCR, rim protein (RmP))
This ROS-specific member of the ATP-binding cassette family of transporters functions as an
outwardly directed flippase for N-retinyhdine-PE, transporting all-/ra«s-retinaldehyde from the
OS disk interior to the photoreceptor cytoplasm, where it is then moved out of the cell to the
RPE269 Mutations m the protein can be associated with a diversity of retinal degenerations,
ranging from a relatively mild phenotype (AMD)270 to intermediate (Stargardt disease,
(STGD)271272) and severe phenotypes (CRD141 and arRP141273), proposed to be rela ted to the residual
protein function274
RPE-speafic 65 kDa protein (RPE65)
The function of this abundant microsomal protein in the RPE26627'' is likely linked to the
isomenzahon reaction of the all-trans-rehnyl esters to 11-as-retinol276 Several forms of autosomal
recessive early onset retinal degeneration are caused by mutations in RPE65 These mutations
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may account for 15% of cases of LCA265277, and are involved in autosomal recessive, childhoodonset severe retinal dystrophy (arCSRD)278
RPE-retmal G-protein-coupled receptor (RGR)
RGR is a rhodopsin homologue found in RPE and Muller cells279 28Ί that preferentially binds
ail-trans retinal rather than 11-as retinal, which is normally found in rhodopsin280 In mammals,
light converts all-trans retinal within RGR to 11-cis-retinal61282, whereas the reverse isomenzation
reaction occurs in rhodopsin in photoreceptor cells Two mutations in RGR in patients with
photoreceptor degeneration, one with arRP and one with milder but dominant RP-hke symptoms,
were found to be pathogenic1'8
bestrophin
This protein probably contains multiple transmembrane domains, is predominantly expressed
in the RPE, but its molecular function remains to be determined Mutations in the gene encoding
bestrophin, VMD2, can lead to juvenile-onset vitelhform macular dystrophy (Best disease or Best
vitelliform dystrophy) 283284 , an autosomal dominant disorder that is characterized by bilateral
cystic macular lesions and accumulation of hpofuscin-hke material in the RPE and in the subretinal space, and the adult vitelhform macular dystrophy (AVMD)28=1
tissue inhibitor of metalloproteinases-3 (TIMP3)
This is one of four homologous proteins that form 1 1 complexes with various members of the
matrix metalloproteinase (MMP) family28*1 These extracellular proteases are implicated in a wide
range of developmental, homeostatic, and pathological settings TIMP-3 is associated with the
extracellular matrix (ECM) and present in a variety of tissues In eyes it is concentrated in Bruchs
membrane 287289 Mutations in TIMP3 can cause the autosomal dominant macular degeneration
Sorsby fundus dystrophy (SED), characterized by abnormal hpid-nch deposits in Bruch's mem
brane 286 Mutations may represent a dominant gain of function, perhaps leading to a decrease in
MMP activity in Bruch s membrane
1.5.3 Outer segment biosynthesis and structural maintenance
The specialized structure and function of the photoreceptor outer segment is a crucial compound
in the processes that mediate vision The daily renewal and shedding of outer segment disks is
a delicate process that puts a metabolic load on the photoreceptor and RPE cells Disruption of
the continuous disk renewal or overactive degradation may lead to shortened and malfunctioning
outer segments Deficient degradation of the shed disk material will result in the formahon of retinal
deposits, obstructing the flow of metabolites that need to pass through the RPE into the photorecep
tor Defects in this delicate balance of disk renewal and disk shedding may cause retinal
degeneration
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rhodopsin

Mutations in the rhodopsin gene are causing adRP in 25-30% of the adRP cases, and are
predominantly single amino acid substitutions290 ^ Most of the 35 adRP mutant rhodopsins with
an amino acid subshtuhon that have been studied in transfected cells and/or in transgenic mice
have been found to differ from wild-type rhodopsin in one or more biochemical or cell-biological
properhes
Class I rhodopsin mutations (15% of the cases) cluster at the extreme carboxy-terminus, that
plays a specialized role in outer segment protein localization In wildtype rhodopsin, the carboxy
terminus binds to the Tctex-1 protein, a widely expressed dynein light chain292, whereas rhodopsin
mutated at its C-terminus fails to bind 293 Tctex-1 is abundant in photoreceptor inner segments
and is likely to guide the transport of rhodopsin-laden post-Golgi vesicles to their destination294
Class II rhodopsin mutations (85% of the cases) are distributed throughout the transmembrane
and intradiscal (extracellular) domains and cause defects in the folding and/or stability of the
protein295"301 Mutated proteins often show an aberrant cellular localization and a reduced or absent
binding to ll-ns-retinal 302
cone opsins

Between 5 and 10% of males carry rearrangements within the red and green cone opsin gene
array on the X-chromosome, leading to colorblindness303 In a limited number of cases, mutations
were found that cause disruption of this array304 306, leading to blue cone monochromacy or other
variants with nearly complete color blindness and a loss of visual acuity A subset of these patients
show a progressive degenerahon of the central retina 301307 / presumably by analogous mechanisms
as those leading to RP in patients with rhodopsin mutations
Similar mechanisms account for loss of blue cone function in autosomal dommant blue-blindness
(tritanopia) caused by missense mutahons in the transmembrane domains of the blue cone opsin108 ^
rod outer segment membrane protein-Ί (ROM-1) and penphenn/RDS

These abundant homologous integral membrane proteins, localize to the disk runs of photorecep
tor outer segments They possibly play an important role in stabilizing the high membrane curvature
at the disk rim, and in anchoring the disks to the adjacent plasma membrane 310 In Roml/ mice,
Rom-1 was found to be required for the regulahon of disk morphogenesis and rod photoreceptor
viability50, but in humans, no pathogenic mutahons have yet been identified In the penphenn/RDS
gene, over 40 mutations have been identified in patients with autosomal dominant retinal
dystrophies adRP, various types of macular dystrophies, and disorders associated with an
accumulation of yellow/white deposits in the retina and/or RPE311 This unusual high degree of
312
clinical variability has even been found within a family
Heterozygous individuals who carry
both a L185P allele of penphenn/rds and a null allele of ROM-1 have RP, while single heterozygotes
are not affected, the first example of a digemc disorder 130313
rab escort protem-1 (REP-1)

This ubiquitously expressed protein is component A of Rab geranylgeranyltransferase, a multi
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protein complex that adds two geranylgeranyl groups to the carboxy-termini of Rab proteins, a
family of Ras-related CTPases114115. The Rab proteins are involved in many intracellular trafficking
processes and require prenylation for membrane localization and function. REP-1 delivers newly
synthesized Rab proteins to the catalytic component and then to their target membranes316317.
Mutations in REP-1 cause choroideremia, an X-linked disorder with clinical symptoms much like
RP31B, but can be distinguished by an early loss of the RPE accompanied by a progressive atrophy
of the choroidal vasculature88. The existence of a REP-1 homologue, REP-2, is likely the cause of
the viability of REP-1 deficient patients and might provide a clue for its restricted phenotype, as
both proteins might have overlapping function/activity in many tissues except photoreceptoror RPE cells319320.
myosin VIIA
This unconventional myosin is suggested to have a function in intracellular transport, and
specifically in outer segment biogenesis in the human retina321322. Myosin VIIA is encoded by a
gene, in which mutations have been found in patients with Usher syndrome type I, ÌÌSH2B32312\
These patients suffer from retinitis pigmentosa, and are profoundly deaf without a vestibular
function. Recessive mutations in this gene have also been reported to cause isolated (non-syndromic)
deafness326.
1.5.4 Eye development
Di f ferent factors that have a function in normal eye developmen t ha ve been found to be muta ted
in retinal dystrophies.
cone rod homeobox (CRX) and neural retina leucine zipper (NRL)
The expression of these two transcription factors is restricted to the retina, in contrast to many
ubiquitously expressed transcription factors that are essential for normal eye development327.
CRX is an otd/Otx-like homeobox protein that is expressed in both rod and cone photoreceptors328"
330
and binds to a consensus sequence present in or near many photoreceptor-specific genes in order
to transactivate them328-330. Several clinical phenotypes are associated with CRX mutations, including
3313Ή
autosomal dominant CRD, LCA and adRP329
. NRL shows expression throughout the retina
and transactivates photoreceptor promotors both alone33'5'336 and in synergy with CRX330. An NRL
177
missense mutation was recently found to be involved in adRP .
The phenotypes associated with defects in CRX and NRL suggest that the production of outer
segment proteins is regulated in a tight window, and even the slightest over- or underproduction
may be deleterious.
X-linked retinoschisis (XLRS)
The XLRS protein is expressed exclusively in the photoreceptors. It is a putative secreted protein
that is suggested to mediate the communication between Müller cells and photoreceptors337338.
XLRS-mutations have been identified in patients with X-linked juvenile retinoschisis (XLRS), the
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most common cause of juvenile macular degeneration in males339. The characteristic cystic lesions
within the nerve fiber layer at the inner aspects of the retina are believed to arise from a defect
in Müller cells, ultimately leading to large regions over which the retina is split (schisis cavities).
norrin (ND)
This protein is expressed in both fetal and adult CNS and in retina and shows homology in its
cysteine-rich C-terminus with members of the transforming growth factor beta family14"141. It was
first found to be mutated in patients with Norrie disease (ND), a developmental disorder
characterized by congenital blindness, caused by retinal dysplasia, aberrant cell proliferation within
the eye, and shrinkage of the globe342'Μ^. At least one third of the cases have other manifestations
in the CNS, including progressive sensorineural deafness and mental retardation. Mutations in
the ND gene have also been identified in patients with X-linked familial exudative vi treoretinopathy
(FEVR), that resembles a mild form of ND :M6-W/ in some patients with retinopathy of prematurity348
and in patients with Coats' disease of the retina (unilateral retinal telangiectasis)349.
1.5.5 Retinal metabolism
A limited number of defects in proteins that are encoded by ubiquitously expressed mitochondrial
genes can also lead to specific, maternally inherited retinal phenotypes. This is consistent with
the generally accepted view that mitochondrial diseases affect most severely those tissues that
have the greatest metabolic requirements.
ornithine-b-amino transferase (OAT)
This is a mitochondrial enzyme that links the metabolism of ornithine, proline and glutamate.
In patients with gyrate atrophy of the choroid and retina, a rare autosomal recessive progressive
chorioretinal degeneration, mutations cause a complete deficiency of OAT resulting in a 10-20 fold
raise in levels of plasma ornithine™. A mouse model of gyrate atrophy, with a disrupted mouse
OAT gene, associates the progressive photoreceptor degeneration with early morphologic RPE
defects351.
NADHmbiquinone oxidoreductase
This multi-subunit oxidative phosphorylation complex I plays a central role in the respiratory
chain352. Mutations in the ND1, ND4 and ND6 subunits have been shown to be the cause of Leber
hereditary optic neuropathy (LHON), a variably penetrant degeneration of retinal ganglion cells
and the optic nerve with a typically sudden adult onset353'355. In some patients, additional disease
symptoms like peripheral neuropathy and heart conduction defects have been found.
1.5.6 "Miscellaneous"
This last group involves the recently identified proteins that await a more conclusive functional
characterization. Different models have been suggested for their function, based mainly on their
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homologies with known protein families. Research is underway to con firm these models and place
the proteins in functional groups.
Calcium channel CacnalF
Retina-specific expression, involved in X-linked incomplete CSNB (CSNBl)1'*·157.
Alpha-tocopherol carrier protein
1 57 1
Widely expressed, involved in RP and in Friedreich's ataxia ' ' ™.

Epidermal growth factor repeat (EGF)-containing fibrilhn-like extracellular matrix protein-1 (EFEMP1)
Widely expressed, involved in autosomal dominant Mala ttia Leventinese and Doyne Honeycomb
retinal dystrophy λ,i,
TULP1
Retina-specific expression, involved in 1% of patients with arRP461'14.
Drosophila crumbs homologue 1 (CRBl)
Expressed in fetal and adult brain and in adult retina. CRB1 is mutated in a rare subgroup of
arRP patients with preserved para-arteriolar RP36.
Usherin (USH2A)
Expression in retina and inner ear, involved in Usher syndrome HA160'361 and arRP162.
RP2-protein
Widely expressed, involved in 20% of XLRP cases190
Retinitis pigmentosa GTPase regulator
Widely expressed, involved in 60-80% of XLRP cases: the topic of this thesis.

1.6 Apoptotic cell death
The pathophysiological mechanisms of photoreceptor cell death are still largely unknown. A
common feature appears to be the initiation of a cascade, which ultimately leads to apoptosis or
programmed cell death 163 , a mechanism distinct from that responsible for injury-associated
necrosis364. In necrosis, pathological influences kill the cells by disrupting their structural integrity
and/or essential functions, such as ionic homeostasis, respiration and energy production. Necrosis
usually affects clusters of cells that undergo lysis with concomitant release of intracellular materials,
triggering an inflammatory response. In contrast, apoptosis is an active and highly regulated cellular
activity that occurs normally in physiological situations in which the elimination of particular cells
is necessary for the well-being of the organism. In apoptosis, the cells "commit suicide" through
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the coordinated activities of intracellular molecules, which seem to represent a specialized cell
death pathway Knowledge of the metabolic steps involved in the execution of the intrinsic cell
death program remains limited, in spite of considerable progress in the field1"3<'8 What determines
whether or not a cell will undergo apoptosis appears to be a balance between intracellular suicide
and 'rescue mechanisms
The cellular abnormalities that lead directly to the initiation of the apoptotic cascade are largely
unknown Recently, evidence was provided in several studies, using mouse models of retinal
degeneration, that apoptosis is the mechanism through which photoreceptors die during normal
mouse development1'15 as well as in several mouse models of retinitis pigmentosa1'^T'416917U Other
studies have reported that apoptosis of photoreceptors is induced by light3*8, and that retinal
degenerations may be promoted by light as well'2237' ^ Exposure of wild-type mice to damaging
light increases the DNA-binding activity of the transcription factor AP-1 which is a prerequisite
for light-induced apoptosis mice lacking the AP-1 component c-Fos are protected376, and their retinal
cells do not show a light-mediated increase in AP-1 activity377 Upon light exposure, AP-1 DNAbinding activity was increased in wild-type retinal cells Protection against this increase in activity
of Rpe65-deficient mice as well as R/iorfopsm-deficient mice identified rhodopsin as a mediator of
apoptosis in light-induced retinal degeneration378
Analysis of the kinetics of cell death in animal models has recently provided insight into a possible
link between the potentially disparate mechanisms of cell death in neuronal degenera tions37v Based
in part on the observation that cells survive and function more or less normally for decades, a
common assumption is that cell death is initiated by the gradual accumulation of cellular damage
For example, oxidative stress, which produces elevated levels of reactive oxygen species capable
of modifying cellular macromolecules, has been suggested to initiate neuronal death by
overwhelming the cell's protective mechanisms, producing a gradual accumulation of damage
that disrupts metabolism36338038' A prediction of the cumulative damage hypothesis is, that the
initial probability of neuronal death is low, and that as mutant neurons age, the increase in damage
correspondingly increases the risk that a cell will undergo apoptosis Contrasting data to this
hypothesis however have been found in a study using 12 models of photoreceptor degeneration
(11 inherited and one retinal detachment) The kinetics of photoreceptor loss were found to be
exponential, and better explained by mathematical models in which the risk of cell death remains
constant, or decreases exponentially with age Thus, the kinetics argue against neuronal death being
a consequence of cumulative damage, instead, the time of death of any neuron is random379 The
observation of similar cell-death kinetics m patients with Parkinson's disease382 suggests that
exponential cell-death kinetics may be common to many, if not all neuronal degenerations
Photoreceptor degeneration occurs through apoptosis not only in response to genetic
abnormalities, but also after experimental retinal detachment383 It can be speculated tha t survivalpromoting agents present in the interphotoreceptor matrix, including trophic factors and retinoids384"
386
, may become unavailable to photoreceptors when the subretinal space expands and the
composition of the interphotoreceptor matrix changes as a consequence of retinal detachment
These observations offer a speculative explanation for the similarities m signs and symptoms
observed in RP and other retinal dystrophies triggered by different genetic mutations This
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hypothesis suggests that, rather then being passive victims of the mutations, photoreceptors die
in RP by reactivation of their own intrinsic "cell death program". Equivalent phenotypes would
then result from different genetic mutations because the latter would act by interfering with the
control mechanisms that normally prevent the expression of the photoreceptor cell dea th program.
Such a link between apoptosis and photoreceptor cell dea th also calls a ttention to the possible role
of neurotrophic factors and related molecules in the degeneration of cones resulting from mutations
in rod proteins. It could be proposed, for example, that cone death results from the loss of a
hypothetical rod-derived neurotrophic factor. As cone death occurs over a period of decades in
RP, the availability of a survival-promoting agent for cones could open important therapeutic
approaches aimed a t slowing down or even halting the progression of visual field losses in patients
with RP.

1.7

Strategies for therapy

Only a limited number of retinal degenerations are treatable. In patients with gyrate atrophy
(see: 1.5.5) an arginine-restricted diet was sufficient, in some cases, to lower the ornithine levels
and slow or stop the degeneration1™. This, however, remains one of the exceptions. Experimental
strategies for therapy of retinal degenerations have made remarkable progress in the last decade
due to i mproved methods for gene therapy and medical treatment. Mouse models, in which different
genes that are known to cause retinal dystrophies when mutated in patients are knocked out, are
in most cases used for these trials, but also transgenic rats, dogs and pigs are available387. Successful
attempts for gene-therapy were the delivery of corrective genes in viral vectors188·389 and liposomes190
to mutant photoreceptors and RPE cells in transgenic mice. Sustained photoreceptor expression
of transferred genes was obtained391'196, and the effective replacement of loss-of-function alleles
has been reported197"400. Adenovirally expressed basic fibroblast growth factor (bFGF)401 and
transferred ribozymes, catalytic RNA molecules that cleave a complementary mRNA sequence402*'1,
were also effective in the rescue of photoreceptors.
Examples of effective medical treatment are the transplantation of normal photoreceptors and
RPE cells 4W-,07 and electrical stimulation of surviving neurons in the inner retina mAm. Also intravitreal injection of factors that prolong photoreceptor survival410, like channel blockers in rd/rd mice
with a phosphodiesterase deficiency411413, or growth factors like ciliary neurotrophic factor (CNTF)414
and bFGF41s"418 were demonstrated to have a photoreceptor rescue-effect in the rd/rd mouse and
RCS rats (with inherited retinal dystrophy), respectively. Oral administration of vitamin A in RP
or Usher's syndrome was shown to delay the rate of retinal degeneration significantly419 420, which
was supported by studies in transgenic mice421.
Because of the extreme heterogeneity of human retinal dystrophies, it is evident that the affected
gene in each patient is identified before a treatment is chosen. This is conceptually true for gene
therapy, but also for the more general therapeutic approaches, for example administration of vitamin
A. The ABCA4 (ABCR) protein is required, at least in mice, for the normal cycling of all-frans-retinol
out of photoreceptor disks269. Affected patients with any of the retinal degeneration phenotypes
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that are associated with mutations in ABCA4 (ABCR) '^71274422423 m a y a c c u m u i a t e increased
quantities of N-retinylidine-phosphatidyl-ethanolamine (N-retinylidine-PE) in the retina when
treated with vitamin A; the increase in this substrate may have an adverse effect and hasten
photoreceptor or RPE cell death 2, \ Thus, it will be of crucial importance to determine the molecular
defect in every patient and family with a retinal disorder.

1.8 Aim and outline of this thesis
Back in 1984, the first RP gene was mapped on the X-chromosome, but in the 10 years that
followed, clinical and genetic heterogeneity hindered a successful positional cloning approach.
Different RP genes were identified at an increasing rate, but at the start of this study, the genes
involved in X-linked RP, one of the most severe and frequent forms of retinitis pigmentosa, still
awaited their discovery. In the past, genes implicated in different X-linked disorders like choroideremia, Norrie disease and X-linked mixed deafness (DFN3) were identified in our laboratory, all
aided by large chromosomal aberrations like deletions and translocations. The critical interval for
RP3, involved in up to 75% of the XLRP cases, was distally bordered by the gene for CYBB, and
proximally by the breakpoint of a large deletion in patient BB. One gene was identified from this
region, TCTE1L, that was found not to be involved in RP3, but in spite of intensive cloning efforts,
no other transcripts were identified from this region, and the suspicion about the correctness of
the RP3 relevant interval was raised. Based on recombination events only, this interval was between
the markers DXS1110 and OTC. A yeast artificial chromosome contig in Xp21.1 contained a YAC
on which both loci were present.
In Chapter 2, we used that YAC to develop a new screening method for chromosomal
rearrangements, YAC representation hybridization (YRH), and identified a gene that was interrupted
by a 6.4 kb microdeletion in a patient with XLRP. Chapter 3 describes the identification of additional
transcripts of the same gene, that shows protein homology in its predicted N-terminal half with
RCC1, the regulator of chromosome condensation, that acts as a guanine-nucleotide exchange factor
for the Ras-like GTPase, Ran. Another group named the protein retinitis pigmentosa GTPase
regulator, RPGR. Its involvement in RP3 was confirmed by the detection of disease-associated point
mutations that are predicted to alter the protein in XLRP patients. In order to identify the function
of RPGR, the yeast two-hybrid system was used, described in Chapter 4, to isolate proteins that
interact with the RCCl-like domain of RPGR. We identified different, partly overlapping, isoforms
of a protein that interacts with RPGR. In Chapter 5, the specific interaction of RPGR and its transportlike RPGR interacting protein-l (RPGRIP1) was confirmed by different complementary methods.
We found specific localization of both proteins (RPGR and RPGRIP1) in the outer segments of rod
photoreceptors, and identified the loca tion of the RPGRIP1 gene on the short arm of chromosome
14 (14qll), a candidate region for autosomal recessive RP (RP16).
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MICRODELETION

Abstract

The gene for the most frequent form of X-linked retinitis pigmentosa (XLRP), RP3, has been
assigned by genetic and physical mapping to a segment of less than 1000 kbp, which is flanked
by the marker DXS1110 and the ornithine transcarbamylase (OTC) gene. In search of microdeletions,
we have screened the DNA of 30 unrelated patients with XLRP by employing a representative
set of YAC-derived DNA fragments that were generated by restriction enzyme digestion and PCR
amplification. In one of these patients, a 6.4 kbp microdeletion was detected which was not present
in the DNA of 444 male controls. A cosmid contig spanning the deletion was constructed and used
to isolate cDNAs from retina-specific libraries. Exons corresponding to these expressed sequences
as well as other putative exons were identified by sequencing more than 30 kbp of the critical region.
So far, no point mutations in these putative exon sequences have been identified.
2.2

Introduction

Retinitis pigmentosa (RP) is a clinically heterogeneous group of retinal degenerations characterized
by night blindness, progressive constriction of the visual field due to the early loss of peripheral
photoreceptor cells, and fundus abnormalities including intraretinal bone corpuscle-like clumps
of pigment. In advanced stages central vision is lost and patients become severely impaired.
Genetic analysis has defined more than 10 chromosomal regions that carry genes for RP. Several
genes underlying autosomally inherited forms were identified by candidate gene approaches, including
the genes coding for rhodopsin1, the α-and β-subuni ts of the rod-specific cGMP phosphodiesterase23,
peripherin4, and the rod outer membrane protein (ROM1). Mutations in the genes encoding the
two latter polypeptides were recently reported as the first example of a digenic mode of inheritance
in a genetic disease5. Most cases of familial RP inherit in an autosomal recessive way. Autosomal
dominant and X-linked recessive inheritance are less frequent, accounting for 10 and 6% of the
families, respectively. In the UK, X-linked forms have been reported to account for 30% of the cases6,
and in Denmark for 17%7.
Clinically, X-linked RP is considered as the most severe form, with an earlier age of onset than
autosomal recessive or dominant RP. Linkage studies and heterogeneity testing in families with
XLRP revealed at least two different loci, one at Xp21.1-pl 1.4 (RP3) closely linked to OTC and distal
to DXS7, and a second locus (RP2)betweenDXS7andDXS255atXpll.2-pll.48-9. Uponfundoscopic
examination, carriers of the RP3 type show a characteristic, metallic-sheen tapetal reflex
[OMJM#31261010], whereas carrier females from RP2 families do not [OMIM#31260010]. Heterogeneity
testing has supported the existence of a third X-linked locus (RP6), distal to RP3 n . So far, none
of the X-linked genes has been isolated.
Previously, the chromosomal interval carrying the RP3 locus has been defined by molecular
characterization of two deletions found in patients with RP and other X-linked disorders, including
Duchenne muscular dystrophy (DMD), chronic granulomatous disease (CGD), and McLeod
syndrome 1213 . In this way, the critical interval could be narrowed to less than 1000 kbp 1415 . Within
this region, a 70 kbp deletion has been detected recently16. In order to perform a comprehensive
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search for microdeletions in XLRP patients, we have developed a technique which was inspired
by the representational difference analysis (RDA) protocol17 and resembles the YACadapt method
described by Sutcliffe et al.ìs. The essence of this technique is the generation of a defined, amplifiable
subset of restriction fragments which are derived from and represent the insert of a YAC spanning
a genomic region of interest. After ligation to suitable linkers, these fragments are amplified by
PCR and the mixture of PCR products is used as a probe for hybridization of Southern blots containing
restriction enzyme digested genomic DNA. We have employed this technique to study 30 unrelated
XLRP patients with PCR-amplified probes from a YAC spanning the RP3 gene region. In one of
those patients, a microdeletion was identified. The isolation of cosmid clones from the relevant
region and their use as hybridization probes confirmed this result and enabled the construction
of a cosmid contig spanning 120 kbp around this deletion. Finally, putatively transcribed sequences
could be identified by screening a retinal cDNA library and by sequencing the entire cosmid clone
spanning the deletion.

2.3

Results

2.3.1 Deletion detection by YAC representation hybridization (YRH)
The principle of the method is the reduction of the complexity of the YAC-insert to a subset
of small, amplifiable restriction fragments (YAC representations or 'amplicons') and their subsequent
hybridization to Southern blots containing genomic DNA of patients. Prior to the generation of
these amplicons, the YAC DNA was purified by preparative pulsed field gel electrophoresis and
cleaved with a restriction endonuclease. Linkers were ligated to both ends, and the fragments were
amplified by employing linker-specific oligonucleotides as primers.

0.81
0.34
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Figure 2-1
PCR fragments of the H/ndlll amplicon from a 660 kbp YAC after separation
in a 1.5% agarose gel and staining with ethidium bromide.
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The PCR products, usually a 'smear' with some distinct bands in the size range of 0.2 to 1.0 kbp
(Fig. 2-1), were purified, radiolabeled and used as a probe to screen Southern blots with DNA of
patients. To study the genomic region containing the RP3 gene, we used a 660 kbp YAC
(ICRFy900E0701), which harbors the cytochrome b-245 (CYBB) gene and part of the OTC gene.
This YAC was also shown by PCR analysis to contain the marker DXS1110. Screening of EcoRl
digested genomic DNA from 30 unrelated X-linked RP patients with the Hmdlll amplicon of the
YAC revealed the absence of a 1.5 kbp fragment in one of them (patient 2557, Fig. 2-2a). To rule
out a restriction site polymorphism, the DNA of this patient was cleaved with the restriction
endonucleases Bam¥R, BglW, EcoRV, HmdIU, Mspl, Pstl, POUU, Sstl, Taql, and Xbal. Aberrant restriction
patterns were observed with BglU, Pstl, and Pvull (data not shown). As expected, the proportion
of the genomic sequence that can be visualized in this way depends on the restriction enzyme
employed. Hybridization of the HmdIII amplicon of YAC E0701 to EcoRI-digested genomic DNA
visualized 6.5% of the sequences encompassed by the YAC, whereas the same amplicon enabled
the visualization of 19% of the genomic sequences after Ssfl digestion.
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Figure 2-2
Autoradiographs of Southern blots containing EcoRl digested genomic DNA from a control and patient 2557
after hybridization with (a) the H/ndlll amplicon of YAC E0701 ; (b) clone p20; (c) cosmid LL242D12; and
(d) cDNA clone R5.
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Figure 2-3
Autoradiogram of a Southern blot containing EcoRI restricted DNA
from a control (left open circle), patient 2557, his mother and
daughter as well as one affected brother after hybridization with
a subclone of the cDNA probe R5. The 9 kbp fragment represents
the deletion breakpoint whereas the 3.8 kbp fragment corresponds
to the unaffected X chromosome.

For further analysis, the amplicon was cleaved with HmdIII to remove linker sequences and
the resulting fragments were cloned into the HmdIII digested pGEM3 vector. Subsequently, individual
clones from the amplicon library were used as probes on Southern blots containing patient and
control DNA. Among the first 20 clones tested, one clone (p20) was deleted in the patient's DNA
(Fig. 2-2b) but not in controls. Cloning of the corresponding genomic region was achieved by using
clone p20 (a 300bp Hindlll fragment, see Fig. 2-4) as a probe to screen an X-specific cosmid library.
Four positive cosmids were obtained and hybridized to EcoRI digested DNA. An aberrant hybridization
pattern was observed in the patient when these cosmids were used as probes: four fragments of
8.0,3.8,2.1 and 1.5 kbp, respectively, were absent, and one aberrant fragment of 9 kbp was seen
(Figs 2-2c and 2-4). These data enabled us to determine the size of the deletion as 6.4 kbp.
2.3.2 Construction of a cosmid contig and identification of exon sequences

For the isolation of cosmid contigs from the critical region we have used the HmdIII amplicon
of the YAC to screen an X chromosome-specific cosmid library. Eighty-five positive cosmids were
picked and spotted on a nylon membrane. Cosmid walking was performed by using the YAC end
clones, generated by ligation mediated PCR, and cDNAs derived from the CYßß and OTC genes
as starting points. Overlapping cosmids were identified which linked (i) the right end clone and
CYBB and (ii) the left end clone and OTC. Cosmids detecting the microdeletion in patient 2557
were located between the CYßß and OTC contigs and were employed as a third anchor point for
cosmid walking. This intermediate contig has been expanded to a size of at least 300 kbp and overlaps
with the contig around the CYßß gene. In order to identify transcribed sequences, we have screened
an adult retinal cDNA library and identified six clones, which recognized three X-chromosomal
EcoRI fragments on genomic Southern blots (Fig. 2-2d). Sequence analysis of the six cDNAs and
the corresponding genomic fragments revealed five exons (fragments Z-V, Fig. 2-4).
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Figure 2-4
EcoRI restriction map of a 40 kbp region surrounding the 6.4 kbp microdeletion in patient 2557 and location
of putative exons as identified by cDNA screening (fragments V, W, Χ, Y and Z) and exon prediction from
genomic sequences (fragments U, W, X, A and B). A polyA-tail was present at fragment Z. The amphcon
clone p20 hybridizes to the 1.5 kbp EcoRI fragment and was shown to be deleted in patient 2557. The same
clone was used to isolate cosmid LL242D12, which encompasses the microdeletion 2557. The sequenced
parts of cosmid LL242D12 are given as shaded boxes.

cDNA clone R5 was shown to comprise exons V-Z and detected a 7.5 kbp transcript in heart, brain,
placenta, lung liver, muscle, kidney, and pancreas (data not shown). A poly(A)-tail was identified
in fragment Ζ and a polyadenylation signal (AATAAA) was present in the corresponding genomic
sequence of the 4.7 kbp EcoRI fragment. Therefore, fragment Ζ is considered to represent the 3'end
of a gene. This fragment also revealed a 94.7 % identity with a human EST (em_est: hsgs01161).
No open reading frame was present in the cDNA clone R5 and database searches failed to detect
significant homologies with known gene sequences. Hybridization of the cDNA to a Southern blot
containing EcoRI digested DNA from two carriers of the patient's family and an affected brother
revealed cosegregation of the deletion breakpoint fragment with the disease (Fig. 2-3).
Shotgun cosmid sequencing enabled us to determine 32895 bp of DNA sequence encompassing
the 6.4 kbp microdeletion. Exon prediction by GRAIL identified three additional putative exons;
one proximal (fragment U) and two distal (fragments A and B) to the retinal cDNA (see Fig. 2-4).
By employing the SSCP technique, mutation screening was carried out in 29 XLRP patients for
all putalively transcribed sequences (Table 2-1). Bandshifts in fragments Z, Y, V and U were found
both in pa tients and in controls. Therefore it is most likely that these variants represent polymorphisms
rather than disease-related changes.
Recently, another gene has been cloned from the RP3 critical region, designated SRPX or ETXl™19.
In order to locate this gene with respect to the candidate sequences isolated in this study, we have
used primers from the 5'- (exon 1) and the 3'- (exon 10) end of the SRPX gene. Both sequences were
found to be present on our cosmid contig encompassing the critical region. However, no SRPX
sequences were deleted in patient 2557 and exon 1 of this gene was mapped approximately 50 kbp
distal to the deletion breakpoint (Fig. 2-5).
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Table 2-1
Summary of putatively transcribed sequences from cosmid C2 as identified by cDNA isolation or exon prediction
from genomic DNA sequences and database comparison.
Fragment

Mode of

Size

Genomic

SSCP fragments and primers

identification

(bp)

EcoRI fragment

Size (bp)

Sequence (S'-S')

GRAIL

680

1.5 kbp

312

atctgctggttgttcaggct

Polymorphic

agcttggcctttccttcttc

cDNA/GRAIL >1000

3.8 kbp

212

cacttccctcaataatgatcag
ggctttcatcgacagaagtgat

379

agtggtctcattcttaagcttc
gttcattaccagctagagctc

232

gagtgcaactgaaatgtcttct
tcctgaacatctcctacaatct

350

ctacttgaagtcacagaaagc
cagaaacctcagtaggaacc

322

aggtgcagactctggtctg
ccacggacaaaagtgcctat

410

cttgatttggatgctgatcag
agattaaggcttggaaagcag

cDNA/GRAIL

185

3.8 kbp

272

tcttactcttctctgatggtc
ggatctcaggatttaagcatc

cDNA/GRAIL

61

2.0 kbp

235

tagaacctgcttaaagattcag
agcttataattacccaattatgg

cDNA/GRAIL

96

2.0 kbp

248

tcactgagagcatcaggtctt
gagttaaattatgtggattgcca

514

4.7 kbp

258

gttaagtgaatgtttcacttatg
acaatacacttggtgactgtga
gagtcaggaatcatcagaatatc
gtaagattgcaaatattgcctta

cDNA/EST/
GRAIL

382
GRAIL

97

10.0 kbp

203

ttctcataccagaagcaggg
ggcagatccgtgcggcc

GRAIL

113

6.0 kbp

288

ctagtttcttattcttacaaggt
tggccaacatggcaaaactc

The location of the different fragments is shown in Figure 2-4.

2.4

Discussion

The identification of submicroscopic deletions or other small chromosomal rearrangements has
been instrumental for the positional cloning of numerous disease genes20. The YRH method used
in this study allows the screening for microdeletions of chromosomal regions as large as YAC inserts
by employing a representative set of small, amplified restriction fragments as probe in Southern
blot hybridiza tion. Al though not all of the sequences which are covered by the YAC are visualized
with this method, a representation of up to 19% can be achieved with a single hybridization. The
resolution of this technique can be enhanced by the use of several restriction endonucleases either
for the generation of amplicons or for the digestion of the genomic DNA.
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Physical map of the RP3 critical region as defined by deletion mapping in patient 2557 and the recently
identified deletion MO, which was reported to be 70 kbp in size16 The two flanking markers CYBB (cytochrome
b-245) and OTC (ornithine transcarbamylase) were present on a 660 kbp YAC Exon 1 of the previously
described SflPXgene is located on cosmids LL42F6 and LL104E10, and exon 10 was mapped to cosmid
LL244E1 The ICRF cosmid clone C04155 and exon 1 of the SflPXgene were shown to be deleted in patient
MO'6 The deletion 2557 is 6 4 kbp in size and approximately 30 kbp proximal to exon 1 of the SflPXgene

In this way, amphcons can be generated that will cover nearly the entire region of interest17 In
contrast, the generation of probes by Alu PCR2121 requires the presence of Alu repeat motifs in an
amphfiable distance, thus, these probes are much less representative and the resolution of this
approach is limited As shown here, the YRH method allows the generation of a dense array of
clones from a genomic region of 660 kbp, and enabled us to detect a 6 4 kbp microdeletion in a
patient with XLRP Eight putative exons could be identified in the vicinity of this deletion, six
of which seem to belong to the gene Two of these were deleted in the pa hent and his affected brother
but not in 444 unrelated controls Thus, this gene may have a causal role in RP3, the most common
X-lmked form of retinitis pigmentosa SSCP screening has revealed several other sequence alterations
within these putahve exons but none of these were confined to patients with XLRP The apparent
absence of point mutations in the cDNA that spans the 6 4 kbp deletion is not too surprising, since
none of the exons which have been identified so far seem to code for protein On the other hand,
mutation detechon by SSCP might be hampered by the size of the PCR fragments, which is >200
bp and therefore not ophmal for the detection of all sequence alterations2'1 As judged from the
presence of a poly(A) tail in one of the cDNA clones, the exons identified so far may be derived
from the 3' untranslated part of the transcript The 3' untranslated regions of mRNAs are known
to contribute to its stability and are responsible for the intracellular transport25 Therefore, the observed
deletion of two exons from this region in patient 2557 may result in an unstable or erroneously
loca ted mRNA molecule Alternatively, the disease phenotype may be due to the deletion of sequences
important in chromatin structure (e g, matrix attachment si tes) or replication26 Deletion of 5' regulatory
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sequences of a not yet identified adjacent gene is another possibility. Recently, a novel gene has
been idenHfied from the RP3 critical region called SRPX16 or ETX1,9. Exon 1 of SRPX was reported
to be deleted in a patient with XLRP (pa tien t MO, ref. 16), but the search for clinically relevant point
mutations in the coding region of this gene, performed in 79 unrelated patients with XLRP, was
unsuccessful1619. This strongly argues against a role of this gene in the etiology of RP3. The MO
deletion is much larger than the one described here and includes the entire cosmid C04155 (see
Fig. 2-5). Therefore it encompasses all putative exons described in this report including the cDNA
that spans the 6.4 kbp deletion in patient 2557. In contrast, this 6.4 kbp deletion is at least 50 kbp
proximal to the 5' end of the SRPX gene. In conclusion, we have isolated the 3' end of a gene that
is deleted in two patients with XLRP but not in healthy controls. Therefore, we consider it as a strong
candidate for the long-sought RP3 gene. Elonga tion of this cDN A and mutation screening in coding
regions of the gene should soon reveal if it is really involved in the etiology of RP3.

2.5 Materials and methods
2.5.1 Purification and restriction enzyme digestion of YAC DNA
DNA from the YAC (ICRFy900E0701) was isolated in 1% LMT (w/v) agarose plugs (40 μΐ each
plug) using standard procedures27. The YAC DNA of 40 plugs was separated from the yeast
chromosomes on a preparative 1% low melting agarose gel using pulsed field gel electrophoresis
(PFGE) with 0.5x TBE (45 mM Tris-borate-EDTA, pH 8.3) as electrode buffer. The 660 kbp YAC
was cut out of the gel and the DNA was purified using gelase (Epicentre Technologies). The DNA
(400 ng) was digested using 4 U of either the restriction enzyme Hmdlll (New England Biolabs),
BamHl (BRL) or Bg/Π (BRL) according to the manufacturers instructions, phenol-chloroform extracted,
precipitated (NaCl/ethanol) and dissolved in water (10 ng/μΐ).
2.5.2 Generation and cloning of amplicons
PCR linkers were liga ted to 100 ng of restriction fragments in 30 μΐ of T4 ligase buffer using 400
U of T4 DNA ligase (BRL). Depending on the restriction enzyme, linkers as described by Lisitsyn
et al?7 were used: RBgl24 (1.5 pg) and RBgll2 (0.75 pg) to the BglU fragments; RBgl24 (1.5 pg) and
RHindl2 (0.75 pg) to theHi'ndlll fragments and RBam24 (1.5 pg) and RBaml2 (0.75 pg) to the BamHl
fragments. PCR amplification of the YAC fragments was performed in a total reaction volume of
100 pi, containing 10 pi of the ligation mixture, and 20 pi 5x PCR buffer (67 mM Tris-HCl, pH 8.8,
4 mM MgCl 2 ,16 mM (NH4 )2 S0 2 , and 320 pM (each) dATP, dGTP, dCTP, dTTP). The tubes were
heated to 72 0 C using a thermocycler (Perkin-Elmer), 5 U Taq polymerase (AmpliTaq, Perkin-Elmer
Cetus) were added, the reactions were covered with mineral oil and incubated for 5 min at 72°C
to fill in 5' protruding ends of the liga ted linkers. Subsequen tly, 2 pg of the PCR primers were added,
and the amplicons were generated during 20 cycles of 1 min 95 0 C and 3 min at 720C with a final

68

IDENTIFICATION OF AN RP3-ASSOCIATED MICRODELETION

extension for 10 min at 72°C The amplified fragments were purified using a Centricon 100
microconcentrator (Amicon), diluted to 100-200 ng/ml and used as a probe on Southern blots Prior
to cloning, linkers were removed from the amplified fragments by digestion with 10 U of the restriction
enzyme per 1 pg DNA and subsequently separated from primers by a preparative gel electrophoresis
in 1% low melting agarose DNA was purified usmg the QiaQuick gel purification kit (QIAgen)
28

and subsequently hgated into phosphatase treated pGEM3 usmg standard procedures The mserts
17

of individual clones were obtained by direct colony PCR with the vector-primers T7 and SP6
2.5.3 Southern blot analysis

Lymphoblastoid cell Ime GM07947B (BB) was obtained through the NIGMS Human Genetic
Mutant Cell Repository (Camden, NJ) DNA from RP patients was isolated from EBV transformed
cell lines using standard procedures Restriction enzyme digestions were performed according
to the manufacturers instructions and fragments were separated on a 0.8% (w/v) agarose gel in
40 mM Tns-acetate, 1 mM Na2EDTA, pH 7 5 Alkaline blotting onto GeneScreen Plus membrane
(E>uPont) was performed for 2-5 h as recommended When the amphcon was used as a hybridization
probe, 150 ng of DNA was labeled and when plasmid or cosmid inserts were used, 5-10 ng of DNA
was labeled by random pnmer extension29'10 Hybndiza hon was performed after competing repetitive
sequences as described31, except for amphcon probes, which were preassociated in the presence
of 1 mg of sheared and denatured total human DNA (Hybridime).
2.5.4 Cosmid library screening
Gndded filters from an X chromosome-specific cosmid library (LL0XNC01, Lawrence Livermore
National Library) were screened according to the accompanying instructions by using the clone
p20 or the entire HmdIII amphcon as a probe Positive clones were identified and the Lawnst 16
vector arms were removed by cleavage with Sfil (New England Biolabs) and subsequen t prepara tive
gel electrophoresis [0 8% (w/v) LMT agarose]
2.5.5 Screening of cDNA libraries
Cosmid LL242D12 was used to screen two cDNA libraries, established from adult retina, an
ohgo-dT primed library m IgtlO, (courtesy of J Nathans) and an ohgo-dT and randomly primed
(5' stretch) library in IgtlO, (Clontech HL 1132a, Lot # 17951) Screening of 500 000 ρ f u of each
library, plated on E coli LE392, was performed mainly as described previously32 Inserts from purified
cDNAs were subcloned into the pGEM3 vector and sequenced by primer walking starting from
the T7 and SP6 sites, and using an automatic ABI 370A DNA sequencer and a Taq DyeDeoxy terminator
cycle sequencing kit (ABI)
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2.5.6 Shotgun cosmid sequencing
The cosmid DNA was prepared and sequenced as previously described33. In brief, after sonica tion
of the DNA, a 0.8-1.4 kbp fraction was subcloned into the Smal site of M13mpl8. Templates were
prepared through magnetic bead technology and sequenced using dye-primer chemistry. The raw
data were collected using ABI373A automated sequencers and assembled with the XBAP program34.
Gaps were closed using custom made primers on M13 templates, PCR products or cosmid DNA
in combination with Taq dye terminator chemistry (Perkin Elmer) or internal labeling (Pharmacia).
Homology searches against the EMBL database were performed using BLAST (Version 1.4)35 and
FASTA (Version 2.0)36. Gene prediction programs GRAIL37 and XPOUND38 were used. Sequence
alignments were done by 'Global Alignment Program'39.
2.5.7 SSCP analysis
Putatively transcribed sequences were amplified by PCR using the primers (Isogen Bioscience,
The Netherlands) indicated in Table 1-1. The reactions were carried out in a total volume of 50
μΐ and the presence of 10 mM Tris-HCl pH 8, 50 mM KCl, 3 mM MgCl2, 0.5 mM each dNTP, 10
ng bovine serum albumine (Biolabs), 125 ng of each primer, 100 ng template DNA and 1.25 U Taq
DNA polymerase (Boehringer). If the sample was used for SSCP, the reaction was carried out in
20 μΐ, containing 0.006 mM dCTP instead of 0.5 mM and 0.2 μΐ a-[32p]dCTP (ICN, 3000 Ci/mmol).
Amplification was performed for 35 cycles, each 1 min 92CC, 1 min 60°C and 2 min 72°C. SSCP
analysis was carried out in non denaturing Polyacrylamide gels as described40.
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POSITIONAL CLONING OF THE RP3 GENE

3.1

Abstract

The gene for retinitis pigmentosa 3 ( RP3), the most frequent form of X-hnked RP (XLRP), has
been mapped previously to a chromosome interval of less than 1000 kb between the DXSl 110 marker
andtheOTClocusatXp211-pll 4 Employing a novel technique, 'YAC Representation Hybridization
(YRH)', we have recently identified a small XLRP associated microdelehon in this interval, as well
as several putative exons including the 3 end of a gene that was truncated by the deletion cDNA
library screening and sequencing of a cosmid centromenc to the deletion has now enabled us to
identify numerous additional exons and to detect several point mutations in patients with XLRP
The predicted gene product shows homology to RCCl, the guanme-nucleohde-exchange factor
(GEF) of the Ras-like GTPase Ran Our findings suggest that we have cloned the long-sought RP3
gene, and that it may encode the GEF of a retina-specific GTP-binding protein

3.2

Introduction

Retinitis pigmentosa (RP), a heterogeneous group of disorders characterized by night blindness,
progressive constriction of the visual field and 'pigmented' fundus abnormalities, is due to the
gradual degeneration of photoreceptor cells which begins in the periphery and progresses to the
central region of the retina In advanced stages, pahents present with tunnel vision and may become
legally blind About 80% of the pahents have autosomal recessive forms of RP Autosomal dominant
and the more severe X-lmked RP (XLRP) account each for approximately 10% of the cases, but
in Denmark and the UK, a much higher proportion of XLRP has been reported12
At least three different gene loci are involved in X-lmked retinitis pigmentosa (XLRP), which
have been mapped by linkage studiesand heterogeneity testmg to Xpll 2-pll 4(RP2)/Xpll 4-p21 1
(RP3) and farther distal on Xp (RP6), respectively3"'' By molecular characterization of two deletions
in patients with RP and other X-linked disorders, the gene for the most frequent form of XLRP,
retinitis pigmentosa 3 (RP3), has been assigned previously to an interval of less than 1000 kilobases
(kb) between the DXSl 110 marker and the ornithine transcarbamylase (OTC) gene6
In previous studies by our group tha t led to the molecular elucidation of two other eye disorders7 8,
mtragenic micro-deletions of a few kb had been instrumental for fine mapping and clonmg of the
respective genes Wi th conventional (Southern blotting and PCR based probe Screening) techniques,
such small microdeletions are difficult to find, however, even in genomic intervals of 1000 kb or
less To overcome this difficulty, we have recently developed a novel 'YAC Representation
Hybridization' technique which was employed for microdeletion screening in the chromosomal
interval carrymg the RP3 gene9 In one out of 30 patients with XLRP, a 6 4 kb microdeletion was
detected By sequencing of a cosmid spanning this deletion and by cDNA library screening, several
exons were found, including the 3 end of a gene that was partially deleted m this patient None
of these exons contained an open reading frame, however, and the search for pomt mutations m
patients with XLRP was unsuccessful
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Figure 3-1
Physical map of the region containing the RP3 gene. The upper part of the figure shows the cosmid contig
covering the region between the 3' end of the RP3 gene and the 5' end of the OTC gene. Cosmids derived
from the ICRF and Lawrence Livermore (LL) libraries were published previously9. Clones cT-A5 and -D4
were isolated from a library generated by subcloning a YAC (see Materials and methods). The lower part
of this figure displays the EcoRI restriction map and exon distribution in a 70 kb region harboring the RP3
gene Cosmid clones LL242D12 and ICRFB0972 were sequenced. The sequence contig was completed
by sequencing the 8.0 and 5.8 kb fragments between them. Exons were identified by aligning cDNA and
genomic sequences. Fragments U-V were described previously9, and all other exon fragments correspond
to cDNAs which were isolated by screening a retina library with cosmid clone cT-A5. Primer numbers given
for 10 of the novel exons refer to Table 3-1. The asterisks indicate fragments containing sequence alterations
confined to patients.

Therefore, in order to identify additional exons from the 5' end of this gene, we have now isolated
and sequenced a neighboring cosmid from a previously established cosmid contig, as well as two
EcoRI fragments separating this cosmid from the (more distal) one that had been sequenced previously.
Computer-assisted analysis of this sequence predicted numerous additional exons which could
be confirmed by cDNA cloning and sequencing, and in several patients with XLRP, small mutations
were detected which were not observed in healthy controls. Sequence comparisons have revealed
that the deduced product of this gene shows strong structural similarities with RCC1, the guanine
nucleotide exchange factor of the Ras-like GTPase Ran. These findings suggest tha t we have identified
the long-sought RP3 gene, and they may provide a clue to its role in the pathogenesis of retinitis
pigmentosa.
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R M A T L R R S T T T A L P E E L M P D

60

61

TTCGGGTGCTGTGTTTACATTTGGGAAAAGTAAATTTGCTGAAAATAATCCCGGTAAATT
S G A V F T F G K S K F A E N N P G X F

120

121
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TACCGGAAATAATAAACTTTACATGTTTGGCAGTAACAACTGGGGTCAGTTAGGATTAGG
T G N N K L Y H F G S N N W G Q L G L G

240

241
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Figure 3-2
cDNA consensus sequence with the deduced protein translation The boundaries between the different
exons are represented by arrowheads The sequence contains a reading frame, encoding 518 ammo acid
residues A translation start site was not identified, indicating an incomplete 5' end
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Figure 3-3
Autoradiograph of a Northern blot containing poly(A)+-RNA
from various adult tissues after hybridization with a cDNA probe
containing 1177 bp from the 5' end of the cDNA presented in
Figure 2. Sizes of the marker fragments are given in kb. The
size of the detected transcript was estimated as 3 kb
approximately.

Results

3.3.1 Identification of protein coding sequences from the RP3 critical region

In order to extend the cDNA of a previously identified candidate gene for RP39 in the 5' direction,
we have sequenced the neighboring cosmid clone ICRFB0972 (see Fig. 3-1) by a shotgun approach.
Sequence data were assembled in 15 contigs, covering 39.776 bp proximal to the cosmid LL242D12
(Fig. 3-1), which was sequenced recently9. Moreover, the gap between these two cosmids was closed
by sequencing two intervening 8.0 and 5.8 kb EcoRI fragments by primer walking. In total, we have
sequenced approximately 75 kb from the genomic region carrying the RP3 gene. In parallel another
cosmid, cT-A5, was employed to screen a cDNA library from adult retina. This cosmid clone which
is almost identical to cosmid ICRFB0972 was derived from a cosmid library of YAC ICRFy900E0701
(see Fig. 3-1). The cDNA screening revealed six positive clones, four of which were characterized
in more detail by Southern blot hybridization and sequence analysis. Seven partially overlapping
cDNA clones were assembled by using the program GELMERGE10. The resulting cDNA consensus
sequence was aligned to genomic sequences from cosmids ICRFB0972 and LL242D12 and the 8.0
and 5.8 kb EcoRI fragments. In this way 12 additional exons were identified (Figs 3-1 and 3-2). One
hundred and one nucleotides at the 3' end of the consensus cDNA sequence did not match genomic
sequences which points to a gap in our genomic sequence contig. Since the penultimate exon of
the cDNA is present on the 5.8 kb EcoRI fragment, this gap is most likely between this and the
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Table 3-1
Oligonucleotide primers used for PCR amplification, SSCP screening, and sequencing of exon fragments
from the RP3 gene
Primer ID

Sequence (5'-3')

Fragment size (bp)

cDNA contained

210
211

gta gtt etc ata gta ttc tta cca
tta ggt ctt ccc aat cag etc

235

716 - 809

212
213

ttc aga cac cag ctg ggg tg
caa atg tat taa gtg ate ctt gtc

204

651 - 725

214
215

caa ctt tta gga aag ttt ata tea at
aag gca cat tta tec tga gag c

289

1276 - 1456

218
219

gtg tct get tec ata ate ctt g
tgt aat aaa ata tac cca gtt eta ta

259

810 - 963

220
221

ctg gaa tga gac etc agt tct c
cat ttg tec tgg act act gtt ca

190

276 - 338

222
223

gga etc tat agt eta ttg acg tt
agg gaa tgt gtc cca gac tga a

238

339 - 500

224
225

get tea gag cet ggc tac et
aca aca tag aag tgg gag ata ac

256

501 - 650

226
227

ata gat cca tac aag taa cac ttt
tec atg aaa tac tga aag act ca

250

964 - 1092

228
229

cag tgc tag ata ata eta tta tac
tga age caa tgt tga tga gtt t

273

1093 - 1275

217
230

gtt att tta ata aca ggc aac ata g
aca cag cag cat ate tat aac aa

266

59 - 180

231
232

tga cat taa aga act aca cag tea
tga cet cat ctt aca tta tgt gaa

229

181 - 275

adjacent 8 0 kb EcoRl fragment Five of the exons were also identified by the GRAIL exon prediction
program (releases 2 0 and 1 3, see Materials and Methods)
Northern blot hybridization with a probe containing 1177 bp from the 5' end of the cDN A detected
a transcript of approxima tely 3 kb in heart, brain, placenta, lung, liver, skeletal muscle, and pancreas
(Fig. 3-3) A FASTA search wi th the consensus cDNA sequence of 1557 bp failed to detect sigmfican t
homologies with GENEMBL entries It contains a contiguous reading frame of 518 amino acid residues
(Fig. 3-2), which was used to perform database searches by employing the BLASTP as well as the
FASTA programs10 Significant homologies were detected with RCC1 proteins from several species,
including human, hamster, Xenopus, Drosophila, and yeast The most significant homology was
observed with human, hamster and Xenopus RCC1 proteins, ι e approximately 30% identity wi thin
an overlap of 450 amino acid residues Amino acid identity with the Drosophila and yeast RCC1
peptides was 26 and 20%, respectively
In a previous study9, we had identified the 3' end of a gene, which was disrupted in one pahent
with XLRP by a 6 4 kb microdeletion The six exons (fragments U-Z, see Figure 3-1) showed no
disease related sequence alterations but several polymorphisms RT-PCR experiments have now
revealed that these exons belong to the gene presented here By using an antisense primer from
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exon W (Fig. 3-1) in combina tion with a sense primer from position 472-492 of the consensus cDNA
(Fig. 3-2), a 1 5 kb fragment was amplified, and sequence analysis from both ends of the PCR product
confirmed the identity of the exons Intotal,2 7 kb of cDNA sequence were identified, representing
at least 18 exons of one gene
3.3.2 Detection of point mutations in patients with X-linked RP
Mutation screening was earned out in 28 XLRP patients by means of SSCP analysis Intron primers
were designed for the PCR amplification of 10 exons (see Table 3-1) Five bandshifts were observed
m patients but not in controls, indicating disease-specific sequence alterations The corresponding
PCR fragments were sequenced which revealed three different nucleotide exchanges and one 4
bp deletion m five patients (see Fig. 3-4) Patient 4767 carried a Τ to G transversion at nucleotide
posi tion 420, resul ting in the substitution of phenylalanine by cysteine A proline to serine exchange
was shown to be the consequence of a C to Τ transition at position 734 of the cDNA sequence in
patient 2884 Another serine residue was generated due to a G to A exchange at position 854 in
patients 2603 and 2555 Strikingly, the two mutations that give rise to a serine residue are located
m a highly conserved domam of the protein which shows 40% identity in a 57 amino acid segment
of the RCC1 consensus sequence (RCC1_2 PRF, denved from release 10 0 of PROSI iL·, see underlined
residues in Fig. 3-4) Moreover, the ammo acid substitution in patients 2555 and 2603 affect a glycine
residue which is highly conserved durmg evolution (Fig. 3-4, position 331) A 4 bp deletion was
observed m pa tient 2550 (nucleotides 1433-1436), resulting m a truncated protem with six abnormal
C-terminal amino acids, including a conserved glutamic acid residue (see Figs 3-4 and 3-5) None
of these changes was detected in 84 male controls
In addition to these apparently disease-specific changes we have detected two polymorphisms
One was a G to A transition at position 1305 of the cDNA sequence, resulting m a substitution of
arginine by leucine This change was present in two patients with X-linked RP but also in two out
of 86 controls and in the sequence of cosmid ICRFB0972 The second polymorphism was detected
at position 1322 (A to G, isoleucme to serme), present in one patient and in five out of 86 controls
Both exchanges represen t conservative amino acid substitutions and mvolve a domain of the predicted
gene product that is not homologous to RCC1 proteins
3.4

Discussion

RP3, the gene for the most frequent form of XLRP, had long been known to map to an interval
of less than 1000 kb between the DXS1110 marker and the OTC gene at Xpll 4-p211^6 " but numerous
efforts to isolate this gene by positional cloning had remamed unsuccessful By making use of a
novel 'YAC Representation Hybridization' approach, to screen this interval for microdeletions,
we have recently detected a 6 4 kb deletion in a patient with XLRP9 Molecular characterization
and sequencing of cosmids and cDNAs spanning this deletion enabled us to define the last six
exons of a gene that was expressed in various tissues including retina, and this cDNA was also
contamed m a larger deletion described by others12
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Figure 3-4
Sequence alignment of RCC1 proteins from different
species by using the PILEUP program. Peptide
sequences for the human, hamster, Xenopus, Drosophila
and yeast RCC1 molecules are derived from the
Swiss.prot database (accession numbers Ρ1Θ754,
P23800, P25183, P25171, P21827). Amino acid residues
conserved between the RCC1 polypeptides and the
predicted RP3gene product are depicted in bold. The
RCC1 -profile (RCC1_2.PRF, derived from release 10.0
of PROSITE) is underlined. Changes in the amino acid
sequence, detected in patients only, are indicated by:
mut 4767 (position 145), mut 2884 (position 270), mut
2555/2603 (position 331 ) and mut 2550 (positions 540546).
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Α.

Β.
CCAAGACÇCAGCTGA
π

ATGCAGCCAGAGGAAC

CCAAGACTCAGCTGA

ATGCAGAGGAACCAGG

XLRP patient #2555

η ηπ

XLRP patient #2550

Figure 3-5
Sequencing patterns from PCR products of controls (top) and patients (bottom). The PCR amplification was
performed with primer pairs (A) 21 θ & 219 and (B) 214 & 215, and sequencing reactions were carried out
with primers 218 and 214, respectively.

Here we describe the identification of six novel retina cDNAs and 12 corresponding exons which
could be linked to the previously isola ted cDN A by RT-PCR and represent the middle and 5' portion
of the same gene. This gene encodes a protein of at least 518 amino acids; the outermost sequences
of the ORF have not yet been identified. The predicted protein shows significant homology to the
guanine nucleotide exchange factor RCC1 of several species. In fi ve out of 28 patients with XLRP,
small sequence alterations were found which were not observed in 84 control males and are therefore
considered as disease-specific mutations. In two apparently unrelated patients, the same mutation
was observed.
So far, mutations in the RP3 gene have only been detected in 18% of the patients with XLRP,
which is at variance with linkage studies suggesting that RP3 accounts for at least two-thirds of
the familial cases. There are several possible explanations for this discrepancy. First, systematic
mutation screening has only been done so far in 16 out of 18 exons identified. Secondly, we have
not yet found all exons of the RP3 gene; at the 5' end, at least one exon is still missing, and the promotor
region of this gene, which has not yet been cloned, might also harbor several of the 'missing' mutations.
Mutations in the RP2 gene, located in the Xpll.2-pll.4 region proximal to RP3, is thought to be
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involved in almost one-third of the cases - but then, the contribution of RP2 and RP3 mutations
in XLRP is not well defined and may vary in different populations. Finally, the possibility cannot
be ruled out that there is yet another XLRP gene in the vicinity of RP3.
The predicted amino acid sequence of the RP3 gene identified in this study shows the highest
homology (31.5%) with the human RCCl protein13, which acts as a guanine-nucleotide-exchange
factor (GEF) of Ran, a GTPase which recently was shown to be involved in nuclear protein import1'1.
GEFs associa te with GDP-bound forms of GTPases and accelera te GDP dissociation and GTP binding,
thereby activating the GTPase. A large number of GEFs have been identified, most of which are
involved in Ras signalling1^. RCCl is composed of seven repeats of about 60 residues each. The
R.P3 gene thus far is the only gene showing homology to RCCl. In another X-linked eye disorder,
choroideremia, the defective gene plays a role in the geranylgeranylation of several different Rab
proteins, another family of Ras-related GTPases716. In view of the clinical similarities between
choroideremia and RP33, it is tempting to speculate that the RP3 protein might function as a GEF
for retina specific Rab proteins. Thus far, two different rab GEFs, i.e. Mss4 (mammalian suppressor
of sec4) and Dss4-1 (dominant suppressor of sec4) have been cloned1718. These proteins do not show
any sequence similarity to RCCl or other GEFs, nor to the RP3 protein described here. Given the
large number of GEF molecules involved in Ras signaling, the RP3 protein might represent the
first member of a new family of GEFs regulating the activity of Rabs or related GTPases.
Previously, the presymptomatic diagnosis and carrier detection in XLRP families has been severely
hampered by the genetic heterogeneity of this disorder and particularly by the fact that neither
clinically nor genetically, RP3 and RP2 could be reliably distinguished. Therefore, the direct detection
of RP3 mutations in presymptomatic affected males and female carriers will also facilitate the diagnosis
in other forms of XLRP, and the molecular elucidation of the fundamental defect underlying RP3
may be a clue to the etiology and pathogenesis of RP2, too.

3.5

Materials and methods

3.5.1 Construction of a cosmid library

In order to construct a complete cosmid contig from the RP3 critical region we have subcloned
the YAC ICRFy900E0701 into the sCOGH2, an improved version of the recently described cosmid
vector sCOGHl19. The cosmid library was prepared as described previously8. Briefly, YAC DNA
was partially digested with the restriction enzyme 5au3A, separated on a sucrose gradient, and
the fraction between 30-40 kb was cloned into the BamHl digested sCOGH2 vector. The ligation
mix was packaged by using Stratagene packaging extract (Gold), and 4200 resulting colonies were
screened with human placenta DNA. One hundred and forty-four clones containing human DNA
inserts were picked and gridded on Nylon membrane (GeneScreen Plus). The contig between the
previously identified RP3 candidate gene9 and OTC was completed by hybridizing these grids
with cosmids LL242D12 and ICRFB0972 as well as the OTC cDNA probe.
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3.5.2 Screening of cDNA libraries
The Noil insert of cosmid cT-A5 was used to screen a cDNA library, established from adult retina
(courtesy of J. Nathans). Screening of 2 million p.f .u. of each library, plated on E.coli LE392, was
performed as described previously". Positive plaques were puri fied and phage DNA was prepared
by using the QIAgen Lambda kit. Inserts were isolated preparatively and subcloned into the pGEM3
vector.
3.5.3 DNA sequencing and data processing
Shotgun cosmid sequencing was performed by dye-primer chemistry on an ABI377 automated
sequencer as described previously9. Assembly of the data was achieved by using the Staden package.
Sequencing of the two genomic EcoRI fragments (8.0 and 5.8 kb) and the cDNA clones was carried
out by primer walking on subcloned fragments using the DyeDeoxy terminator cycle sequencing
kit (ABI). The data were assembled by the GELMERGE program. Exon-intron boundaries were
determmed by aligning the cDNA sequences to the genomic sequence contig by using BESTFIT
and FASTA programs. Prediction of putative exon sequences was done by GRAIL, using releases
2.0 and 1.3 from the GRAIL e-mail server (grail@oml.gov).
3.5.4 mRNA isolation and RT-PCR
Total RNA was isolated from Hela cells as described elsewhere20 and poly(A)+ mRNA was isolated
using the oligotex mRNA kit (QIAgen). RT-PCR was performed mainly as described elsewhere2",
using the sense primer 57 (5'-TGG ATCTA ATACTTCAGCTGC) and the antisense primer 1136 (5'GTTTCAGCTGAGCTATCATCA) for PCR amplification of the cDNA products. 35 cycles of
denaturation at 950C for 1 min, annealing at 58°C for 2 min and extension at 72°C for 3 min were
carried out with an initial denaturation step of 5 min and a final extension step of 6 min. The PCR
products were analyzed on a 1.5% agarose gel, purified using the QIAquick gel extraction kit (QIAgen)
and sequenced as described above.
3.5.5 Single strand conformation polymorphism (SSCP) analysis
Exon fragments from patients and controls were amplified with intron primers as described9.
The primer sequences, the corresponding positions within the cDNA and sizes of the fragments
are summarized in Table 3-1. SSCP-PCR was carried out in the presence of a[32 P]dCTP, and the
denatured radiolabeled fragments were separated in a non denaturing Polyacrylamide gel as
described21. Sequencing of aberrant PCR fragments was performed by dyedeoxy termination cycle
sequencing (ABI) on an ABI370A automated sequencer.
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RPGR IN YEAST TWO-HYBRID SYSTEM

4.1 Introduction
Retinitis pigmentosa (RP) is a clinically and genetically heterogeneous group of retinal disorders,
leading to blindness More than 15 different genetic loci have been reported and 10 disease genes
have been identified Ί Positional cloning led to the cloning of the gene underlying X-hnked retinitis
pigmentosa type 3 (RP3), Retinitis Pigmentosa GTPase Regulator (RPGR) The N-terminal half
of RPGR shows homology wi th RCC1, the guanine-nucleotide exchange factor (GEF) of the Ras-like
2
GTPase, Ran (Chapters) RPGR is mutated in 20% of patients with X-hnked RP ' All RP-associated
missense mutations reported so far are located m the RCCl-homologous domam, which is therefore
thought to be the key functional domain of RPGR m the retina The retina-specific phenotype of
RP3 contrasts with the ubiquitous expression of RPGR (Chapter 3) 2 To elucidate the molecular
mechanism underlying this severe form of blindness, we have made use of the yeast two-hybrid
system to isolate proteins that interact with RPGR in the retina The methods we used are described
m this chapter
The yeast two-hybrid system is a genetic method that initially was developed to study proteinprotein interactions in vivo4 The system is based on the ability of some eukaryohc transcription
factors to act in a modular fashion and their ability to activate adjacent reporter genes, usually lacZ
and a nutritional marker (Fig. 4-1) The level of expression of the reporter gene(s) is a measure for
the interaction of the two proteins This feature of the system has been used with success for a rapid
screening of encoded protems from a library of cDNAs, fused to different kinds of transcription
activation domains, for in vivo protem-protem interactions with a target or 'bait" protein, fused
to the DNA-bmding domain of the cognate transcription factor (Fig. 4-1) ^ 8 We have made use
of the GAL4-based HybnZAP yeast two-hybrid system (Stratagene, La Jolla, CA) (Fig. 4-1)
There are some advantages of using the yeast two-hybrid system for isolating possible substrates
for RPGR, above other biochemical methods First, it is an in vivo interaction assay in a eukaryotic
cell, in which better physiological conditions are present than in in vitro interaction assays Second,
the system is more sensitive than some in vitro assays such as co-immunoprecipitation or protein
affinity chromatography, and has proven to detect relatively weak and, more importantly, transient
interachons (with a high k0^ that are often observed in large protein-complexes !,"Ί1 The third advantage
is that the end product of this assay is a cDNA clone of the interacting protem, which shortcuts
downstream analysis of the isolated gene drastically The fourth advantage is that interactions
might be detected if the proteins require post-translahonal modification for proper interaction,
the machinery of which is present in the eukaryotic yeast The fifth advantage is that the system
often allows one to quickly identify the substrate-binding domain in the target protein product
The yeast two-hybnd system, however, also presents some disadvantages For example, protein-protein
interachons will not be identified if they are blocked by one or more of the fusion partners or if
the proteins are not properly targeted to the nucleus owing to specific sequence signals or posttranslahonal modifications Also, the "bait" fusion protein might cause intrinsic transcriptional
achvahon of the reporter gene This is especially true when this reflects the true funchon of a protein
in transcription, but it might also be caused by stretches of acidic residues that can act as activa tors
when fused to the DNA-binding domam
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HIS3 / LacZ reporter gene

Β
transcription
HIS3 / LacZ reporter gene
Fig. 4-1
Modular activation of transcription in the yeast two-hybrid system. The upstream activating sequence (UAS)
and reporter genes are integrated into the yeast chromosome. (A) The GAL4 BD hybrid protein (BD and
the bait protein X) binds to the GAL4 UAS present upstream of the /acZ (colorimetrie marker) and H/S3
(auxotrophic marker) reporter genes. The GAL4 AD hybrid protein (AD and target protein Y) binds transcription
factors of the RNA polymerase complex in the nucleus, but does not localize to the GAL4 UAS. (B) If the
bait (X) and target (Y) proteins Interact, the GAL4 AD and the GAL4 BD are brought close to each other
and act together with the bound transcription factors to Initiate transcription of /acZand H/S3 reporter genes.

However, in many cases random proteins or protein domains can cause activation.12 Therefore,
the "bait" proteins that are used should always be tested for intrinsic activation of transcription
of the reporter gene before they are used in a library screen. Finally, because there is not a direct
functional basis for the interactions, they should always be verified by, often much less sensitive,
biochemical or immunohistochemical techniques. In this respect, it is important to use cDN A libraries
for two-hybrid screening that are derived from the tissue in which the bait protein is known to
be expressed, and pathology of the involved disease is manifested.
We have chosen to screen retinal cDN A libraries from bovine because of the availability of very
fresh bovine eyes. This allowed us to isolate intact RNA from retina and prepare cDNA libraries
of high quality. The cDNA libraries contained over 3 million independent recombinants. A highly
representative library is an important prerequisite for experiments in which there is no a priori
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knowledge of the level of expression of the genes that encode the putative interacting proteins.
In addition, only one-third of the products in a unidirectional (oligo-dT primed) library and one-sixth
of the products in a bidirectional (randomly primed) library are translated in the correct reading
frame. As a "bait", we used only the RCCl-homologous domain of RPGR, denoted N-RPGR, which
does not contain the isoprenylation site. The isoprenylation of the cysteine in the CAAX box of
RPGR may interfere with nuclear translocation, as shown before for other CA AX-modified proteins.9

4.2 Procedures
Descriptions of general molecular techniques (cloning methods, DNA/RNA isolations, preparation
of growth media for bacteria and yeast) can be found elsewhere.1314 The cloning vectors that we
use are from Stratagene and all restriction endonucleases and DNA-modifying enzymes are from
Life Technologies (Gaitersburg, MD) unless noted otherwise.
4.2.1 Construction of retinitis pigmentosa GTPase regulator bait plasmids
The RPGR bait plasmids are constructed by inserting the coding sequence of RPGR in-frame
with the GAL4-DNA binding domain into pBD-T2C, a vector that is derived from the HybriZAP
pBD-GAL4 Cam phagemid vector (Stratagene), but that contains a modified multiple cloning site
(gift from D. de Bruijn), as shown in Fig. 4-2. N-RPGR is obtained by performing a polymerase
chain reaction (PCR) on RPGR cDN A clone R36, one of the cDNA clones previously reported (Chapter
3). The 5' sequence of RPGR (exons 1-13, a cDNA fragment of 1249 bp) is amplified using the sense
primer 1412 (gtg ata gga tec atg agg gag ccg gaa gag c) and antisense primer 1394 (tct teg ccg cat
acg tgc t).The reac tion is carried out in a total volume of 50 μΐ and in the presence of 20 mM Tris-HCl
(pH 8.75), 10 mM KCl, 10 mM (NH 4 ) 2 S0 4 , 2 mM MgS04, 0.1% (v/v) Triton X-100, a 0.5 mM
concentration of each dNTP, 10 ng bovine serum albumin (New England BioLabs, Beverly, MA),
0.1% (v/v) glycerol, 100 ng of template DNA, and 1.25 units of Pfu DNA polymerase (Stratagene).
Amplification is performed on an ABI 9600 thermal cycler (Perkin-Elmer, Norwalk, CT) for 15 cycles,
each 30 sec at 95°, 45 sec at 58°, and 3 min at 72°. Oligonucleotide 1412 contains an additional (unique)
5' BamHl site and RPGR contains a unique Psfl site at position 1204, which is present in this amplified
fragment. These sites are used to isolate N-RPGR (codons 1-401, exons 1-10 of full-length RPGR).
The 3' sequence of RPGR is amplified by reverse transcriptase (RT)-PCR on poly(A)+ mRNA
that is isolated from HeLa cells as described elsewhere (Chapter 3).15 We use the antisense primer
1124 (aca ata cac ttg gtg act gtg a) to perform the first strand synthesis, and the sense primer 1395
(tct gec gta tag cag ttt aac) and antisense primer 1477 (att egg tct aga tta tag tat tgt aca gga ttt) for
PCR amplification of the 3' RPGR cDNA fragment of 1388 bp. The reaction is carried out exactly
as described above for the 5' RPGR fragment. Oligonucleotide 1477 contains an additional (unique)
3' Xbal site and the Psfl site at position 1204 is also present in this amplified fragment. These sites
are used to isolate RPGR-C (codons 402-815, exons 10-19 of full-length RPGR).
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Fig. 4-2
Construction of the "bait" protein(s) from RPGR. (A) Multiple cloning site of pBD-T2C. (B) Construction of
the inserts by PCR, using the indicated oligonucleotides as primers. (C) pBD/N-RPGR fusion product. (D)
pBD/RPGR-C fusion product. (E) pBD/RPGR fusion product.

The amplified fragments are isola ted from a 1% (w / v) agarose gel and purified with a QI Aquick
gel extraction kit (QIAgen, Chatsworth, CA). The 5' RPGR cDNA fragment (2 pg) is digested with
10 units each of BamHl and Psfl restriction endonuclease (4 hr at 37°). The 1.2-kb N-RPGR fragment
is isolated from a 1% (w/v) agarose gel, purified by QIAquick gel extraction, and ligated (16 hr
at 16°) into the BflmHI- and Psil-digested plasmid pBluescript, using T4 DNA ligase. RPGR-C is
constructed in a similar manner using the Xbal and Psil restriction sites. The ligation products are
transformed into competent XLl-Blue cells (Stratagene) and the plasmids are isolated by
minipreparation, using a QIAgen spin plasmid kit. The correct sequence of the cDNA fragments
is confirmed by sequencing on an ABI370A automatic DNA sequencer, using a Taq DyeDeoxy
termina tor cycle sequencing kit (Applied Biosystems, Foster City, CA). Full-length RPGR (codons
1-815, exons 1-19) is constructed by fusing the N-RPGR and RPGR-C fragments at the Psil site.
The inserts with the correct sequence are isolated from pBluescript, using the previously mentioned
restriction sites, and gel purified, and the sticky ends are filled in by Klenow DNA polymerase.
These blunt-ended fragments are ligated in-frame with the GAL4-binding domain into the Smnldigested modified HybriZAP vector pBD-T2C. The plasmid constructs are electropora ted into XLl-Blue
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cells and screened for the correct onentation of the insert by digestion with EcoRI The correct reading
frame at the 5 end of the selected "bait clones is confirmed by sequence analysis Large-scale isolations
of the relevant plasmids are prepared with a QIAgen Maxiprep kit
4.2.2 Preparation of target plasmids from cDNA library
The custom cDNA libraries from female bovine retinas are prepared in the HybnZAP vector,
which will accommodate DNA inserts up to 10 kb in length A HybnZAP λ library can be converted
to a pAD-GAL4 phagemid library by in vivo mass excision, usmg the same excision mechanism
as has been widely used in the LambdaZAP vectors 1617 The bacterial host strains are from Stratagene
The strain XLOLR, genotype b(mcrA)183 A(mcrCB-hsdSMR-mrr)173 endAl thi-1 gyrA96 relAl lac
[F proAB lacPZkMIS TnlO (Tef)] Su (nonsuppressmg) λ κ (λ resistant), is used for plating excised
phagemids, using the interference-resistant helper phage ExAssist (Stratagene) to efficiently excise
the ρ AD-G AL4 phagemid vector from the HybnZAP vector while preven ting problems wi th helper
phage co-infection XLOLR cells are also resistant to lambda infection, thereby ensuring that the
library is not lyzed by residual λ phage The stram XLl-Blue MRF', genotype A(mcrA)183 A(mcrCBhsdSMR mrr)173 endAl supE44 tht-l gyrA96 relAl lac [F proAB lacPZAMlSJnlO (TetO] is used for
all other manipulations
01igo(dT)-pnmed cDNA libraries are constructed into the EcoRI and Xtol cloning sites and randomly
primed cDNA hbranes are constructed mto the EcoRI cloning site These sites are also used to control
the inserts of the phagemids after the excision reaction From 12 clones picked at random from
the hbranes, restriction analysis with EcoRI and Xhol yielded an average insert size of 1 9 kb (0 85kb-3 4
kb) for the oligo(dT)-primed library and of 1 4 kb (0 6-2 kb) for the randomly primed library cDNA
libraries are size fractionated into two pools on a Sepharose sizing column The first collected fraction
contains the largest cDNAs The number of independent recombinants of the first and second fractions
are, respectively, 4 5 χ IO6 and 4 2 χ ΙΟ6 ρ f u for the oligo(dT)-primed library, and 2 2 χ IO6 and
3 0 χ ΙΟ6 ρ f u for the randomly primed library Primary libraries are subdivided into pools
representing each about 1 million independent recombinants, and each of these is then amplified
Amplified libraries from the first collected fractions are used in our screen
4.2.3 Yeast host strain
The yeast reporter host stram we use is Sacchawmyces cerevisiae YRG-2 (Stratagene) This stram
is denved from strain HF7c and has the following genotype Mataura3-52 his3-200 ade2-10l lys2-801
trpl-901 leu2-3n2gal4-542gal80-538LYS2 UASCAU-TATA<jAL1-HIS3,URA3 uAscAu^me^fTATAcvalacZ 18 This stram contams two reporter genes, lacZ and HÌS3, to detect protein-protein rnterac tions
Three copies of the GAL4 17-mer consensus sequence (GAL4 DNA-binding sites) and the TATA
box of the iso-1-cytochrome c promoter (pcvci)are fused to the lacZ reporter gene and regulate its
expression The expression of the H/S3 reporter gene is regulated by fusion of the upstream activating
sequence (UASGAL1) of the GALI promoter (p^L^which contains four GAL4 DNA-binding sites,
and its TATA box The stram also cames mutations that prevent the expression of the endogenous
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GAL4 gene and a mutation in GAL80, whose product inhibits function of the GAL4 gene product.
For selection of yeast clones that have been transformed with the AD and BD plasmids, it carries
the auxotrophic markers leucine (leu2, to select for the AD plasmid) and tryptophan (trpl, to select
for the BD plasmid). The auxotrophic marker histidine (his3) allows selection for activation of
transcription of the H/S3 reporter gene.
4.2.4 Prescreen testing of bait plasmid pBD/N-RPGR
The amount of intrinsic transcrip tional activation by the bait plasmids pBD / N-RPGR, pBD / RPGR-C,
and pBD/RPGR, is determined by prescreen testing of the activation of the two reporter genes
by the bait protein alone. For this purpose, 50 μΐ of frozen competent yeast cells is thawed for 5
min on ice. The cells are mixed gently and transferred into a 12-ml polypropylene tube. While the
tubes are kept on ice and the cells are mixed gently, the following components are subsequently
added: 0.5 μΐ of transformation reagent ATR-1 (Stratagene), 0.5 μΐ of ATR-2, and 1 μg of pBD/N-RPGR
bait plasmid DNA. This mixture is incubated for 30 min at 30° (mixed gently every 5 min) followed
by a heat shock for 5 min at 42°. To this mixture, 0.45 ml of SD (synthetic dextrose minimal media)
dropout medium without Trp (at 30°) is added to allow selection for the bait plasmid. The cells
are allowed to recuperate for 3 hr (about two divisions) at 30° with shaking at 300 rpm. The cells
are plated on plates containing SD-agar -Trp and SD-agar Trp -His. The transformants, which
grow well on media lacking Trp because of the trpl gene in the pBD plasmid, will also grow on
media lacking His if the bait protein causes intrinsic activation of the his3 reporter gene. This is
not the case with any of the three RPGR bait plasmids: in our experiments no transforman ts appeared
on the SD -Trp -His plates, while the -Trp plate was covered with transformants. Two clones
from these plates were picked, using a toothpick, and streaked onto a fresh plate containing SD-agar
-Trp, which was incubated for 3 days at 30°. The activity of the second (lacZ) reporter gene is
determined with these clones in a filter lift assay as described below. In addition, no intrinsic
transcriptional activation can be determined in any of the yeast transformants containing one of
the three RPGR bait constructs. Therefore, any of the bait constructs is suitable as a bait in the twohybrid system.
4.2.5 Two-hybrid cDNA library screening
YRG-2 yeast competent cells (Stratagene) are cotransformed with bait pBD/N-RPGR and prey
(target) pAD/cDNA library plasmids as follows: 1 ml of frozen competent yeast cells is thawed
for 5 min on ice. The cells are mixed gently and transferred into a 50-ml conical polypropylene
tube. While the tubes are kept on ice and the cells are mixed gently, the following components
are subsequently added: 10 μΐ of transformation reagent ATR-1 (Stratagene), 10 μΐ of ATR-2,10
μg of bait plasmid DNA, and 10 pg of library plasmid DNA. This mixture is incubated for 30 min
at 30° (mixed gently every 5 min) and after that, a hea t-shock is given for 5 min at 42°. To this mixture
is added 9 ml of SD dropout medium (at 30°), which contains all necessary amino acids, including
His but not Leu and Trp, to allow selection for both bait and target plasmids. The cells are allowed
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to recuperate for 3 hr (about two divisions) at 30° with shaking at 300 rpm.
To determine the transformation efficiency, 10 μΐ of cotransformation reaction mixture is plated
on 9- cm SD-agar plates ( L e u -Trp)that are incubated at 30° for 3 days. On average we achieved
5 χ 105 cotransformants per transformation. We screened a total of 4 χ IO6 clones of the oligo(dT)primed bovine retina cDNA library and a total of 2 χ IO6 clones of the randomly primed bovine
retina cDN A library. Thus, the same 1 million independent recombinan t clones were screened four
and two times, respectively, to ensure a statistical representation of every translated protein in
the fraction (375,000 and 175,000 proteins in the respective libraries) and saturation of the screen.
The remainder of the cotransformation reaction mixture is centrifuged (2500g for 5 min at 25°)
and then resuspended in 400 μΐ of SD dropou t-medium without Leu, Trp and His to allow selection
for protein-protein interactions. Each transformation sample is then plated on two 15-cm dropout
plates, each containing 50 ml of SD-agar ( Leu -Trp -His). It is important to do this gently with
only a few streaks, because the cells are quite fragile at this point. The plates are incubated at 30°
for up to 7 days. All colonies that can be distinguished from the background growth of the yeast
cells are transferred to a fresh dropout plate (15 cm, SD-agar - Leu - Trp - His) in a gridded pattern
and this plate is wrapped with Parafilm to prevent excessive drying. The background growth of
the yeast cells is due to the leaky expression of the HIS3 reporter gene. The first colonies usually
start to show up after 3 days, but for weaker interactions, and therefore a lower expression of the
H/S3 reporter gene, it might take longer to generate enough histidine to allow the yeast cells to
grow. From this screen, we have isolated 36 putatively interacting clones from the oligo(dT)-primed
library and 34 from the randomly primed library. The streaked clones are grown for another 3 days
until the transcription activa tion of the second reporter gene, lacZ, is detected by a ß-galactosidase
assay.
4.2.6 ß-Galactosidase filter lift assay
The production of ß-galactosidase by the activation of the lacZ reporter gene is detected by a
filter lift assay. In this assay, the colorless 5-bromo-4-chloro-3-indolyl-ß-D-galactopyranoside (X-Gal)
is used as a substrate by ß-galactosidase, which turns the X-Gal into a blue product. To transfer
the gridded transformants from the first selection to a piece of qualitative filter paper (12.5-cm
Whatman No.l, grade A; Fisher Scientific, Pittsburgh, PA), this paper is placed on the surface of
the plate that contains the streaked clones. Any air bubbles are carefully removed and the filter
paper is pressed firmly onto the surface of the plate to ensure contact of all clones with the filter
paper for 3 min. The filter paper is carefully lifted, using forceps, and placed colony side up in
liquid nitrogen for 15 sec. It is then placed on a new filter paper to thaw for 2 min and, subsequently,
placed colony side up in a 15-cm petri dish onto a filter paper soaked in 4.5 ml of Z-buffer (60 mM
Na2HPO^ • 7 H 2 0,40 mM NaH 2 P0 4 · H 2 0,10 mM KCl, 1 mM MgS04 · 7 H 2 0, pH 7.0) containing
2-mercaptoethanol (2.7 ml/liter) and X-Gal stock solution [16.7 ml/liter; 20 mg of X-gal per milliliter
of Ν,Ν-dimethylformamide (DMF)]. The petri dishes are wrapped with Parafilm and incubated
at 30°. They are monitored for the production of blue color indicating ß-galactosidase activity. The
amount of blue color produced is compared with the production of blue color by the proper positive
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and negative controls that are included to validate the assay. A yeast transformant containing pGAL4
(grown on SD - Leu) is used as a positive control for activation of the reporter genes by the full-length
GAL4. It produces an intense blue color after 1 hr of incubation. The p53 control plasmid (yeast
transformants grown on SD -Trp) expresses the binding domain of GAL4 and amino acids (aa)
72-390 of murine p53 as a hybrid protein.19 The pSV40 control plasmid (grown on SD - Leu) expresses
the activation domain of GAL4 and amino acids 84-708 of the SV40 large-T antigen as a hybrid
protein.612 These portions of p53 and pSV40 are known to interact in vivo, and therefore yeast
cotransformants with these plasmids (grown on SD -Leu -Trp -His) are used as positive controls
for true interactions in the system.20 They produce a blue color after incubation for 3 hr, although
much less intense than the GAL4 control.
The pLamin C control plasmid (yeast transformants grown on SD - Leu) expresses the binding
domain of GAL4 and amino acids 67-230 of human lamin Casa hybrid protein.20 The expressed
protein from this plasmid has been shown not to interact with p53 and therefore yeast cotransformants
with these plasmids (grown on SD - Leu - Trp, with or withou t His) are used as negative controls.20
Only after incuba tion for 20 hr may a weak blue color be determined, probably caused by nonspecific
interactions.
From the 70 gridded library transformants in our experiment, 9 clones showed a blue color after
3 hr of incubation, 16 clones after 8 hr, and most of the other ones did not turn blue after 20 hr of
incubation (or as weakly as the negative control). Therefore, this screening yielded 25 putatively
interacting clones [17 from the oligo(dT)-primed library and 8 from the randomly primed library],
which were selected for verification of the interaction.
4.2.7 Verification of interaction
Although the yeast two-hybrid method is a powerful and sensitive method to search for interacting
protein substrates, a pitfall might be the isolation of false positives. Numerous false positives have
been described, some of which are reported more often by different investigators, performing entirely
unrelated screens.21 Because in yeast, different unrelated multicopy plasmids can be present in
the same cell, the target plasmids are isolated from yeast and used for a series of control (co-)
transformations to rule out any nonspecific interactions.20'22
The plasmid DNA is isolated from yeast by the following quick procedure.23 Five milliliters of
SD-medium -Leu -Trp -His in a 50-ml propylene conical tube is inoculated with a HIS3* lacZ+
colony. This culture is incubated for 4 days until the medium is saturated. One milliliter of culture
is transferred to a freeze-vial containing 1 ml 40% (v / v) glycerol. This sample is put at -80° for longterm storage. The remaining cells are pelleted in a 1.5-ml microcentrifuge tube at 14,000g for 10
sec at 4°. The supernatant is decanted, 0.2 ml of yeast lysis solution [2% (v/v) Triton X-100,1%
(w/v) sodium dodecyl sulfate (SDS), 100 mM NaCl, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA) is
added, and the yeast cells are resuspended by vortexing. To this mixture, 0.2 ml of phenol-chloroformisoamyl alcohol (25:24:1, v/v/v) is added together with 0.3 g of acid-washed glass beads (Sigma,
St. Louis, MO). This suspension is vortexed for 2 min and subsequently centrifuged at 14,000g for
5 min at room temperature. The top aqueous phase containing the DNA is transferred to a new
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microcentrifuge tube and the DNA is precipitated with a one-tenth volume of 3M sodium acetate
(pH 5.2) and 2 volumes of ethanol. This suspension is centrifuged at 14,000g for 10 min at 4°, the
supernatant was decanted, and the DNA pellet is washed with 70% (v/v) ethanol and dried under
vacuum. The DNA pellet is redissolved in 50 μΐ of Tris-EDTA (TE) buffer and 10 μΐ of this solution
is used to transform electrocompetent XLl-Blue MRF' cells by elee troporaHon, as has been described
by others.24 Selection for the target plasmid was performed by plating on LB-ampicillin agar plates,
which were incubated overnight at 37°. Colonies are transferred from the plates to 5 ml of LB-ampicillin
medium, the cultures are incubated overnight at 370with shaking, and plasmid DNA is isolated
with a QIAgen spin plasmid miniprep kit.
The nucleic acid sequence of these target inserts is determined by sequencing on an ABI 370A
automatic DNA sequencer (with a Taq DyeDeoxy terminator cycle sequencing kit; Applied Biosystems)
from both ends, using the forward primer GAL5-AD and the reverse primer GAL3-AD. Among
the 25 putalively positive clones from different screens, 5 clones from the oligo(dT)-primed library
have been found to contain an identical insert: A13, A65, A81, A92 and B37. The open reading frames
of this insert is in-frame with the activation domain of GAL4. These clones also produce a strong
blue color after 3 hr in the lacZ filter lift assay. Further analysis of the sequence of the remaining
clones has revealed one clone, C80, whose sequence largely overlapped with these five identical
clones. This clone was identified in the screen of the randomly primed library. Compared with
clone A13, C80 contained 120bp additional sequence at the 5' end. The isolation of the same statistical
number of clones per million reassures us that the interaction was not fortuitous.
To further rule out any nonspecific interactions and define the specificity for the RCCl-homologous
domain in N-RPGR, plasmids pAD/A13 and pAD/C80 have been cotransformed with the following
HybriZAP bait plasmids: pBD/N-RPGR, pBD/RPGR-C, pBD/RPGR, pBD without insert, p53,
and pLamin C. The same small-scale transformation procedure is used as described above in prescreen
testing of the bait plasmids. The results of these control transformations are shown in Table 4-1.
Yeast cells transformed with pAD/A13 and pAD/C80 are able to grow well on SD-agar - Leu - Trp
when cotransformed with any of the pBD bait plasmids, thus selecting for the presence of both
bait and target plasmids. When these cotransformants are transferred to dropout plates containing
SD-agar - Leu -Trp - His, only cotransformants with pBD/N-RPGR or pBD/RPGR (and not with
RPGR-C) are able to grow, as well as the original positive A13 and C80 clones and the p53/pSV40
positive control. When a filter lift ß-galactosidase assay is performed on both plates, only these
clones produce a blue product, as is shown in Fig. 4-3. This production, however, is much lower
with the interaction of (full-length) RPGR and the protein encoded by A13, than with the interaction
of N-RPGR and A13. As described above, this may be caused by isoprenylation of the C terminus
of RPGR by the yeast posttranslational machinery and/or less efficient nuclear translocation of
RPGR compared to N-RPGR.
These results confirmed the true, specific interaction of the A13 and C80 protein products with
(N-) RPGR in yeast, which are therefore referred to as (part of an) RPGR-binding protein (RPGR-BP).
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Table 4-1
Interactions of yeast cells cotransformed with indicated HybriZAP plasmid constructs3.
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pLamin C
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pAD-
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-

-

pGAL4
pLammC
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RPGR
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pSV40
pSV40
pSV40
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+
+
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A13
A13
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+
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+
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+
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:

+
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+

+
+
+

+
+
+

+
+

+
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Assayed for growth on the indicated SD-agar dropout plates and assayed for production of a blue substrate
in the lacZ filter lift assay. The results show the absence of intrinsic activation of the reporter genes by
the bait plasmids (no growth on SD-agar-Trp -His, therefore no H/S3expression, and no ß-galactosidase
activity of clones growing on SD-agar -Trp, therefore no /acZexpression). They also show the activation
of both reporter genes by interaction of pAD/A13 with pBD/N-RPGR and pBD/RPGR, but not with pBD/RPGRC or any of the control plasmids.
No growth on SD agar -Trp -His.

4.2.8 Quantification of interaction
RPGR interactions with its substrates are quantified by a liquid ß-galactosidase assay, which
can be regarded as a measure of the binding affinity of the interactions.12 For this liquid assay, the
luminescent ß-galactosidase detection kit Π (Clontech, Palo Alto, CA) is used. This kit uses a reaction
buffer that contains the Galacton-Star substrate and Sapphire-U enhancer. Cleavage of the galactoside
moiety from Galacton-Star by ß-galactosidase yields a dioxethane anion, which further degrades
with the concurrent production of light.1' The Sapphire-II enhancer amplifies the chemiluminescent
light signal. Light emission was used as a quantitative measure of ß-galactosidase activity. Rr
this assay, yeast colonies are transferred into 50-ml conical polypropylene tubes containing 5 ml
of appropriate SD dropout medium and grown for 36 hours at 30° with shaking (250 rpm). SD dropout
medium is used to maintain selective pressure on interacting cognate plasmids. The O D ^ of
9Θ
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p53
pSV40

pBD
A13

N-RPGR
A13

p53
pSV40

p53
A13

RPGR-C
A13

pLC
A13

RPGR
A13

*
pLC
pSV40

•
HIS3 activation

lacZ activation

Fig. 4-3
Specific activation of the reporter genes. (A) Cotransformants of pAD/A13 and pBD/N-RPGR or pBD/RPGR
are able to grow on SD-agar -Leu -Trp -His, caused by activation of the H/S3 reporter gene by interaction
of the protein products. (B) Cotransformants of pAD/A13 and pBD/N-RPGR or pBD/RPGR produce a blue
product in the filter lift assay of the /acZ reporter gene activation. Clearly less ß-galactosidase activity is
visible with pBD/RPGR.

each culture is determined (usually between 0.5 and 1.0) and < 8 ml of YPAD (yeast extract, peptone,
adenine sulfate, dextrose) medium (at 30°) is inoculated with > 2 ml of the yeast culture, to an OD()(K)
of approximately 0.2. This culture is grown for an additional 5 hr with shaking to an O D ^ of 0.4-0.6.
The tube is vortexed, the OD6(X) is determined, and 1.5-ml aliquots of yeast cultures are transferred
to microcentrifuge tubes. Samples are centrifuged at 12,000^ for 30 sec at 25°, and cell pellets are
resuspended in 1.5 ml of Z-buffer (60 mM Na 2 HP0 4 · 7 H 2 0,40 mM NaH 2 P0 4 · H 2 0 ; 10 mM KCl,
1 mM MgS04 · 7 H 2 0, pH 7.0) to wash the cells. These are then pelleted at 12,000^ for 30 sec at
25 ° and resuspended in 300 μΐ of fresh Z-buffer. Cell suspensions are vortexed and 100-μ1 aliquots
are transferred to new tubes, which are placed in liquid nitrogen for 1 min and then thawed at
37° for 1 minute. This freeze-thaw cycle is repeated twice and the lyzed cell extracts are centrifuged
at 14,000^ for 5 min at 4°. Cleared supematants are transferred to fresh tubes (on ice) and 30 μΐ
is transferred into 5-ml tubes (Sarstedt, Newton, NC) at room temperature. Chemiluminescence
reactions are started by the addition of 200 μΐ of Galacton-Star/Sapphire II reaction buffer (Clontech)
followed by gentle mixing. After 60 min of incubation, sample light emissions are recorded as 5-sec
integrals in an Auto Lumat LB 953 luminometer (Berthold, Bad Wilbad, Germany).
From these measurements, ß-galactosidase activity is calculated in average relative light units
(RLU) / OOm after normalizing for the amount of cells. The average is taken from three readings
and three clones that contain the same bait and target plasmids. The results are shown in Fig. 4-4.
The ß-galactosidase activities of cotransformants N-RPGR/A13 and N-RPGR/C80 are 3826 and
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Fig. 4-4
Quantification of two-hybrid interactions by a liquid ß-galactosidase assay. The average activity is shown
in RLU/OD600 for the different cotransformants, confirming quantitatively the results of the qualitative filter
lift assay of lacZ reporter gene activation.

1908 RLU/OOmt,

respectively. The ß-galactosidase activities of the positive controls, pGAL4 and

p53/pSV40, are 8995 and 843 RLU/OD«,,,, respectively. The ß-galactosidase activity of full-length
RPGR/A13 is lower, 339 R L U / O D ^ , and RPGR-C/A13 shows no ß-galactosidase activity.

4.2.9 Retina-specific expression of retinitis pigmentosa GTPase regulator-binding protein
and isolation of spliced variants
The 1.3-kb insert of clone ρ AD/Al 3 is used as a probe on a multiple-tissue Northern blot, containing
3 μg poly(A) + mRN A from bovine retina, brain, retinal pigment epithelium (RPE), kidney, spleen,
liver, and skeletal muscle to determine the expression pattern, by methods described elsewhere. 2 6
This reveals two signals, one of 4.5 kb and one of 7.5 kb, that are present only in the retina (see:
Chapter 5, Fig. 5-2A). One smaller signal of 0.8 kb is present in all tissues tested. To isolate the fulllength bovine clones and its human counterparts, A13 is used as a probe to screen random and
oligo(dT)-primed HybriZAP and lambda-ZAP cDNA Libraries from bovine retina, and an oligo(dT)primed HybriZAP cDNA library from human retina, using standard methods described elsewhere. 26
As shown in Fig. 4-5, sequence analysis of the bovine cDN A clones reveals different spliced isoforms
of the 4.5 kb transcript. They all share a 381-amino acid RPGR-interacting domain. The human
counterparts are largely overlapping with these clones and highly homologous. Overall, they are
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RPGR-BD
381 aa
Fig. 4-5
Diagram of the different variants of RPGR-binding protein (RPGR-BP) The bovine variants are (I and II)
are highly homologous to the human homologue (III.) The shared RPGR-binding domain (RPGR-BD) contains
3Θ1 amino acids.

75 and 84% identical at the amino acid and nucleic acid level, respectively. Northern blot analysis
of h u m a n retina tissue, using a human RPGR-BP cDNA clone as a probe, reveals mainly a 4.5 kb
signal. One of these human clones contams an insert that is in-frame with the activation domain.
This clone is analyzed in the two-hybrid system for interaction with N-RPGR, as described above
for A13 and C80, and interaction is confirmed.

4.3

Conclusion

We have used a G AL4-based yeast two-hybrid screen to isola te different bovine substra tes that
specifically interact with the N-terminal RCC1-homologous half of RPGR and with full-length RPGR,
but not with the C-terminal half of RPGR. They represent clones that are derived from the same
cognate gene, which encodes several alternatively-spliced transcripts, in bovine as well as in humans.
All clones share an RPGR-interacting domain and are specifically expressed in the retina. Because
no striking homologies have been identified with any known gene or protein, the function of this
novel RPGR-binding protein (RPGR-BP) remains unknown. In summary, the methods described
here will provide clues to the molecular pathogenesis of RP3 and possibly lead to the identification
of novel candidate genes for chorioretinal degenerations. These methods may be extended to the
identification of other, and yet unknown, target substrates for other gene products that are involved
in retinal and neurodysplasia.
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RPGR INTERACTS WITH RPGRIP1 IN ROS

5.1 Abstract
Mutations in the Retinitis Pigmentosa GTPase Regulator (RPGR) gene cause X-linked retinitis
pigmentosa type 3 (RP3), a severe, progressive and degenerative retinal dystrophy eventually leading
to complete blindness RPGR is ubiquitously expressed, yet mutations in the RPGR gene lead to
a retina-restnc ted phenotype To da te, all RP3 associated rrussense mu tations that have been identified
are located m the RCCl-homologous domain (RHD) of RPGR To investigate the molecular
pathogenesis of RP3, we screened retinal yeast two-hybrid libraries with the RHD of RPGR We
identified several alternative spliced gene products, some with retina-restricted expression, that
interact specifically with RPGR m vwo and in vitro Thus, these proteins were named RPGR-interachng
proteml (RPGRIPl) isoforms They contain a C-terminal RPGR-interachng domain and stretches
of variable coiled-coil domains homologous to proteins involved in vesicular trafficking The interaction
between RPGR and RPGRIPl isoforms was impaired in vivo by RP3-associated muta bons in RPGR
Moreover, RPGR and RPGRIPl co-localize in the outer segment of rod photoreceptors, which is
m full agreemen t with the retinitis pigmentosa phenotype observed in RP3 pa hents The loca lization
of RPGRIPl at 14qll makes it a strong candidate gene for RP16 These results provide a clue for
the retina-specific pathogenesis in RP3, and hint towards the involvement of RPGR and RPGRIPl
in mediating vesicular transport-associated processes

5.2

Introduction

Retinitis Pigmentosa (RP) is a clinically and genetically heterogeneous group of retinal dystrophies
that is characterized by night blindness, progressive constriction of the visual field and fundus
abnormalities, including the typical intraretinal bone spicule pigmentation12 These symptoms
are caused by a gradual degeneration of photoreceptor cells by apoptotic cell death14, starting with
the rod photoreceptors in the mid-periphery of the retina and gradually progressing towards the
periphery and the fovea, the central region of the retina with a high spatial density of cone
photoreceptors Eventually the cones become affected, leading to partial or complete blindness5 6
Over 30 different loci have been reported and, to date, 19 RP-associated genes have been identified
(http / / w w w sph uth tmc edu/RetNet/) X-linked RP (XLRP) constitutes 10-25% of the familial
cases7 9 and is considered to be the most severe form, with on average an earlier age at onset than
autosomal dominant or recessive RP and leading to blindness m the third or fourth decade of life10 "
On the X chromosome, at least four separate RP loci were identified by Imkage analysis RP2
(Xpll 3)1213,RP3(Xp21 l),3H/RP6/RPÎ5(Xp22 13-p22 ll),,16andRP24(Xq26-q27)17 The genes that
are associated with RP2 and RP3, based on linkage analysis together accounting for the majority
of the XLRP cases, were recently isolated by positional cloning1819 (Chapters 2 and 3) Both were
shown to be ubiquitously expressed18 ^ (Chapter 3) This is in contrast to most of the other RPassociated and retina-specifically expressed genes that encode proteins with a specific function
in the phototransduction cascade, structural mamtenance or retinol metabolism of photoreceptor
cells20"22 The RP2 gene encodes a protem which shows homology with human cofactor C, a protein
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tha t is involved in the ultima te step of β-tubulin (TUBB) folding1''Ώ The gene underlying RP3 contains
at least 19 exons and encodes a protein of 815 amino acids The N-terminal half of the protein shows
homology to RCCl, the guanine nucleotide exchange factor (GEF) of the Ras-like nuclear GTPase
Ran18 (Chapter 3) RCCl contains seven repeats that structurally form a seven-bladed propeller24
Another protein that contams two RCCl-homologous domains (RHDs), p532, functions as a GEF
for Arf and Rab, but apparen tly not for Ran2-'' Based on its RHD, the RP3gene product was presumed
to have a GEF function for a small GTPase and was therefore named retinitis pigmentosa GTPase
Regulator (ßPGR)18 The majority of mutations that were found m XLRP patients, including all
of the reported missense mutations, were located in this RHD18 2W8 (Chapters) Unlike RCCl, RPGR
contained no nuclear localization motif, suggesting its localization outside the nucleus The C-termmal
end of the deduced protein contains a CAAX isoprenylation motif which was shown to be used
in COS cells transfected with the mouse Rpgr cDNA, and presumably anchoring mRPGR to the
Golgi complex of these cells29 An antibody against an mRPGR isoform localizes it in the connecting
ahum of mouse photoreceptors30 Recently, -12 different transcripts of RPGR were descnbed, some
of them being tissue specific and containing novel exons11 One of these newly identified exons
(exon 15a) was shown to be retina-specific and contains a premature stop codon upstream of the
isoprenylation site In one XLRP family, exon 15a was deleted, suggesting a functional relevance
of this transcript Previously, the yeast two-hybrid system was used to screen a mouse embryo
cDNA library with the RHD of human RPGR as bait12 The ubiquitously expressed δ subunit of
rod cyclic GMP phosphodiesterase (PDE) was found to interact with RPGR Based on this result,
localization of ectopically expressed RPGR possibly in the Golgi of COS cells31 and interaction of
the δ subunit of PDE with the small GTPase, rablS33, RPGR was proposed to be involved in intracellular
vesicular transport Yet, it remains unknown whether RPGR interacts and co-localizes with these
components in the retina, in particular rod photoreceptor cells, the cellular locale where RP3 is
first manifested
To elucidate the retina-specific molecular mechanism underlying RP3, we have made use of
the yeast two-hybrid system to isolate proteins that interact with the RHD of RPGR in the retina
By employing this method, we isolated novel and retina-specific RPGR-interacting proteins that
specifically associate with RPGR in vivo and in vitro, and co-localize with RPGR m bovine and human
rod outer segments of photoreceptors These proteins are derived from alternatively spliced products
of the same cognate gene Thus, the proteins were named RPGR-interacting protein 1 (RPGRIP1)
isoforms Known missense mutations m RPGR abolished its binding to RPGRIP1 isoforms, thus
indicating that this loss of function likely results in a photoreceptor dystrophy manifested as RP
We mapped the RPGRIP1 gene at 14qll, a known locus for autosomal recessive RP14 All RPGRIP1
isoforms contain a conserved C-terminal domain which interacts wi th the RHD of RPGR and variable
domains reminiscent of those of protems that are mvolved in vesicular transport Database analysis
revealed the existence of another novel protein with high homology to RPGRIP1, KIAA1005, which
is expressed highly in the brain15 These proteins might be part of a novel family of proteins with
vesicular transport-associated properties and neuron-specific function
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5.3 Results
5.3.1 Identification of retinal proteins that interact with the RHD of RPGR
To elucidate the retina-specific molecular mechanism underlying RP3, we constructed yeast
two-hybrid retinal cDNA libraries and screened them for retinal RPGR substrates with a bait
comprising the N-terminal half of RPGR (N-RPGR) containing the RHD (Chapter 4) Six strong,
positive, specific, overlapping and in-frame interacting clones were isolated as assayed by the histidine
prototrophy and transactivation of ß-galactosidase activity of interacting bait, prey and control
plasmids (Chapter 4) Then, we isolated full-length and alternatively spliced bovine and human
orthologous clones from retinal cDNA libraries (Fig. 5-1A) Sequence comparison grouped the
human and bovine clones into two and three main subclasses, respectively (Fig. 5-1 A) Overall,
the largest bovine and human clones were 86% similar (77% identical) at the amino acid level Sequence
analysis of all isoforms revealed the presence of a highly conserved and predicted globular C-terminal
region corresponding to the cognate RPGR-mteracting domain (RID) and a long coiled-coil N-terminal
region with variable domains We named these proteins RPGRIP1 isoforms
Database analysis of the translated products revealed that the long stretches of N-terminal coiled-coil
domain had significant homology (33-40% similar) to counterpart domains of proteins involved
in membrane trafficking/transport in known subcellular processes16"1' (Fig. 5-1B)

5.3.2 Expression profile of RPGRIP1 isoforms
We investigated the expression pattern of the RPGRIP1 gene by northern blot analysis of bovme
mRNA from different tissues with probes common and unique to the clones isolated RPGRIP1
encodes a ubiquitous 0.8 kb and two retina-specific transcripts of 4 5 and 7 5 kb (Fig. 5-2A) A probe
encompassing a unique 3'-noncoding region of bovme RPGRIP1, detected just a 4 5 kb alternatively
spliced transcript that is specifically expressed in the retina [Fig. 5-2, faint band in retinal pigment
epithelium (RPE) is due to a trace of retinal tissue contamination (data not shown)] Other probes
unique to other subclasses of bovine and human clones also detected 4 5 kb retinal transcripts (data
not shown) Semi-quantitative RT-PCR of human mRNA isolated from different h u m a n tissues
using primers specific for the human RPGRIP1 sequence corresponding with the conserved RID
showed that the cognate mRNA(s) were predominantly expressed in the retina (Fig. 5-2C).
Western blot analysis of different tissue extracts with affinity-purified antibodies against the
conserved RID largely parallels the mRNA expression da ta Differences might indica te cross-reacting
products of a different gene, or tissue-specific splice variation Four predominant RPGRIP1
immunoreactive isoforms were detected m retmal extracts and homogenates, with apparent masses
of 175,100,97 and 48 kDa (Fig. 5-3B) The 48 kDa isoform was highly expressed m the human and
bovine retina, and bovine brain and skeletal muscle The 100 and 97 kDa isoforms, respectively,
were specifically expressed in the retina and mostly in kidney and liver The 175 kDa isoform was
only present in bovine but not human retinas and was specifically expressed in this tissue (Fig.
5-3C).
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Figure 5-1
Structure of the human and bovine RPGRIP1 isoforms and their structural homologues. (A) Structure of
alternatively-spliced RPGRIP1 transcripts. Clones A13 and C80 were isolated by the yeast two-hybrid screen,
Ν1 and N2 were the fragments used as a probe on northern blots, and 2494 and 2495 represent the primers
that were used in the semi-quantitative RT-PCR experiment. The coding regions are indicated in filled boxes;
a thin white box indicates the non-coding regions. The alternative use of the cryptic polyadenylation signals
(ATAAA) causes different sizes of the S'-untranslated region. AII transcripts share the C-terminal RID (381
amino acids) in the bovine isoforms and 383 in the human isoforms) which is predicted to be globular. The
middle section (black boxes) and N-termmal region (hatched boxes) are predicted to have a highly α-helical
structure and contain a concentration of potential phosphorylation, mynstylation and glycosylation sites.
The N-termmal domain is likely to form dimers. Tubulin-hke and leucine zipper motifs are indicated by arrows
The GenBank accession numbers are AF265666 (hRPGRIPIa), AF265667 (hRPGRIPIb), AF265668
(bRPGRIPIa), AF265669 (bRPGRIPIb), AF265670 (bRPGRIPIc). (B) The N-termmus of RPGRIP1 is
homologous to the rodlike coiled-coil domains of transport-related proteins, with expected probabilities of
<1 χ10 θ Alignment of bovine RPGRIPIb (bRPGRIPl), KIAA1005 (KIAA) (37), USO-1 (YUS01), a yeast
intracellular transport protein required for ER-Golgi protein trafficking36"38, the human hookl homologue (HOOK1 ),
a protein involved in endocytic vesicle trafficking39, and the rod-like coiled-coil domain of myosin heavy chain
of skeletal muscle (HMYHCSM). RPGRIP1 coiled-coil domains contain perfect and quasi-perfect leucine
heptad repeats where leucines are highly conserved at every third and/or fourth ammo acid position. They
are predicted to form amphipathic α-helical structures with basic and acidic residues intercalating the leucine
motifs. Thus, the RPGRIP1 isoforms may form higher order structures with themselves and/or proteins containing
complementary domains Identical and conserved residues are shaded in black and gray boxes, respectively.
Large and small asterisks indicate conserved leucines among all or some of the proteins.
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Figure 5-2
Expression profile of RPGRIP1 (A) Northern blot analysis of bovine mRNA from different tissues, using
the 3' EcoR\-Xho\ fragment (1 kb) of bovine RPGRIP1 clone A13 as a probe (N1 in Fig. 5-1A, overnight
exposure). Two retina-specific signals of -4.5 and 7.5 kb were detected, as well as an ubiquitously expressed
mRNA of 0.8 kb. Cyclophilin A48 was ubiquitously and highly expressed as seen in bottom right and left panels
(~1 h exposure). (B) Northern blot analysis of bovine mRNA from different tissues, using the alternative
long (1 kb) 3l-untranslated region of bovine RPGRIP1 as a probe (N2 in Fig. 5-1 A). A distinct signal of 4.5
kb is detected in the retina, and at much lower levels also in RPE and brain. (C) Analysis of the expression
profile of RPGRIP1 in the indicated human tissues by semi-quantitative RT-PCR (sk. muscle, skeletal muscle;
ARPE-19 and D407 are RPE cell lines; RPE + eh., RPE and choroid). Samples of 5 μΙ (of a 50 μΙ PCR reaction)
are taken after 25 (a), 30 (b) and 35 (c) cycles. (D) Amplification for 30 cycles of the highly, ubiquitously
expressed gene GAPDH is used as a positive control.
5.3.3 N-RPGR and its substrate associate with each other in vitro and in vivo
To complement the two-hybrid assays described (Chapter 4) and determine whether RPGR
and its substrates interact in vitro and in vivo, we carried out reciprocal glutathione S-transferase
(GST) pull-down assays with these recombinant proteins (Fig. 5-4 A and B) and immunoprecipitation
assays of the putative complex between RPGR and its substrates from retinal extracts (Fig. 5-4C
and D). We expressed and purified both GST-fused and unfused N-RPGR and RID. These were
incubated singly or in combination with a GST-fused partner and unfused cognate substrate. GST- RID
of RPGRIP1 co-precipitated its cognate substrate, N-RPGR (Fig. 5-4A, lane 3). Reciprocally, GST- NRPGR co-precipitated RID of RPGRIP1 (Fig. 5-4B, lane 1). These interactions were highly specific
because the interaction between GST- RID and N-RPGR, and GST N-RPGR and RID, respectively,
could be abrogated with excess of unfused RID (Fig.5-4A, lane 5) and N-RPGR (Fig. 5-3B, lane
2).
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Figure 5-3
Western blot analysis of RPGR and RPGRIP1 in different tissues. (A) Analysis of RPGR in bovine and human
retinal extracts. The arrow indicates an RPGR immunoreactive signal at 100 kDa, both in bovine and human
extracts. The arrowhead indicates a protein of 40 kDa that is likely a degradation product. (B and C) Analysis
of RPGRIP1 in different bovine tissues using a polyclonal affinity-purified antibody against RID (RPGRIP1
Ab). The amount of protein of the retinal homogenate (Ret.Homg.) loaded (20 pg) was -5-fold lower compared
with that of CHAPS tissue extracts (Extr; 100 pg). As shown in (B), at least four RPGRIP1 immunoreactive
isoforms are expressed in different tissues. The 175 kDa isoform was only expressed in retina. The arrows
indicate the expression of two additional RPGRIP1 immunoreactive isoforms of 100 and 97 kDa. The former
is abundantly present in retina and significantly less in brain and skeletal muscle and barely visible in lung.
The latter is expressed well in the spleen and weakly in the kidney and lung. Finally, a smaller 48 kDa protein
was expressed in the retina, brain and skeletal muscle. As shown in (C), the large 175 kDa RPGRIP1
immunoreactive isoform appears to be species-specific because it is expressed in bovine but not human
retinas (HRet. Homg.). Unblocked (left blot) and blocked (right blot) antibodies against RID of RPGRIP1
detected also a slightly larger but non-specific protein in human retinal homogenates (thin double arrow).
SkM. Extr., skeletal muscle; bold double arrows, retinal RPGRIP1 isoforms.

Moreover, GST protein moiety by itself did not co-precipitate N-RPGR (Fig. 5-4A, lane 4) or RID
(Fig. 5-4B, lane 3).
We also investigated whether RPGR forms a complex in vwo with its cognate substrate isoforms
in the retina. To this end, we immunoprecipitated RPGR and its substrates with the counterpart
antibodies, resolved the immunocomplexes by SDS-PAGE and performed western blot analysis
with antibodies either against RPGR or RID. The RPGR antibody precipitated from retinal extracts
a protein of 100 kDa (Fig. 5-4C), similar to that observed in western blot analysis of bovine and
human retinal extracts (Fig. 5-3A). This protein was co-immunoprecipitated with two antibodies
against the RPGR substrate, RID (Fig. 5-4C, lanes 3 and 4). Reciprocally, antibodies against RID
detected three major proteins of 175,100 and 48 kDa in retinal extracts (Fig. 5-4D, lanes 3 and 4),
likely representing RPRG1P1 isoforms, which were all co-immunoprecipitated with an antibody
against RPGR (Fig. 5-4D, lane 2).
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Figure 5-4
RPGR and RPGRIP1 associate in vitro ana in vivo. (A) In w'fro binding of N-RPGR to the RPGR-interacting
domain (RID) of RPGRIP1. GST-RID pulled-down N-RPGR (lane 3) as detected by western blot analysis
of glutathione-S-agarose co-precipitates of incubation reactions with an affinity-purified antibody against
N-RPGR. Competition with 10-fold of unfused RID destroyed the ability of N-RPGR to interact and co-precipitate
with GST-RID (lane 5). Incubation of GST with N-RPGR did not lead to N-RPGR co-precipitation (lane 4).
(B) Incubation of GST-N-RPGR with unfused RID (lane 1 ) co-precipitated RID (indicated by an arrow) as
detected by western blot analysis of glutathione-S-agarose co-precipitates of incubation reactions with an
affinity-purified antibody against RID. The presence of 10-fold excess of unfused N-RPGR abolished the
binding of RID to GST-fused N-RPGR (lane 2). GST by itself did not co-precipitate N-RPGR (lane 3). Aliquots
(500 ng) of 54 kDa unfused N-RPGR (A, lane 1, arrow) and 45 kDa RID (B, lane 4) were individually loaded
as controls. GST-RID (not shown) and RID has an abnormal high electrophoretic mobility. Bands below
are degradation products of N-RPGR and RID. (C) and (D) In vivo association of RPGR and RPGRIP1 in
retinal extracts. (C) Western blot analysis of retinal co-immunoprecipitates with an antibody against RPGR.
An antibody against RPGR detected a specific co-precipitating protein of 100 kDa (indicated by an arrow),
corresponding with the size of RPGR on western blots as shown previously. This protein co-precipitated
with two different antibodies against RPGRIP1 (Ab38 and Ab39). (D) Western blot analysis of retinal coimmunoprecipitates with an antibody against RID of RPGRIP1. Two antibodies against RID of RPGRIP1
detected three specific co-precipitating proteins of 48 kDa, 100 kDa and 175 kDa (arrows), corresponding
with the size of RPGRIP1 immunoreactive isoforms on western blots as shown before. These proteins were
co-precipitated with the RPGR antibody. Though a 100 kDa protein also showed some non-specific binding
to the proteinA-agarose beads (as this band is present in lane 1 ), the higher intensity of the bands in lanes
2-4 does indicate specific co-precipitation of a 100 kDa protein. Asterisks indicate non-specific immunocomplexes
and/or IgG heavy chains. The 48 kDa band in lanes 2-4 is partly obscured by its close mobility to the IgG
heavy chain, though clearly absent in lane 1.
111

CHAPTER 5

5.3.4 XLRP-associated mutations in RPGR severely decrease its association with RPGRIP1
We previously described a number of different mutations in RPGR that were detected in patients
with X-linked RP (Chapter 3)) To investigate the effect of these mutations in the interaction of
RPGR with RPGRIPl, four of these mutahons were introduced in the pBD/N-RPGR and pBD/RPGR
baits (Fig. 5-5A), analyzed by qualitative growth on a SD-LWH plate (Table 5-1), quantitative ßgalactosidase assays (Fig. 5-5A) and maximum specific growth speed (p mlx ) in liquid SD-LWH
(Fig. 5-5A) All mutations tested severely decreased the interaction of RPGR with RPGRIPl Only
full-length RPGR with mutation G275S still showed an ability to grow on SD LWH medium at
30 o C when cotransformed with RPGRIPl (p mjx =0 14/hr), although lower than wild-type RPGR
(Vm^O 34/hr) (Table 5-1 and Fig. 5-5A) The G275S and F130C missense and frameshif t mutations
in the N-terminal domain of RPGR showed a temperature-dependent effect on transactivation
of the HJS3 gene, and thus association of RPGR to RPGRIPl (Table 5-1), that was severely decreased
at higher temperatures The decrease of interaction of some of these mutants with RPGRIPl therefore
might be caused, at least in part, by partial misfoldmg a n d / o r instability of RPGR rather than by
a direct effect on interacting sites Indeed, the expression level of RPGR with the temperature-sensitive
G275S mutahon at 30 o C (Fig. 5-5B, lane 5) was similar to that of wild-type (Fig. 5-5B, lane 2) whereas
all the other mutations led to a significant decrease of the mutant isoforms possibly due to degrada hon
a t this temperature (Fig. 5-5B) The nonsense mutation Q236X abolished interaction of RPGR with
RPGRIPl at any temperature
Finally, to determine the minimal RID within the C-terminal region of RPGRIPl we carried out
delebon mutational analysis of this domain (RID) by the same methods described (Fig. 5-5C) Construct
no 2, containing amino acids 579-762 of human RPGRIPl, was the smallest fragment that still activated
the H/S3 and lacZ reporter genes when cotransformed with N-RPGR Binding of construct no 4
(amino acids 379-762) to N-RPGR resulted in the highest ß-galactosidase activity (11 8 U) and fastest
growth on SD- LWH medium (pmi,x=0 31 / h r ) , therefore representing the full RID Deletion of parts
of the C-terminal domain (constructs nos 5-8) abolished the binding
Table 5-1
Temperature-dependent reduction of HIS3 transactivation by disease-associated mutations in RPGR
pBD-RPGR

pAD-

colony size
21 0 C

30 Χ

37 "C

+++

WT

RPGRIP1

+++

++++

F130C

RPGRIP1

++

-

Q236X

RPGRIPl

-

-

G275S

RPGRIPl

++

++

468 RNQIICX

RPGRIP1

+

_

Wild-type RPGR, wild-type RPGR from ammo acids 1-815, RPGRIP1, ammo acids 478-762
Clones were streaked on SD -LWH agar plates, incubated for 6 days at different temperatures and assayed
for growth The sizes of the colonies was compared, and ranged from no growth (-) to optimal growth (++++)
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Figure 5-5
RPGR-mutations severely decrease the interaction of RPGR with RPGRIP1 (A) The mutated full-length
pBD/RPGR and pBD/N-RPGR proteins, shown on the left side, were cotransformed with construct no 4
(pAD fused to ammo acids 380-762 of hRPGRIPI ) and the activation of the H/S3and lacZreporter genes
was determined (right side) by a liquid growth assay (black bars) and a ß-galactosidase assay (white bars),
respectively, as described before (B) Immunoprecipitation of wild-type and mutant RPGR protein constructs
from yeast soluble extracts RPGR and mutant constructs were immunoprecipitated from detergent-solubilized
yeast extracts (1 6 mg, 912 pg and 1 3 mg, for pBD, RPGR and all other constructs, respectively) with anti-RPGR
antibody (C) Determination of the binding domain of human RPGRIP1 ThepAD/RPGRIPI deletion constructs
are shown on the left side, the number of ammo acids that are left at the C- terminus is indicated The constructs
were cotransformed with pBD/N-RPGR in yeast and selected for both bait and target proteins on -LW plates
Comparison of the relative affinity of the deletion constructs for RPGR was possible by quantification of
the activation of the reporter genes The activation of the HIS3 reporter gene was quantified by a liquid growth
assay, in which the maximum specific growth speed (Mma,, black bars) on -LWH media could be determined
for each combination The activation of the lacZ reporter gene was quantified by determining the ß-galactosidase
activity (white bars) of each combination in yeast

Addition of the part of the coiled-coil domain at the N-temunus of HI (amino acids 144-379) caused
a decrease in transachvation (ß-galactosidase activity = 0 5 U, μπ,αχ = 0 1/hr) suggesting that this
domain may form higher molecular aggregates and thus prevents the efficient nuclear translocation
of the bait Indeed, expression of the rod-like N-terminal domain of RPGRIP1 leads to a visible
and self-aggregated higher order complex upon its concentration that is highly resistant to urea
solubilization (unpublished data)
5.3.5 RPGR and RPGRIP1 co-localize in the rod outer segments of the retina
For the in teraction between RPGR and its cognate retinal substrate to be biologically significant,
these proteins must co-localize in the same cellular and subcellular structure To this end, we analyzed
the localization of both RPGR and its in teractor in bovine and human retina by immunohistochemis try
with the cognate antibodies RPGR (Fig. 5-6A-D) and RPGRIP1 (Fig. 5-6E-G) co-localized in the
outer segments of rod photoreceptors Cone inner and outer segments were conspicuously devoid
of staining (Fig. 5-6C and E, da ta not shown) Punctate staining of RPGR was occasionally observed
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Figure 5-6
Localization of RPGR and RPGRIP1 in cryosections of bovine and human retinas, using affinity-purified
polyclonal antibodies against RPGR (Α-D) and against the RID of RPGRIP1 (E-G). (A-C) Difference interference
contrast (DIG) images of bovine and human retinal sections, respectively, immunostained with RPGR antibody.
(D) A bright-field section of bovine retina where the arrows point to punctate staining in photoreceptors,
possibly the connecting cilium. (Ε-G) DIG images of bovine retinal sections immunostained with an antibody
against RID of RPGRIP1. Arrowheads identify cone photoreceptors in (B) and (E). Cone inner and outer
segments were conspicuously devoid of staining. RPGR and RPGRIP1 immunoreactivity (data not shown)
was also observed in nuclei of some ganglion cells upon Triton X-100 permeabilization. Controls consisting
of retinal sections incubated with and without primary antibodies pre-adsorbed with the cognate epitopes
and with only the primary antibodies produced no staining (data not shown). ROS, rod outer segments; RIS,
rod inner segments; CN, cones; ELM, external limiting membrane; ONL, outer nuclear layer; GPL, outer
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cells. Scale bars: (A-C
and E), 10 pm; (D, F and G), 5 pm.

at the interface of inner and outer segments, suggesting its localization also in the connecting cilium
(Fig. 5-6D). Hong et ni 3" previously described staining of only this structure in photoreceptors,
a difference likely due to the alternative splicing that was found in the region encoding the epitope
of their antibody, the 250 C-terminal amino acids of murine RPGR11.
5.3.6 The gene encoding RPGRIP1 isoforms maps to 14q11
In view of the interaction of RPGR with the novel retinal substrates reported here and the effects
of RP3/RPGR mutations on this interaction, RPGRIP1 becomes a strong candidate for inherited
retinopathies. To this end, we physically mapped the gene in the human genome. We obtained
the highest LOD score for the marker SHGC-4686 (LOD score 1000, DIST. 0 cRs) at the top of
114

RPGR INTERACTS WITH RPGRIP1

IN ROS

chromosome 14 (map position 7), which correlates with locus D14S932 at 14qll. Previously, different
families with autosomal recessive RP (RP16) were genetically linked to this locus14.

5.4

Discussion

In summary, we have found a novel class of retinal proteins, derived by alternative splicing
ofRPGRIPl, that specifically interact with RPGR by different complementary assays. Resemblances
of RPGRIP1 isoforms to proteins involved in vesicular transport suggest that they may participate
in transport-associated processes in rod photoreceptors. To this date, very few transport proteins
are known to play a key role in neuronal and, in particular, photoreceptor function. The exceptions
are the human myosin Vila and the Drosophila unconventional myosin, NinaC, which upon genetic
lesions lead to Usher-type lb, consisting of RP and hearing impairment40'11, and abnormal light-evoked
responses associated with retinal degeneration42, respectively. However, RPGRIP1 isoforms lack
a motor domain43. Thus, it is possible that they may be closely coupled in a tissue-restricted fashion
to other energy-driven molecules such as small GTPases involved in vesicular trafficking44. Still,
a candidate GTPase for the putative nucleotide exchange factor, RPGR, remains elusive. In analogy
to its homologues, the variable nature of the N-terminal coiled-coil region of RPGRIP1 isoforms
may modulate their tethering with different accessory partners in the retina and other tissues.
Maintenance of the basic cellular architecture and renovation of its contents is a universal biological
process. The outer segments of photoreceptors are membrane-rich structures under permanent
regeneration by the vectorial shedding of their distal tips into retinal pigment cells and replacement
of the discarded membranes with novel ones from the base of the outer segment45. Based on our
observa tions, we postulate that RPGR and RPGRIP1 isoforms are part of a macromolecular complex
with a key role in the remodeling of this exquisitely organized and dynamic subcellular compartment.
In this context, it is also possible that other accessory factors, such as the ubiquitously expressed
RP2 protein, may mediate the formation of competent transport macromolecular structures19 involved
in the maintenance and remodeling of rod photoreceptors.

5.5

Materials and methods

5.5.1 Preparation of bait plasmids and library (target) plasmids
The RPGR bait plasmids, pBD/N-RPGR (encoding amino acids 1-401 of RPGR), pBD/C-RPGR
(amino acids 402-815), and full-length pBD/RPGR (amino acids 1-815) were constructed as previously
described (Chapter 4). Three mutations in RPGR that were previously detected in X-linked RP
patients were introduced into pBD/N-RPGR and pBD/RPGR using the Altered Sites in vitro
mutagenesis kit (Promega, Madison, WI): G275S (G-»A at nucleotide 823 in patient 2555), F130C
(T-»G at nucleotide 389 in patient 4767), and Q236X C-»T at nucleotide 706 in patient 2884). Another
mutation, 468: RNQIICX (dell402-141405 in patient 2550) was introduced only into pBD/RPGR.
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To pinpoint the exact binding domain of human RPGRIP1 (GenBank accession no AF227257),
a series of eight deletion constructs lacking different parts of the RPGRIP1 sequence were prepared
Different fragments of cDNA clone HI (1962 bp, encoding amino acids 144-762 of human RPGRIP1)
were amplified by PCR, using 100 ng of cDNA as a template and using 5U of Pfu polymerase
(Stratagene, La Jolla, CA), 0 2 mM of each dNTP and 20 pmol of each pnmer Four fragments lacking
different parts of the 5 end were generated using reverse primer GAL4-3AD (5 -cagtaatacgactcactatagggc) and forward primers 2593 (5 -gcatgaattcgatcaaggacatttaaagtttt, construct no 1), 2594
(5-gcatgaattcccacccatgtctcagaaatat, construct no 2)/2595(5-gcatgaattctcaagaagaaaacatggcaaaag,
constructno 3),2596(5-cgatgaattcggtgattttaacctcactgac,constructno 4) A fragment lacking part
of the 3 end (construct no 5) was generated using forward primer GAL5AD (5 ctattcgatgatgaagataccccac-3 ) and reverse primer 3116 (5 -gtcactcagatttgatagattcattttttgcaaga-3 )
Three additional fragments lacking different parts of both ends were generated to further narrow
down the interacting domain (i) construct no 6, using forward primer 2596 and reverse primer
3117 (5 -ctagctcagagtagctcacaacctggtgctc-3 ), (n) construct no 7, using forward primer 2596 and
reverse primer 3118, and (in) construct no 8, using forward primer 2596 and reverse primer 3119
Amplification was performed for 15 cycles at 950C for 30 s, 58°C for 30 s and 720C for 1 5 min m
an ABI 9700 thermal cycler (Perkin-Elmer, Foster City, CA) The amplified fragments were gel-punned,
digested with EcoRI and Xhol, subcloned in-frame with the activation domain in the EcoKl-Xhol
site of the HybnZAP pAD-GAL4 vector and checked by nucleotide sequencing
5.5.2 Two-hybrid screening
Two custom and high complexity randomly- and oligo(dT)-primed cDNA libraries from female
bovine retinas were prepared in the HybnZAP pAD-GAL4 vector (Stratagene) (Chapter 4) A total
of 4 χ 106 and 2 χ IO6 clones, respectively, of the oligo(dT)- and random-pnmed retinal cDNA libraries
were screened with the bait, pBD/N-RPGR, as previously descnbed (Chapter 4) This was equivalent
to the screening of 1 85 million proteins or domains thereof
5.5.3 Identification of positive clones
Positive prey clones were isolated based on the histidine prototrophy and transactivation of
ß-galactosidase activity of interacting bait and prey plasmids Secondary screens were then carried
out to rule out fortuitous interactions The production of ß-galactosidase by the activation of the
lacZ reporter gene was detected by a filter-lift assay, as previously described (Chapter 4) ßGalactosidase activi ty of the positive clones was compared to proper positive and negative controls
that were included to valida te the assay (Chapter 4) The resul ting positive clones were confirmed
in-frame with G AL4 by DNA sequencing The nucleic acid sequence of the mserts of the interacting
clones was determined by sequencing from both ends using the forward GAL5-AD (forward),
GAL3-AD (reverse) and internal primers
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5.5.4 Analysis of interactions in yeast
Interactions of mutant and native RPGR with RPGRIP1 in yeast were qualitatively analyzed
by monitoring the growth of the respective cotransformants on SD-LWH dropout plates at 21,
30 and 370C for 6 days. Interactions were quantified by both a liquid ß-galactosidase assay, using
o-nitrophenyl-ß-D-galactopyranoside (ONPG) as a substrate as described elsewhere46, and by a
liquid growth assay. To this end, the HybriZAP pAD-GAL4 'prey' plasmids, containing the respective
fragment of RPGRIP1, were cotransformed with HybriZAP pBD-G AL4 'bait' plasmids, containing
the respective RPGR variant. The interaction of p53 with pSV40 was used as a positive control and
the lack of interaction between p53 and pLamin C as a negative control. The cotransformations
were plated on SD-LW plates and incubated at 30oC for 3 days. For the liquid growth assay, the
transformants were transferred to 5 ml of SD- LW medium and grown to a stationary state (2 days
at 30°C). Of this culture, 15 μΐ was used to inoculate 15 ml of SD-LWH medium. During shaking
at 30°C, the O D ^ was monitored in time and, at the mid-log phase of the cultures, the μ,η,,χ could
be determined of the yeast clones that were growing on this medium: vmm = (ln(;tt)- ln(j:0)) /1, where
xt is the ODJOQ of the culture at t=t, xti is the OD^x, at f=0 and t is the time between xa and AT,. Every
assay was performed with three independent clones, three samples of each clone were assayed
and the results were averaged.
5.5.5 cDNA library screening
In order to obtain the full-length cDN A sequence of bovine RPGRIP1, the insert of the A13 clone
obtained from the two-hybrid screen and containing the complete RID was used as a DNA probe
to screen at high stringency (68 0 C) the same random- and oligo(dT)-primed HybriZAP (Chapter
4), and another size-selected λ-ΖΑΡ cDNA library47 from bovine retina using standard methods
described elsewhere47. The human homologue of RPGRIP1 was identified by screening an oligo(dT)
HybriZAP cDN A library made from human retinal mRNA (Chapter 4) at high stringency (420 C /40%
formamide), using the insert of clone Al 3 as a probe, by similar procedures as described elsewhere48.
Full-length clones isolated (Fig. 5-2A: hRPGRIPla, bRPGRlPl b, bRPGRlPlc) contained stop codons
in all frames upstream of the first starting methionine, and the translational initiation sites matched
to the Kozak consensus sequence (GCCA/GCCAUGG) for translational start sites49. Nucleic acid
and protein database searches were performed using the FASTA, TFASTA and BLAST programs 50
against the GenBank, EMBL and SWISS-PROT databases51.
5.5.6 Northern blot analysis
To determine the expression pattern of RPGRIP1 transcripts, poly( A)+ mRNA was isolated from
several tissues (Promega) and the 1.3 kb insert of bovine clone A13, conserved among all clones
isolated and corresponding to the 3'-untranslated region, was used as a probe on a multiple tissue
Northern blot, containing 3 pg of poly(A)+ mRNA from bovine retina, brain, RPE, kidney, spleen,
liver and skeletal muscle by methods described elsewhere47. In addition, a probe specific for a subclass
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of RPGRIPl isoforms represented by a 3'-untranslated fragment of clone PA7 was also used for
northern analysis. A bovine cyclophilin-A probe was used as control for the amount of mRNA
loaded on the gel48.
5.5.7 Expression profile analysis by semi-quantitative RT-PCR
Human mRNA was isolated from different tissues and semi-quantitative RT-PCR analysis of
human RPGRIPl was performed as previously described52 using primers 2494 (5'gaaggagcaccaggttgtga-3') and 2495 (S'-gccatcacctatgaagctgt-S'), amplifying nucleotides 1410-1584
of human RPGRIPl in brain, liver, lung, skeletal muscle, placenta, heart, spleen, kidney, retina,
RPE and two RPE cell lines, 0407" and A R P E - ^ .
5.5.8 Expression and purification of RPGR, RPGRIP1 and domains thereof
The recombinant GST fusion proteins were prepared using the bacterial expression vector pGEX-KG
by methods previously described". Full-length RPGR was isolated from pBluescript IISK by Sacl-Smal
digestion, followed by Klenow treatment and subcloning into the EcoRI-Klenow-treated site of
pGEX-KG. GST- N-RPGR-expressing vector was prepared by restriction deletion of the Styl-Xhol
fragment of the parent pGEX-RPGR construct with these enzymes and blunt-end religation of the
Klenow-treated construct. The RID of bovine RPGRIPl (GenBank accession no. AF227258) was
derived from bovine clone A13. This C-terminal RPGRIPl domain (amino acids 842-1232) was
subcloned in-frame into EcoRI-blunted-X/ioI sites of pGEX-KG by partial digestion of clone A13
with Eco RI, Klenow treatment followed by Xho\ digestion and isolation of the 1.3 kb EcoRI-Klenowtrea ted-XM fragment (nucleotides 2524-3796 of bRPGRIPl). The N-terminal fragment of bRPGRIPl
(amino acids 284-558) was isolated from bovine cDNA clone PPA8, one of the isoforms of bRPGRIPlb,
by isola ting the 820 bp Sapl-Ncol fragment and subcloning of this Klenow-treated fragment in-frame
into XM-Klenow-treated pGEX-KG vector. The GST fusion and thrombin-cleaved (unfused) protein
constructs were produced and purified by methods previously described55.
5.5.9 Production of anti-RPGR and -RPGRIP1 antibodies
Two rabbit antibodies were generated against the MAP-peptide comprising the residues 96-116
of human RPGR. The antibodies were affinity-purified against the cognate epitope. Only RPGR
antibody 33606 was used in the studies here described. Two rabbits antibodies against RID (nos
38 and 39) and N-terminal domains (nos 22 and 23) of RPGRIPl previously described were generated
and affinity-purified against the cognate-purified protein antigens under non-denaturing conditions
according to the manufacturer's instructions (Stereogene, Arcadia, CA). Antibodies nos 38 and
39 were used in this study.
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5.5.10

Immunohistochemistry

Immunolocalization of RPGR and RPGRIP1 was carried out by similar procedures as described
before*. Bovine and human dissected eyecups were fixed with 2% paraformaldehyde in 1 χ phosphatebuffered saline (PBS) at 4 0 C for 40 min. Fixed eyecups were then infiltrated overnight with 30%
sucrose in 1 χ PBS at 40 C, the retinas were embedded in Tissue Freezing Medium (Tissue-Tek, Tringle
Biomedical Sciences, Durham, NC), sections (5-7 μπη) were cut on a cryostat (Leica, Nussloch, Germany)
and mounted on gelatin chromium potassium sulfate-coated slides. Retinal sections were first
preincubated with 2% paraformaldehyde in 1 χ PBS for 4 min at room temperature and rinsed twice
with 0.1% saponin in 1 χ PBS. Whenever applicable saponin or Triton-XlOO (0.1%) were added to
all incubations and washing buffers to permeabilize the membrane, and all incuba tions were done
at room temperature. The sections were pre-incuba ted with normal goat serum (Kirkegaard Perry
Laboratories, Gaithersburg, MD) for 10 min to block non-specific binding, followed by incuba tion
with the primary affinity-purified antibody (1.72 μg/ml and 1.075 pg/ml, respectively, for anti-RPGR
in bovine and human retinas; 5.06 pg/ml or 2.53 pg/ml for anti-RPGR substrate) for 30 min. After
being rinsed, the sections were incubated with horseradish peroxidase-conjugated goat anti-rabbit
IgG (7.5 pg/ml; Kirkegaard Perry Laboratories) for 30 min, washed several times and developed
with DAB for 15 min (Fig. 5-5A-C and F) or with TrueBlue substrate solution containing 3,3,5,5tetramethylbenzidine (TMB; Kirkegaard Perry Laboratories) and H 2 0 2 for 10 min (Fig. 5-5D, E
and G). The sections were coverslipped with 80% glycerol in lx PBS for DAB staining or 100%
glycerol for TrueBlue staining followed by immediate examination on a Nikon photomicroscope
equipped with Nomarski optics and color digital imaging (Spot Diagnostic Instruments, Sterling
Heights, MI).
5.5.11 Western blot analysis
CHAPS-solubilized bovine and human retinal extracts were prepared exactly as described
previously5'5. Retinal homogenates were prepared by homogenizing retinas in 3x SDS-samplebuffer
[5% (w/v) SDS, 0.15 M Tris HCl, pH 6.7, 30% glycerol] followed by several passes through a 18
G 11/2 needle and then a 25 G 5 / 8 needle. Homogenates were then diluted 1:3 in RIPA buffer (25 mM
Tris pH 8.2,50mM NaCl, 0.5% Nonidet P40,0.5% deoxycholate, 0.1% SDS, 0.1% azide) containing
10 mM iodoacetamide and complete protease inhibitor cocktail (Boehringer Mannheim, Mannheim,
Germany). Protein concentration of retinal extracts and homogenates, respectively, was measured
by the Bio-Rad (Hercules, CA) and bicinchoninic acid (BCA; Pierce, Rockford, IL) protein assay
methods or after trichloroacetic acid precipitation. All protein samples were boiled, resolved on
55
10%SDS-PAGE and western blots were prepared as previously described . Affinity-purified antibodies
against RPGR and RPGRIP1 were both used at 43 ng/ml. The secondary antibody, goat anti-rabbit
IgG (Jackson Immuno-Research, West Grove, PA) was used at 25 ng/ml and the blots were developed
with the SuperSignal chemiluminescence substrate (Pierce).
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5.5.12 Cell-free binding assays
GST fusion and cleaved constructs were incubated at 4°C in NP-40 incubation buffer (50 mM
Tns pH 8 0,150 mM NaCl, 1% NP-40,2 mM CaCl2 and 2mM MgCl2) for 90 mm followed by affinitycapture of GST-bound complexes wi th 50% glu thatione-S-agarose beads and three washes of the
co-precipita tes with 1 ml of the same buffer GST N-RPGR and unfused RID were used at 0 1 μΜ,
GST RID and unfused N-RPGR at 3 5 μΜ„ unless otherwise specified Pellets were solubilized
in 1 χ SDS-sample buffer, boiled, resolved in SDS-PAGE and blotted for western analysis with affinitypunfied antibodies against RPGR or RPGRIP1 as described previously
5.5.13 Co-immunoprecipitation assays
Antibodies against RPGR and its interacting substrate domain (2 5 and 5 μg, respectively) were
incubated with 15 μΐ of Protein A-agarose beads in a phosphate-saline buffer, pH 7 4, for 30 mm
The beads were precipitated and washed three times with 10 vol of 0 2 M triethanolamine in 0 1
M borate buffer, pH 9 0 Some antibodies were briefly cross-linked to protein A with 20 mM
dimethylpimehmidate for -20 mm followed by two washes with 20 vol of 50 mM ethanolamine,
pH 8 2, and several washes with PBS CHAPS-solubilized retinal extracts were prepared as previously
described with the excephon that no ß-mercap toethanol was added to the homogemzation buffer"
Retinal extracts were incubated with each of the antibodies separately for 90 mm at 40C on a nutator,
the beads were precipitated, washed three times with 0 5 ml of washmg buffer (0 2% Triton X-100,
2 mM CaC12,2 mM MgC12,50 mM Tns-HCl pH 7 4) followed by the elution of the immunocomplexes
with 40 μΐ of 1 χ SDS-sample buffer and boiling of the eluates in the presence of 1 mM DTT The
immunocomplexes were resolved by SDS-PAGE and western blot analysis with an antibody against
RPGR as previously described55 The immunoprecipitation of RPGR and mutant constructs from
detergent-solubilized yeast extracts (900 μg-l 2 mg, Y-PER reagent. Pierce) with anti-RPGR antibody
(2.5 μg) was carried outby similar methods Protem concentrahon of yeast extracts was determined
by the BCA method
5.5.14 Radiation hybrid mapping
Radiation hybrid mapping was performed with the Stanford G3 Radia hon Hybrid Panel (Research
Genetics, Huntsville, AL) as previously described52, using primers 2494 and 2495 Amplification
was performed for 35 cyclesat95 0 C for 30 s,580C for 30 s and 72 0 C for 2 mm in an ABI 9700 thermal
cycler (Perkin-Elmer) The locahza tion of the cDNA fragments m the Stanford G3 Radiation Hybrid
Map was determined at the Stanford Human Genome Center website (http / / www-shgc Stanford edu)
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CHAPTER 6
General Discussion

GENERAL DISCUSSION

6.1

Positional cloning of the gene for RP3

At the onset of our studies, the 10 year search for the RP3-gene had almost come to a standstill.
Linkage studies had failed to narrow the mapping interval carrying the gene any further. Candidate
genes from the proximal part of a large Xp21 deletion, that extended approximately 3 Mb from
the Duchenne muscular dystrophy locus (DMD) in Xp21.3 to XpZl.l1, were not mutated in RP3
patients, suggesting that the RP3 gene was located even further proximal.
In previous studies conducted in our laboratory, microdeletions had been instrumental for finding
the gene defects underlying two other X-linked eye disorders2,1. Therefore, we set out to conduct
systematic deletion screening in patients with X-linked RP. To this end, a novel method, called
YAC representation hybridization (YRH) was developed that was partly adapted from the
representational difference analysis (RDA) technique4, as is described in detail in Chapter 2. In
our initial experiments, this method detected well-characterized microdeletions in Norrie disease
patients (W. Berger, unpublished results), using a 600 kb YAC that spanned the Norrie Disease
(ND) locus. It is interesting to note that more recently, YRH was used again to identify a LI insertion
in a XLRP patient, enabling the cloning of the gene involved in RP25.
Based on the linkage data only, the RP3-interval was situated between the cytochrome b-245
(CYBB) and OTC genes. A yeast artificial chromosome contig in Xp21.1 included a 660 kbp YAC
which contained both loci. Using the YRH method, we screened 30 XLRP patients and identified
a 6.4-kb microdeletion in one of them (Chapter 2). By using a combination of cDNA library screening,
the construction of a cosmid con tig, shotgun cosmid sequencing and exon prediction, we identified
6 exons of a gene. One of these exons was situated in the 6.4 kb deletion interval. The cDN A clones
that were identified contained different splice variants, but none of them contained a significant
open reading frame. Different cDNAs however did contain a poly(A) tail and a consensus
polyadenylation signal (AATAAA), but no additional disease-associated mutations in any of our
patients were identified. Attempts to expand the cDNA sequence by screening a retinal cDNA
library were unsuccessful. Therefore, we isolated overlapping cosmids of the corresponding genomic
region and used these to screen the retinal cDNA library. In this way, we were able to identify six
overlapping novel retina cDNA clones (Chapter 3). These clones all contained a continuous open
reading frame and, using RT-PCR, could be linked to the last 4 exons (W-Z) of the previously identified
gene (Chapter 2). To determine its exon-intron structure, its sequence was aligned with the genomic
sequence of the relevant cosmids. Moreover, northern blots were performed including RNA from
a variety of tissues. The novel gene was found to be ubiquitously expressed and to contain at least
19 exons, encoding a predicted protein of 815 amino acids and a size of 90 kDa. On western blots,
we detected a 100 kDa protein in retinal extract. The carboxy-terminal end of the deduced protein
contains a CA AX isoprenyla tion motif. The N-terminal half of the protein shows a tandem repeat
structure that is homologous to RCC1, the regulator of chromosome condensation. RCC1 acts as
a guanine-nucleotide exchange factor (GEF) for the Ras-like GTPase, Ran. Based on this homology,
the protein was named retinitis pigmentosa GTPase regulator, RPGR6. Its involvement in RP3 was
confirmed by the detection of different disease-associated muta tions in the N-terminal half of the
protein. The previously identified exons V and U were not present in RPGR. Exon U might not
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have represented true coding sequence, since this exon was merely predicted from the genomic
sequence by the GRAIL program, but the absence of exon V was surpnsmg This exon was found
to be present in cDNA clones that were isolated from retina cDNA, and it was the only exon contained
in the RP-associated microdeletion Recent analysis of exons 1-19 in this patient indeed showed
the presence of all 19 RPGR exons in the mRNA of extraocular tissue (lymphoblastoid cell lines)
a t equal levels m both the pa hent and a heal thy control, excluding an effect of the deletion on mRNA
stability as the primary cause of the disease7 However, numerous attempts failed to link this exon
to the upstream exons of the gene, either by cDNA walking using the retina cDNA library, or by
RT-PCRusing different tissues including retina (results not shown) This suggests either that exon
V was a splicing artifact ,or that it is part of an alternative transcript that is linked to exon 15 but
difficult to clone, for example because of the presence of a long repeat that disturbs polymerase
activity The latter would also explain the gap in our genomic sequence contig, and the failure of
vanous attempts to isolate the genomic fragment by long-range PCR Inthecaseofa splicing artifact,
another alternative transcript might include an exon that accounts for the RP phenotype of the
deletion patient

6.2 Paucity of RPGR mutations in XLRP patients
Until recently, the majority of mutations that were found in XLRP patients, by us and others,
including all of the reported missense mutations, were located m this RCC1 -homologous domain
(RHD) of RPGR (Fig. 6-1) (Chapters) 6 * , 7 RPGR mutations were only detected m 20% of all X-linked
RP cases (Chapter 3)6 lc, which represents a much lower frequency than estimated by linkage analysis
(>60%) The paucity of mutations, even in families with linkage to the RP3 interval, was explamed
by (i) locus heterogeneity for RP3, ι e the presence of another as yet unidentified RP3 gene in the
vicinity of RPGR, (n) mutations in regulatory elements which affect gene expression, and (in) not
yet identified RPGR exons, which are the targets of muta tions in a significant number of patients
Recently, we performed a detailed analysis of RPGR transcription in mouse and human tissues7
In both species, the gene is characterized by an extraordinary degree of alternative splicing Up
to 12 tissue-specific splice variants were found, one of which contains a novel, retma-specific exon,
exon 15a, located between exon 15 and exon 16 Exon 15a contains only an ORF of 33 nucleotides,
followed by a premature stop codon The deduced RPGR protein sequence was thus shortened
from 815 (90 kDa) to 646 ammo acids (71 kDa), lacking the isoprenylation site at the very C-termmus
oftheprotein Interestingly, exon 15a was deleted by the RP-associated 6 4 kb microdeletion These
data provide clues for the RP phenotype of the patient, and emphasize the functional relevance
of the transcript They also suggest that the isoprenylation site at the carboxy ternunus of RPGR
is not essential for retinal function No other mutations were detected m the small ORF of exon
15a Northern blot analysis of the homologous mouse gene indicated additional splice variants
in the eye, ranging in size from 5 to 20 kb7, suggesting the existence of additional, yet unidentified,
coding sequences in man, too Indeed, another group recently reported the identification of additional
human splice variants, including a mutational hot spot in RPGR m one of them18 They sequenced
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a 172 kb region that covered the entire gene and flanking regions, and used a combination of exon
prediction, RT-PCR and rapid amplification of cDNA (RACE) techniques to further characterize
the complex splicing pattern of RPGR. All novel exons contained a premature stop codon, and
most of them were expressed in retina. In particular, a novel 3' terminal exon, ORF15, was identified
which includes exon 15 together with 2.5 kb of intron 15 sequence. This exon was found to be
predominantly expressed in the retina and in a retinoblastoma cell line (Y79). It encodes 567 amino
acids, resulting in a total size of this RPGR isoform of 1171 amino acids (127 kDa). The novel domain
is highly repetitive, rich in glutamic acid and glycine residues, but doesn't contain a known protein
motif. Mutation analysis of ORF15 in XLRP patients revealed 17novel disease-associated mutations
in a 1 kb coding interval containing only 27 (2.5%) pyrimidines. The majority of the mutations were
small deletions leading to a premature termination of translation, probably resulting from strand
slippage during replication of this repetitive sequence. Mutations in this novel exon constitute 50%
of all XLRP mutations and, together with the mutations found previously in other parts of RPGR,
explain almost all cases with RP3 1 8 .

6.3 The putative function of RPGR
The first clue to the function of RPGR was obtained when sequence comparison revealed that
its N-terminal half is homologous to the Ran-GEF RCC1. RCC1 contains seven repeats that form
a seven-bladed propeller", and therefore, RPGR was predicted to form a similar structure. Other
reports hinted towards the involvement of Ran in photoreceptor function. In one of these, a large
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retinal multidomain protein, Ran-binding protein 2 (RanBF^)20·21 containing four Ran-binding domains
and a cyclophilin domain was described, which was found to act as a chaperone for the expression
of red/green (R/G) opsin. Although the role of Ran-binding remained elusive, it was suggested
that the exchange of Ran-GDP by Ran-GTP in the cytoplasmic compartment of photoreceptors
may be catalyzed by RPGR, which may be required for the transport of Ran-GTP back into the
nucleus. According to this hypothesis, mutations in the RPGR gene impair the shuttling of Ran
from/into the nucleus. Even more importantly, they could uncouple Ran from its putative
effectors/substrates, some of which, like RanBP2, may be critically dependent on Ran and RPGR.
Furthermore, RCC1 as well as proteins containing RCCl-like domains were previously shown
to contain GEF activity with quite a broad substrate specificity. For example, p532 that contains
two RHDs functions as a GEF for Arf and Rab, but apparently not for Ran22. However, different
reports mentioned that RPGR did not bind to, nor act as a GEF for Ran, or any other currently available
small GTPases like ARFl and different Rab proteins21'24. Therefore, a true molecular partner that
would link RPGR to a cellular function remained to be identified.
The subcellular location of RPGR has been analyzed by expressing mouse Rpgr cDN A in COS
cells25. It was shown that in these cells, the consensus CAAX isoprenylation motif (-CTIL) at the
C-terminus of RPGR is very likely used for geranylgeranyla tion, thus localizing this protein to the
subcellular Golgi complex. The identification of the RPGR splice variants containing exons 15a
and ORF15, which resultin C-terminally truncated proteins that lack the isoprenylation site, questions
the relevance of these findings for the photoreceptor function. The role of these splice variants in
retina function seems to be essential, based on (1) their predominant (exon ORF15) or restricted
(exon 15a) expression in the retina, and (2) the RP3-associated mutations specific for these splice
variants. The importance of the ubiquitously expressed RPGR isoforms (that contain the isoprenylation
motif) in the retina remains elusive, though the fact remains that these are also expressed in the
retina18, albeit at lower levels, and do contain the RHD in which RP3-associated mutations have
been found. The identificahon of a 100 kDa RPGR protein in retinal extracts does not clarify this
issue, since none of the above mentioned predicted isoforms are of this size. All of these contain
the epitope of the antibody, and all size-differences are within the range that can be explained by
post-translational modification and/or aberrant electrophoretic mobility. Immunochemical experiments
using antibodies against the newly identified domains of RPGR will be necessary to clarify their
functional relevance.
26

The study of a recently described RPGR-deficient mouse-model , may help to understand the
underlying pathogenic mechanism. In the absence of RPGR, mislocalization of cone opsins was
demonstrated, and there was evidence for a similar effect in rod photoreceptors, as suggested by
reduced rhodopsin content in the rod outer segments. In mutant mice, both rod and cone
photoreceptors degenerate, thereby leading to an RP-like phenotype. Using antibodies that were
directed against the C-terminal 250 aa of RPGR, the protein was found to be localized in the connecting
cilia of both rod and cone photoreceptors. These results therefore reflect the localization of the RPGR
isoforms that contain the isoprenylation motif. This might be important in unraveling the fune tional
repertoire of the RPGR isoforms, as the connecting cilium is critically important for polarized transport
of nascent proteins, including opsin, from the inner to the outer segment27. Interestingly, it has
12Θ
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been known that some families with X-linked RP manifest an association between retinal disease
and motile ciliary abnormalities28"30, and a t least one such family has been shown to carry an RPGR
mutation31. This suggests that RPGR may have a general role in ciliary function, and it would be
interesting to see if these ciliary abnormalities in XLRP patients all associate with mutations in
the RHD of RPGR and not in ORF15 or exonlSa, thereby specifically connecting this ciliary role
with the ubiquitously expressed isoform of RPGR.

6.4 Identification of RPGRIP1, an RPGR interactor
These data warrant a search for retina-specific RPGR substrates. Using the yeast two-hybrid
system, we have isolated and characterized RPGR-interacting protein 1 (RPGRIP1) isoforms, a
novel protein that specifically interacts with the RHD of RPGR. We did not identify the δ-subunit
of rod cyclic GMP phosphodiesterase (PDEo) in our interaction-trap screens. This protein had been
identified previously as an RPGR-interactor in a yeast two-hybrid screen23. These findings may
be explained by the fact tha t different variants of the two-hybrid system and a different target library
were used. For the isolation of PDEô, a Lex Α-based two-hybrid system had been employed to screen
a size-selected mouse embryo cDNA library. In contrast, we used a GAL4-based two-hybrid system
to screen two size-selected bovine retina cDNA libraries. Therefore, our method is less likely to
identify proteins that fortuitously interact with RPGR outside of the retina. This might be the case
for PDEo, since co-localization in the retina, or co-precipitation of both proteins from retinal extracts
were never reported. However, additional proteins could be interacting with RPGR in the retina
that are not detectable by this artificial method. For example, protein-protein interactions will not
be identified if they are blocked by one or more of the fusion partners, or if the proteins are not
properly targeted to the nucleus.
RPGRIP1 isoforms, that were derived by alternative splicing, consist of two major domains:
a long variable rodlike N-terminal domain, predicted to form coiled-coils, and an RPGR-interacting
globular C-terminal domain. They show structural similarity to motor proteins such as myosins
and kinesins, to transport-related proteins like yeast USOl, a putative yeast transport and cy toskeletonrelated protein required for ER-Golgi protein trafficking32"34 and to the human hookl homologue
(hHookl), a protein involved in endocytic vesicle trafficking3''.
The coiled-coil rodlike domains have homology to corresponding domains of heavy chains of
myosin of the skeletal and smooth muscle, of yeast USOl16 and of hHookl 37 . The RPGRIP1 coiled-coil
domains are primarily characterized by perfect and quasi-perfect leucine heptad repeats where
leucines are conserved at every third and/or fourth amino acid position. They have also been found
to form amphipathic alpha-helical structures with basic and acidic residues intercala ting the leucine
motifs. Thus, the RPGRIP1 isoforms may form higher order structures with themselves and/or
proteins containing complementary domains. Indeed, different lines of evidence suggest that this
may be the case. For example, expression of a segment of the rodlike N-terminal domain of RPGRIP1
leads to a visible and self-aggregated higher order complex (upon its concentration) that is highly
resistant to urea solubilization (P. Ferreira, unpublished results). Moreover, addition of portions
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of this domain to the RPGR-interacting domain leads to a significant reduction of transactivation
of the reporter genes in two-hybrid assays with RPGR
Other indications for a function of RPGRIPl in transport-related processes are its significant
homology to yeast USOl downstream of the myosin rodlike domain This suggests that the proteins
have related functions The high levels of expression of at least one of the RPGRIPl isoforms in
skeletal muscle indicates that it may play a specific role in this tissue Preliminary results also show
some RPGRIPl expression in axonal processes of ganglion cells, and some punctate staining could
be observed in the inner plexiform layer (IPL) This might indicate a transport-related function
in this neural layer of the retina as well
The presence of a tubuhn-hke motif within the N-terminal region suggests that the RPGRIPl
isoforms interact with cy toskeleton-associated proteins This motif, which is embedded in a region
of extremely low amino acid complexity (composed mainly of P, G, T), contains a glycine-nch sequence
In tubulins, it is represented by the sequence, [SAG]-G-G-T-G-[SA]-G In RPGRIPl, the homologous
sequence, GGGTESG, contains an aspartate instead of a glycine which is conserved in tubulins
This sequence has been postulated to modulate the access of GTP to the "exchangeable" GTP site
in tubulins'1"''1 Thus, it is possible that RPGRIPl acts as an accessory or adaptor protein, and in
concert with the putative nucleotide exchange factor, RPGR, 11 may influence the biogenesis and/or
function of these cytoskeleton elements
Motor proteins are known to play a key role in neuronal and photoreceptor function For example,
mutations in human myosin Vila lead to Usher syndrome type lb Mutations in NinaC, a Drosophda
"unconventional myosin", lead to abnormal light-evoked responses associated with retinal
degeneration42 In contrast to other known motor proteins, RPGRIPl appears to lack a canonical
ATP/GTP-binding motif and motor domain At first, this appears surprising Yet, there is emerging
evidence that some transport proteins hetero-ohgomerize wi th light chams and accessory or adaptor
proteins that may be required to modulate motor-driven processes and couple cy toskeletal-based
transport with cellular cargoes41-^ Thus, RPGRIPl may impart such function to a subset of yet
unidentified transport proteins by recruiting RPGR m a tissue-specific fashion and modulating
RPGR activity on other closely related membrane-associated substrates, which remam to be identified
The variable nature of the N-terminal half region of RPGRIPl may confer differential and specific
interactions with cy toskeletal-associated motor-partners in the retina and other tissues In this respect,
it is interesting to note that some isoforms, such as the hRPGRIPla and bRPGRIPlc classes lack
the leucine-zipper domams, while others, like the bRPGRIPlb class, lack the alpha-helical in tervening
"stalk" domain (Chapter 5) Thus, the combinatorial association of RPGRIPl with their partners
could lead to a dramatic increase of the repertoire of RPGRIPl-associated modular proteins and
couple membrane biogenesis to cytoskele tal-based transport processes Formation of such interactions
could be further regulated by phosphorylation events at potential sites present throughout the
mteractmg amphipathic alpha-helical domains The complete concentration of mynstylahon and
glycosylation sites in the N-terminal part of RPGRIPl (not shown) suggests that these proteins,
like the isoprenylated RPGR, are closely associated with membrane structures Also, the absence
of these and other major posttranslational motifs within the C-terminal half of RPGRIPl would
be important in presenting a domain stencally free of interacting with the membrane-anchored
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and stalked RPGR.
Maintenance of the basic cellular architecture and renova tion of i ts contents is a universal biological
process. The outer segments of photoreceptors consist of thousands of membrane discs packed
in a crystalline-like array within the outer segment membrane. These membrane-rich structures
are under permanent regeneration by the vectorial shedding of their distal tips into retinal pigment
cells and replacement of the discarded membranes with novel ones from the base of the outer
46
segment . The maintenance of the organization and remodeling of this unique compartment will
likely require the presence of photoreceptor-specific cytoskeleton-related protein(s) and accessory
machinery components that are capable of sustaining such a demanding but poorly understood
biological process. It is possible that there is some degree of functional redundancy in this basic
biological process through i ts dependence on families of rela ted proteins, some of which may show
ubiquitous expression and function. RPGRIP1 isoforms that are specifically expressed in the
photoreceptors interact with ubiquitous RPGR in the outer segment of rod photoreceptors and
form stable complexes with RPGR in the retina. In view of the fact that mutations in RPGR can
lead to drastically reduced interactions of RPGR with RPGRIP1 and dysfunction of the rod cells
in RP3 patients, we postulate that RPGR and RPGRIP1 may be part of a macromolecular complex
with a key role in the maintenance of this exquisitely organized and dynamic subcellular compartment.
The RP2 protein shows homology to human cofactor C, a protein that is required for the correct
folding of the β-tubulin molecule. Hence, the RP2 protein might mediate the formation of competent
transport macromolecular structures'5. Thus, RPGR, RPGRIP1, and RP2 may all directly participate
in the maintenance and remodeling of rod photoreceptors. Dissection of these macromolecular
complexes will provide further clues to the molecular pathogenesis of retinitis pigmentosa and
may identify additional candidate genes for retinal dystrophies.
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SUMMARY

Summary
Retinitis Pigmentosa (RP) is a clinically and genetically heterogeneous group of retinal dystrophies
that is characterized by night blindness, progressive constriction of the visual field, and fundus
abnormalities, including the typical intraretinal bone spicule pigmentation These symptoms are
caused by a gradual degeneration of photoreceptor cells through apoptosis, starting with the rod
photoreceptors m the mid-periphery of the retina, and gradually progressing towards the periphery
and the fovea, the central region of the retina that contains only cone photoreceptors Eventually
the cones become affected, too, leading to partial or complete blindness In milder cases where
some visual acuity is retained, there is a marked reduction of the number of photoreceptors, and
the outer segments are severely shortened or absent Over 30 different loci have been reported,
and to date, 18 RP-associated genes have been identified X-lmked RP (XLRP) constitutes 10-25%
of the familial cases, affecting approximately 1 in 25,000 people It is considered as the most severe
form, with on average an earlier age of onset than autosomal dommant or recessive RP and leading
to blindness in the third or fourth decade of life
The critical interval for RP3, involved in up to 75% of the XLRP cases, was distally flanked by
the marker DXS1110, and proximally by the OTC gene A yeast artificial chromosome (Y AC) contig
in Xp21 1 contained a Y AC on which both loci were present We used that Y AC to develop a new
screening method for chromosomal rearrangements, YAC representation hybridization (YRH)
(Chapter 2) The method was based on the generation of a defmed, amphfiable subset of restriction
fragments representing the YAC that spans a genomic region of interest In this way, a 6 4 kb
microdeletion could be identified in one out of 30 unrelated XLRP patients Subsequent cDNA
library screening combined with shotgun cosmid sequencing allowed the identification of 5 exons
of a candidate gene for RP3 that was interrupted by the microdeletion Later, additional transcripts
could be identified that were shown to belong to the same gene (Chapter 3) It contains at least
19 exons and encodes a protein of 815 amino acids The predicted product of this gene shows protein
homology in its N-terminal half with RCC1, the regulator of chromosome condensation RCC1
acts as a guanine-nucleotide exchange factor (GEF) for the Ras-like GTPase, Ran, which is why
this novel protein was called retinitis pigmentosa GTPase regulator, RPGR Its involvement in RP3
was confirmed by the detection of specific point mutations, altering the RPGR protein in XLRP
patients The majori ty of mutations found in XLRP pa hen ts, including all of the reported missense
mutations, were located m the RCCl-homologous domain of RPGR In order to identify the function
of RPGR, we made use of the yeast two-hybrid system to isolate proteins that interact with the
RCCl-hke domain of RPGR (Chapter 4) By screening two size-selected HybnZ AP cDN A libraries
derived from bovine retina, we identified two different, partly overlapping, isoforms of a protein
that interacts with RPGR For the gene encoding this protein, both ubiquitously expressed and
retina-specific transcripts were found, indica ting tissue-specific splice variation (Chapter 5) The
specific interaction of RPGR and RPGR interacting protein-1 (RPGRIP1) was confirmed by different
biochemical and immunohistochemical methods Both protems are located in the outer segments
of rod photoreceptors The RPGRIP1 gene could be mapped to the short arm of chromosome 14
(14qll), a candidate region for autosomal recessive RP (RP16) All RPGRIP1 isoforms contain a
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conserved C-terminal domain that interacts wi th the RCCl homologous domain of RPGR and variable
domains resembling proteins tha t are involved in vesicular transport. Database analysis revealed
the existence of another novel protein with high homology to RPGRIPl, KIAA1005, that is highly
expressed in the brain. These proteins might be part of a novel family of proteins with transportassociated properties and neuronal-specific function. It is tempting to speculate that both RPGR
and its interactor RPGRIPl participa te in the maintenance and remodeling of rod photoreceptors.
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Samenvatting
Retinitis Pigmentosa (RP) is de term die gebruikt wordt om een groep netvlies-dystrophieën
aan te duiden, met een grote klinische en genetische variatie. De gemeenschappelijke kenmerken
zijn nachtblindheid, een progressieve vernauwing van het gezichtsveld en fundus-afwijkingen.
De ziekte dankt zijn naam aan de typische pigment-ophopingen in het netvlies (retina). Deze
symptomen worden veroorzaakt door een langzame degeneratie van de staafjes en kegeltjes
fotoreceptoren door geprogrammeerde celdood (apoptose). Dit begint bij de staafjes in de zogenaamde
"mid-periphery" van de retina, en gaat van daaruit geleidelijk naar buiten (naar de "periphery")
en naar binnen. Het centrale gedeelte van de retina (macula lutea of gele vlek), beva t in het midden
alleen kegeltjes (de fovea). Uiteindelijk worden ook de kegeltjes aangetast, wat leidt tot gedeeltelijke
of volledige blindheid. In mildere gevallen, waarbij enig zicht behouden blijft, is er een sterke afname
van het aantal fotoreceptoren en zijn de buitenste segmenten sterk verkort of helemaal afwezig.
Er zijn meer dan 30 loei voor RP beschreven en tot nu toe zijn er 18 genen voor RP geïdentificeerd.
X-gebonden RP (xlRP) omvat 10-25% van de familiaire gevallen en komt voor in ongeveer 1 op
25.000 mensen. X-gebonden RP wordt beschouwd als de meest ernstige vorm van RP; de ziekte
openbaart zich in het algemeen eerder dan autosomaal dominante of recessieve RP en leidt tot
blindheid tussen het 20e en 40° levensjaar.
Het kritische interval voor RP3, dat betrokken is bij 75% van de xlRP gevallen, werd distaal
geflankeerd door marker DXS1110 en proximaal door het OTC-gen. Een "yeast artificial chromosome"
(YAC) contig in Xp21.1 bevatte een YAC waarop beide loei aanwezig waren. In het hier beschreven
onderzoek hebben we deze YAC gebruikt om een nieuwe screeningsmethode te ontwikkelen voor
chromosomale herschikkingen; "YAC representation hybridization" (YRH) (Hoofdstuk 2). Deze
methode is gebaseerd op de ontwikkeling van een gedefinieerde subset van restrictiefragmenten,
die m.b.v. PCR geamplificeerd kunnen worden. Deze fragmenten representeren de hele YAC, die
het genomische gebied van interesse omvat. Op deze manier kon een 6.4 kb microdeletie
geïdentificeerd worden in één van de 30 niet-verwante xlRP patiënten die onderzocht zijn. De
hieropvolgende screening van cDNA banken, gecombineerd met shotgun sequencing van cosmiden,
leidde tot de identificatie van 5 exonen van een kandidaatgen voor RP3, dat onderbroken werd
door de microdeletie. Later werden er andere transcripten gevonden, die tot hetzelfde gen bleken
te behoren (Hoofdstuk 3). Het RP3-gen bevat minimaal 19 exonen en codeert voor een eiwit van
815 aminozuren. Het N-terminale gedeelte van het voorspelde genprodukt vertoont homologie
met RCC1, de regulator voor chromosoomcondensatie. RCC1 werkt als "guanine-nucleotide exchange
factor" (GEF) voor het ras-achtige GTPase, Ran. Hierdoor werd dit nieuwe eiwit "Retinitis Pigmentosa
GTPase regulator" (RPGR) genoemd. De betrokkenheid bij RP kon bevestigd worden, doordat
specifieke puntmutaties in xlRP gevonden werden die het RPGR-eiwit veranderden. De meeste
van deze mutaties, inclusief alle "missense" mutaties die zijn beschreven, waren in het RCCl-homologe
domein gevonden. Om de functie van RPGR op te helderen werd gebruik gemaakt van het "yeast
two-hybrid" systeem. Dit systeem werd gebruikt om eiwitten te isoleren die een binding aangaan
met het RCCl-homologe domein van RPGR (Hoofdstuk 4). Screening van twee op grootte
geselecteerde "HybriZap" cDNA banken uit runder-retina, leverde twee gedeeltelijk overlappende
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varianten op van een eiwit dat aan RPGR bind t. Het gen dat voor dit eiwit codeert bevat transcrip ten
die in alle weefsels tot expressie komen en transcripten die specifiek in de retina tot expressie komen,
wat duidt op een weefsel-specifieke "splicing" (Hoofdstuk 5). De specifieke interactie tussen RPGR
en het RPGR-bindende eiwit ("RPGR-interacting protein 1", RPGRIPl) werd bevestigd met
verschillende biochemische en immunohistochemische methoden. Beide eiwitten bevinden zich
in de buitenste segmenten van de staafjes. Het RPGRIPl -gen bleek op de korte arm van chromosoom
14 te liggen (14qll), waar tevens een kandidaatgebied voor autosomaal recessieve RP ligt (RP16).
Alle varianten van RPGRIPl bevatten een C-terminaal domein dat de interactie met het RCC1homologe domein van RPGR aangaat. Tevens bevatten ze variabele domeinen die homologie vertonen
meteiwitten, die betrokken zijn bij transport van "vesicles". In de databanken werd een ander nieuw
eiwit gevonden da t homoloog is aan RPGRIPl, KIAA1005, dat hoog tot expressie kom t in de hersenen.
Het is goed mogelijk dat beide eiwitten deel uitmaken van een nieuwe familie met transportgeassocieerde eigenschappen en een specifieke functie in neuronen. Het is verleidelijk om te speculeren
dat zowel RPGR als zijn interactor RPGRIPl een rol spelen bij de handhaving en vernieuwing van
staafjes fotoreceptoren.
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Eenvoudiger gezegd
Het doel van het in dit proefschrift beschreven onderzoek was het ophelderen van de erfelijke
en biochemische oorzaak van een ernstige erfelijke oogziekte: retinitis pigmentosa type 3 (RP3).
retinitis pigmentosa (RP) is een verzamelnaam voor oogziekten waarbij het netvlies (de retina)
langzamerhand afsterft. Alle vormen van RP leiden tot nachtblindheid en een steeds nauwer wordend
gezichtsveld (tunnelvisie). Bovendien zijn met bepaalde technieken, waarbij er meteen speciale
microscoop in het oog gekeken wordt, pigment-ophopingen in de retina zichtbaar, waaraan de
ziekte zijn naam te danken heeft. De belangrijkste cellen in de retina zijn de staafjes en kegeltjes,
de zogenaamde fotoreceptoren, die het in het oog vallende licht opvangen en omzetten naar een
signaal voor de hersenen, waardoor we kunnen zien. Bij RP worden eerst de staaljes aangetast,
wat leidt tot nachtblindheid. Langzamerhand sterven ook de andere cellen in de retina af, tot
uiteindelijk het midden van de retina bereikt wordt. In deze zogenaamde "gele vlek" bevinden
zich bijna alleen kegeltjes, die noodzakelijk zijn voor het zien van kleuren. Als ook deze cellen afsterven
wordt de patiënt volledig blind. De ernst van de ziekte wordt dus bepaald door de mate van
beschadiging van de retina. Bij sommige RP patiënten, die nog gedeeltelijk kunnen zien, is niet
de hele retina beschadigd maar zijn er minder fotoreceptoren dan bij mensen met volledig zicht,
of zijn de buitenste segmenten van de cellen (die verantwoordelijk zijn voor het omzetten van licht
in een signaal voor de hersenen) verkort of afwezig.
In 10 tot 25% van de erfelijke vormen van RP ligt de afwijking op het X-chromosoom. Men spreekt
hier van X-gebonden RP (xlRP), wat voorkomt in 1 op 25.000 mensen. Omdat mannen maar één
X-chromosoom hebben (van alle andere chromosomen hebben we er twee), kan een foutje op dit
chromosoom meteen tot een ziekte leiden. Vrouwen hebben twee X-chromosomen en als de ziekte
"recessief ' overerft, zoals RP, kan het foute X-chromosoom gecompenseerd worden door het goede.
Deze vrouwen zijn dan wel draagster van de ziekte, wat betekent da t ze het defecte chromosoom
wel door kunnen geven aan het nageslacht. X-gebonden RP word t beschouwd als de meest ernstige
vorm van RP, omdat de ziekte zich in het algemeen eerder openbaart dan in andere vormen en
de patiënten vaak al tussen hun 20e en 40e levensjaar blind worden.
In het hier beschreven onderzoek werd gezocht naar de oorzaak van één van de X-gebonden
RP-typen: RP3. Om het oorzakelijke gen op te sporen werd een nieuwe methode ontwikkeld
(Hoofdstuk 2). Bij deze methode word t een gedeelte van het chromosoom waarop je het gen verwacht
in kleinere stukjes geknipt. In één van de RP3-pa tien ten bleek zo'n klein stukje chromosoom a fwezig
te zijn. Het DNA van dit stukje chromosoom werd ontrafeld en er werd een gedeelte van een nieuw
gen gevonden, dat bij de genoemde patiënt afwezig was. Later werd het hele gen opgehelderd
(Hoofdstuk 3). Het eiwit da t in ons lichaam van dit RP3-gen wordt gemaakt werd "retinitis gigmentosa
GTPase regulator" genoemd (afgekort "RPGR"). Behalve bij de ene patiënt, waarbij een stukje van
het gen afwezig is, werden er bij veel andere patiënten veranderingen (mu ta ties) in dit gen gevonden.
Opvallend was da t bijna alle mutaties ervoor zorgen dat een bepaald gedeelte van het RPGR-eiwit,
het "RCCl-homologe" gedeelte of domein, voorkwamen. Dit gedeelte van het eiwit vertoont gelijkenis
met een eiwit dat al langer bekend (RCC1) is en waarvan we de functie kennen. De functie van
RPGR zou dus hieraan verwant kunnen zijn. Om meer te weten te komen over de betrokkenheid
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van di t eiwit bij de ziekte werd de functie van dit RCCl -homologe domein nader onderzocht. Hiervoor
werd een methode gebruikt waarmee eiwitten geïsoleerd kunnen worden, die aan dit domein kunnen
binden (Hoofdstuk 4). Op deze manier werd een nieuw eiwit gevonden; het "RPGR-interacting
jyotein 1", afgekort RPGRPl-eiwit. Er zijn verschillende varianten van het RPGRIPl-eiwit, die op
verschillende plaatsen in het lichaam voorkomen. Eén van de varianten komt speci fiek in de retina
voor (Hoofdstuk 5). Alle RPGRIPl-eiwitten hebben een gemeenschappelijk domein dat aan het
RCCl-homologe domein van het RPGR-eiwit kan binden. Dat deze binding ook daadwerkelijk
in ons lichaam gebeurt, werd op verschillende manieren aangetoond. Eén van deze bevindingen
was dat RPGR en RPGRIPl op precies dezelfde plaats in de staafjes voor bleken te komen. Het
is zeer waarschijnlijk dat RPGRIPl, net zoals RPGR, een rol speelt bij het ontstaan van oogziekten.
Het RPGRIPÌ-gen ligt op chromosoom 14, in de buurt van de plaats waar een gen voor RP (RP16)
moet liggen. Of afwijkingen in RPGRIPl ook andere oogziekten zouden kunnen veroorzaken, moet
nog nader opgehelderd worden.
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