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A bstract

X-linked retinitis pigmentosa (XLRP) is a heterogeneous disease causing a severe
form of retinal degeneration. RP2 is a novel gene that accounts for up to 15% of XLRP
and encodes a ubiquitously expressed protein that shares homology with the tubulinspecific chaperone, cofactor C.

The localisation of RP2 protein was investigated in cells and in tissues and was found
to localise to the plasma membrane in all human cell lines tested, and this was
mediated by dual N-terminal acylation. The plasma membrane localisation of RP2 was
also defined in cells throughout the human retina, including both rod and cone
photoreceptors, with no observed enrichment of RP2 staining in any photoreceptor
organelle. The retinal localisation of cofactor C and an identified RP2 interacting
protein, Arl3, were also investigated and compared. Unlike RP2, cofactor C and Arl3
localised predominantly to the photoreceptor connecting cilium in rod and cone
photoreceptors. Cofactor 0 was cytoplasmic in distribution, whereas Arl3 localised to
other microtubule structures within all cells. Arl3 behaved as a microtubule-associated
protein (MAP):

it co-localised with microtubules in cells and co-purifled with

microtubules. RP2 was also shown to associate with microtubules and further evidence
supporting a cytoskeletal association for RP2 was obtained using bioinformatic
analysis. Collectively, these data support the hypothesis that RP2 may function to link
the membrane to the cytoskeleton in photoreceptor cells in the retina.

Lymphoblastoid cells from XLRP patients, with defined protein truncating mutations in
RP2 were found not to express full length or truncated RP2 protein. Furthermore, the
expression levels of cofactor C and Arl3 were not affected by the absence of RP2 in
these cells. A potential drug-mediated therapy to restore RP2 function in these patients
with pathogenic nonsense mutations was evaluated.

The data presented in this thesis suggest that mutations in RP2 may cause retinitis
pigmentosa by leading to the degradation of the RP2 protein, by interfering with the
normal targeting of the protein to the membrane, or disrupting the functional
relationship with tubulin and other partner proteins.
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Chapter 1 - Introduction

C hapter

1

INTRODUCTION

This thesis describes a study of a novel protein, RP2. Mutations in the gene encoding
RP2 cause X-linked retinitis pigmentosa. The following is a description of retina
function and other related proteins and processes that have been implicated in the
putative function of this protein.

1.1

THE RETINA

1.1.1

Structure of the retina

The process of vision begins when light entering the eye is projected onto a specialised
part of the central nervous system called the retina. The neural retina is a sheet of
nervous tissue that covers the posterior two thirds of the human eye and is composed
of a large number of cell types, each with a different function. The retinal cells are
arranged in a highly organised manner into histologically distinct layers (Blanks
1994)(Figure 1.1).

All vertebrate retinae are composed of three layers of cell bodies and two layers of cell
cell contacts, called synapses (Blanks 1994). The outer nuclear layer (ONL) contains
the cell bodies of the rod and cone photoreceptors. The inner nuclear layer (INL)
contains the cell bodies of bipolar cells and horizontal cells, which are usually found
adjacent to the outer plexiform layer (OPL). The INL also contains amacrine cells which
are usually situated adjacent to the inner plexiform layer (IPL). The final nuclear layer is
the ganglion cell layer (GCL) which contains the cell bodies of the ganglion cells and a
second population of amacrine cells known as displaced amacrine cells (Rowe 1991).
Each of these nuclear layers is divided by a layer of synaptic connections. The first
synaptic layer is the OPL which contains axons from the photoreceptor cells and
dendrites from horizontal and bipolar cells. It is in this layer that horizontal and bipolar
cells receive synaptic input from the rod and cone cells. The second synaptic layer is
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the IPL, which connects axons from the bipolar cells to ganglion cells (Rowe 1991). A
dense network formed by the amacrine cells also interacts in the IPL to influence the
signals to the ganglion cells. It is once the neural processing in the IPL is complete that
the visual information is carried along the nerve fibre layer, composed of the axons of
the ganglion cell layer that make up the optic nerve, and are transported for further
processing by the visual cortex in the brain. Light has to travel through this complex
network of cells before striking the photoreceptor outer segments of the retina for the
visual process to begin (Rowe 1991).

B

Figure 1.1 Organisation of cells in the retina
(A) Schematic diagram outlining the cell types found within the retina. (B) Histological
staining of a section of retinal tissue, demonstrating distinct layers of cells within the
retina. (RPE) retinal pigment epithelium; (OS) outer segments; (IS) inner segments;
(ONL) outer nuclear layer; (OPL) outer plexiform layer; (INL) inner nuclear layer; (IPL)
inner plexiform layer; (GCL) ganglion cell layer. Images adapted from
http://webvision.med.utah.edu/.

1.1.2

Photoreceptor cells

The outer layer of the retina contains the highly specialised and polarised
photoreceptor cells; rod cells responsible for dim light (scotopic) vision, and cone cells
responsible for bright light (photopic) and colour vision. For the majority of the
introduction, unless otherwise stated, the physiology of rod photoreceptors will be
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described. Both cells are similar in structure consisting of an outer segment, inner
segment, cell body and synaptic terminal. The outer and inner segments of
photoreceptor cells are connected by a specialised, modified cilium. The rod outer
segments consist of an ordered stack of approximately 1000 flattened membranous
sacs, known as discs, surrounded by plasma membrane (Molday 1998). In cones, the
discs are continuous with one another and the plasma membrane, but in rods, the
discs are isolated from one another and the plasma membrane, apart from the most
basal discs where there is a membrane connection between the discs and the plasma
membrane (Rowe 1991). The discs are rich in visual pigment proteins, opsins,
necessary for the photon capture of light and the subsequent initiation of a
neuroelectrical signal. In rod cells the opsin is covalently bound to a chromophore, 11c/s-retinal, to make the photopigment, rhodopsin (Molday 1998). Outer segment
proteins are produced in the inner segments which contain an ellipsoid and myoid
region. The myoid region contains the Golgi, endoplasmic reticulum (ER), and other
organelles necessary for protein production, whereas the ellipsoid mainly contains a
high density of mitochondria (Rowe 1991)(Figure 1.2).
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Figure 1.2 Diagrammatic representation of a rod and cone cell
(RPE) retinal pigment epithelium; (P) phagosome containing discs shed from the outer
segments; (OS) outer segment; (IS) inner segment, consisting of (N) nuclear region,
(M) myoid region and (E) ellipsoid region; (CC) connecting cilium links the OS with the
IS; (ST) synaptic terminal (adapted from Djamgoz et al., 1995)
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1.1.2.1

Microtubules in photoreceptor ceils

The outer segments of vertebrate photoreceptors are supported by a cytoskeletal
network of microtubules and associated proteins, which occur in the connecting cilia
region as the ciliary axoneme and in specialised incisures in rod outer segment (ROS).
The connecting cilium is essential for the transport of proteins made in the inner
segment, to the outer segment (Besharse 1990). The ciliary axoneme is non-motile and
contains nine pairs of microtubules in a 9+0 arrangement which lacks the central
microtubule doublet or dynein arms found in motile cilia (9+2)(Rohlich 1975). The cilia
arise from a modified centriole known as the basal body, which acts as a microtubule
organising centre (MTOC) for the photoreceptor (Troutt et ai., 1988; Muresan et al.,
1993). In addition to ciliary axoneme and other microtubules within photoreceptor cells,
it has been estimated that approximately 20% of non-axonemal tubulin is tightly
associated with outer segment membranes (Matesic et ai., 1992).

1.1.2.2

Outer segment morphogenesis

The outer segments are in a continual state of renewal through a process of disc
morphogenesis and shedding (Bok 2002). In rod cells, new discs are produced by
évaginations of the plasma membrane in the basal region of the outer segment, near
the connecting cilium, and ultimately become detached from the plasma membrane
and internalised. The discs remain in the outer segment and are displaced towards the
RPE, where they are continually removed by RPE-mediated phagocytosis (Bok 2002).
This process is controlled in a circadian manner with rod cells shedding their tips in the
morning (LaVail 1980) and cone cells shedding their tips in the evening (Young 1978).

1.1.3

Retinal pigment epithelial ceils

Adjacent to the retina is the retinal pigment epithelium (RPE). The RPE is a non
neuronal, continuous monolayer of columnar epithelial cells, separating the retina from
the choroid, i.e. the blood supply for the retina (Hewitt 1994). Each RPE cell has apical
processes surrounding the outer segments of the photoreceptor cells that phagocytose
old discs from the photoreceptors (Young 1978; LaVail 1980). The engulfed, removed
discs become surrounded by RPE membranes which form inclusions known as
phagosomes, and are subsequently degraded (Ishikawa et al., 1970). The RPE also
participates in the regeneration of visual pigments during a process known as the
visual cycle. Part of the interphotoreceptor matrix is synthesised by the RPE and light
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not captured by the photoreceptors is absorbed by the RPE, reducing light scatter
within the eye leading to improved image resolution (Hewitt 1994).

1.1.4

Phototransduction

Phototransduction is the process by which the light captured by photoreceptors is
converted into electrical signals. Phototransduction consists of an excitatory and
recovery phase (Yau

1994).

In rod photoreceptors, the excitation phase of

phototransduction is initiated when a photon of light is captured by the chromophore in
rhodopsin, inducing a conformational change of 11-c/s-retinal to its all-frans-retinal
isomer (Yau 1994)(Figure 1.3, 1). This conformational change catalyses the activation
of a photoreceptor G-protein, transducin, through the exchange of GDP for GTP.
Transducin is a heterotrimeric protein made up of a, p and y-subunits (Gtapy), and in the
presence of GTP, Gta dissociates from Gtapy into GTP-Gtq and Gtpy (Rattner et a/.,
1999)(Figure 1.3, 2). GTP-Gtq then binds, and activates, phosphodiesterase (PDE).
PDE is made up of two catalytic subunits, a and p, and two inhibitory subunits, y
(PDEapyy). GTP-Gta activates PDE by displacing the two inhibitory y subunits (Figure

1.3, 3), activated PDE in turn catalyses the hydrolysis of the second messenger, cyclic
guanosine 3', 5'-monophosphate GMP (cGMP) to GMP (Molday 1998).

In the absence of light, cGMP-gated cation channels on the plasma membrane remain
open, allowing an influx of sodium ions, maintaining the cell in a depolarised state
(Figure 1.3, 4). When the photoreceptors are stimulated by light, the resulting decrease
in intracellular cGMP leads to the closure of cGMP-gated cation channels located in the
outer segment plasma membrane. The closure of the cation channels decreases the
influx of sodium and calcium ions and results in the hyperpolarisation of the plasma
membrane leading to a graded reduction in the release of neurotransmitter at the
photoreceptor synapse (Molday 1998). The drop in neurotransmitter levels is detected
by bipolar cells which generate a signal that is further processed in the retina and is
ultimately transmitted to the visual cortex in the brain.

The recovery phase of phototransduction begins when the drop in the intracellular
calcium causes rhodopsin to become inactivated by rhodopsin kinase which
phosphorylates photoactivated rhodopsin. This inactivation is completed by the capping
protein arrestin, binding the phosphorylated rhodopsin (DeMar et al., 1999)(Figure 1.3,
5). In addition, transducin hydrolyses GTP to GDP and
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member of the regulator of G-protein signalling (RGS) family, RGS-9, allowing PDE to
return to its inactive state (Figure 1.3, 2). Low intracellular calcium concentrations lead
to the activation of a retinal guanylate cyclase (RetGC) in a process mediated by
guanylate cyclase activating proteins (GCAP)(Figure 1.3, 6) and an increase in channel
sensitivity to cGMP as a result of the release of calmodulin (Molday 1998). As the
number of open cGMP-gated channels increases, the intracellular concentration of
calcium increases and the photoreceptor returns to a depolarised state. The increase in
intracellular calcium also converts guanylate cyclase back to an inactive state and
recoverin inhibits rhodopsin kinase (Rattner et al., 1999)(Figure 1.3, 5).

I'w hm igcr

Khodpm

I mnMlurin

f4

a

channri

K iM K

In ifa ri

( ;m p

P

I a o in l

UkU

Figure 1.3 Phototransduction cascade in human retina
Showing the excitation and recovery pathways. (1) Light capture by rhodopsin; (2)
Activation of transducin; (3) Activation of PDE; (4) Hydrolysis of cGMP; (5)
Phosphorylation of activated rhodopsin; (6) Stimulation of guanylate cyclase. (Taken
from DeMar ef a/., 1999).
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Pathogenic mutations that lead to visual impairment have been identified in many of
the genes encoding proteins that are essential for the function of the retina, e.g. for
phototransduction, structural integrity or development. The following is a description of
one such disease affecting the retina.

1.2

RETINITIS PIGMENTOSA

1.2.1

Retinal degenerative disease

In the Western world, the most common diseases to affect the retina are diabetic
retinopathy, glaucoma and age-related macular degeneration (Rattner et ai, 1999),
and each of these diseases have both genetic and non-genetic components. Inherited
retinal diseases are also a major cause of blindness worldwide, collectively affecting 1
in 2000 people. The diseases are classified by severity and age of onset,
electroretinographic studies, ophthalmoscopic findings and genetic analysis. Inherited
retinal degenerative diseases are extremely clinically and genetically heterogeneous
(Rivolta et al., 2002). Visual loss in affected individuals is usually attributed to the
premature death of rod and cone photoreceptors, but it is also possible that visual
problems may be due to photoreceptor dysfunction. At the present time these diseases
are, for the most part, untreatable (Farrar et a!., 2002). The most common form of
inherited retinal degeneration is retinitis pigmentosa.

1.2.2

Retinitis pigmentosa pathology

Retinitis pigmentosa (RP) is a clinically and genetically heterogeneous group of retinal
disorders. The severity of symptoms varies between different families and also
between different members of the same family with the same mutation. RP is
characterised by impaired rod function leading to night-blindness, a progressive
degeneration of the retina and a characteristic retinal deposit, known as ‘bone spicule’
pigmentary deposits (Weleber et a!., 2001)(Figure 1.4). RP begins in the peripheral
retina which is rod cell-dominated, causing loss of peripheral vision and nightblindness, with relative preservation of the central retina until late in the disease
progression. The central retina is cone-cell dominated and contains a high density of
cone bipolar cells and ganglion cells necessary for the cone-mediated visual pathways.
The cone cells are responsible for day and high acuity vision, and as the disease
progresses, central vision is also compromised (Rattner et a!., 1999). RP primarily
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affects the rod photoreceptors, which, by mostly unknown mechanisms, die via
apoptosis (Portera-Cailiau et al., 1994; Stone et al., 1999). Eventually patients with RP,
also suffer cone cell death, which can result in complete functional blindness. As it is
the loss of cone cell function that has the most devastating effect on vision, a
significant therapeutic intervention would be the slowing down of the degeneration
process to preserve cone cell function for as long as possible.

Normal fundus

RP fundus

Figure 1.4 Fundus photographs of human retina
The fundus can be viewed with an ophthalmoscope to detect abnormalities in the
retina. The images above demonstrate the key features of retinitis pigmentosa; pallor of
the optic disc (OD), attenuation of the blood vessels (BV) and pigmentary deposits
(PD).

1.2.3

Retinitis pigmentosa genetics

Forms of RP are generally classified according to the mode of inheritance: autosomal
dominant (ADRP), autosomal recessive (ARRP) or X-linked recessive (XLRP). There
are also cases which are classed as simplex or sporadic, although this is usually due to
an incomplete family history required to determine the mode of inheritance, or a
recessive allele, rather than being a true isolated incidence of disease (Rivolta et al.,
2002). There are currently over 30 known or predicted RP genes (summarised in Table
1.1) determined by linkage analysis not including additional loci for allied or syndromic
forms of RP.
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Table 1.1 identified retinitis pigmentosa genes

RP

Function

Gene

Reference

CLONED
ADRP

ARRP

XLRP

CRX
FSCN2
HPRP3
NRL
IMPDH1
PRPC8
PRPF31
RDS
RHO
R0M1
RP1
RP9
ABCA4
CNGA1
CNGB1
CRB1
LRAT
MERTK
NR2E3
PDE6A
PDE6B
RGR
RHO
RLBP1
RPE65
SAG
TULP1
USH2A
RP2
RP3

Transcription factor
To be determined
Pre-mRNA splicing
Transcription factor
To be determined
Pre-mRNA splicing
Pre-mRNA splicing
Photoreceptor structure
Phototransduction
Photoreceptor structure
To be determined
To be determined
Visual cycle
Phototransduction
Phototransduction
Retinal development
Visual cycle
Outer segment disc shedding
Transcription factor
Phototransduction
Phototransduction
Visual cycle
Phototransduction
Visual cycle
Visual cycle
Phototransduction recovery
Transcription factor
Extracellular matrix
To be determined
To be determined

Chen etal., 1997; Mitton etal., 2000
Wada etal., 2001
Chakarova at a!., 2002
Bessant etal., 1999
Kennan etal., 2002
McKie etal., 2001
Vithana etal., 2001
Kajiwara etal., 1994
Dryja etal., 1990a
Kajiwara etal., 1994
Pierce etal., 1999
Keen etal., 2002
Allikmets etal., 1997
Dryja etal., 1995
Bareil et al., 2001
den Hollander etal., 1999
Ruis et al., 2001
Gal etal., 2000
Gerber etal., 2000
Huang etal., 1995
McLaughlin etal., 1993
Morimura etal., 1999
Rosenfeld etal., 1992
Maw etal., 1997
Gu etal., 1997; Morimura etal., 1998
Nakazawa etal., 1998
Hagstrom etal., 1998; Banerjee etal., 1998
Rivolta etal., 2000
Schwahn etal., 1998
Meindl etal., 1996; Roepman etal., 1996

RP17
RP22
RP25
RP26
RP28
RP29
RP6
RP23
RP24

To
To
To
To
To
To
To
To
To

Bardien etal., 1995
Finckh etal., 1998
Ruis etal., 1998; Khaliq etal., 1999
Bayes etal., 1998
Gu etal., 1999
Hameed etal., 2001
Ott etal., 1990
Hardcastle etal., 2000
Gieserefa/., 1998

MAPPED
ADRP
ARRP

XLRP

be determined
be determined
be determined
be determined
be determined
be determined
be determined
be determined
be determined

A detailed description of known and predicted RP genes can be found at
WWW. sph.uth .tmc. ed u/RetNet/disease. htm.
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Examples of RP associated syndromes include Usher’s syndrome, where patients
suffer from deafness as well as RP and Bardet-BiedI syndrome where a pigmentary
retinopathy is observed along with obesity, polydactyly, learning difficulties and renal
failure.

1.2.3.1

Phototransduction genes

For over 20 of the RP loci, causative genes have now been identified, but the functions
of many of the proteins encoded by these genes is still unknown. For most of the genes
the pathophysiological consequences of these mutations in the retina remains
undetermined. As described in section 1.1.2, visual processing in the retina is achieved
by a signal transduction cascade in rod and cone photoreceptors. RP-causing
mutations have been identified in some of the important proteins involved in
phototransduction. For example, mutations in the visual pigment rhodopsin cause
ADRP (Dryja et a!., 1990b) and appear to affect the folding and stability of the protein.
Mutations in subunits of cGMP PDE, PDEq (Huang etal., 1995) and PDEp (McLaughlin
et a!., 1993) cause a form of ARRP and are associated with elevated levels of cGMP
(Farber 1995). There have been no mutations identified in the gene encoding the ysubunit of PDE in patients with RP, but disruption of the gene in mice results in retinal
degeneration (Tsang et a!., 1996). RP associated mutations have also been found in
arrestin (Nakazawa et a!., 1998) and the a-subunit of the rod cGMP-gated channel
(Dryja etal., 1995).

1.2.3.2

Visual cycle genes

The visual cycle is the process by which the photoactivated chromophore of rhodopsin
(ll-frans-retinal) is regenerated back into 11-c/s-retinal in the RPE and delivered back
to the rod outer segment. Several visual cycle proteins have been implicated in RP;
RPE65 (Morimura et al., 1998) is essential for the isomérisation of 11-frans-retinol to
11-c/s-retinol, necessary for the formation of 11-c/s-retinal and cellular retinaldehyde
binding protein (CRalBP)(Maw et al., 1997) which binds 11-c/s-retinol and promotes
oxidation to 11-c/s-retinal. Another important protein in the visual cycle is the ATPbinding cassette transporter of rods (ABCR)(Martinez-Mir et al., 1998; Cremers et al.,
1998), which is involved in the transport of retinoids across rod outer segment
membranes.
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1.2.3.3

Other RP associated genes

Proteins important for the maintenance of rod outer segment membrane structure,
peripherin/RDS and ROM-1 have also been associated with RP. Causative mutations
have been identified in peripherin/RDS (Farrar ef a/., 1991; Kajiwara et ai, 1991), but
mutations in ROM-1 have only been identified in patients heterozygous for mutations in
both peripherin/RDS and ROM-1 (digenic RP)(Kajiwara et al., 1994). The ADRP gene
RP1, also has several identified pathogenic mutations (described in Liu et a!., 2002).
Although the function of RP1 is not clear, it is localised to the connecting cilia (Liu etal.,
2002; Gao et a!., 2002) of photoreceptors and may be involved in the transport of
proteins from the IS to the OS (Gao et a!., 2002). This putative microtubule association
is supported by homology of the RP1 N-terminus to the microtubule associated protein
(MAP) doublecortin (DCX)(Gleeson etal., 1999). Mutations in RP1, therefore suggest a
role for the cytoskeleton in the pathogenesis of RP. This role is supported by the
presence of pathogenic mutations in myosin Vila, the gene associated with Usher
syndrome IB. Myosin Vila is concentrated in the connecting cilia of photoreceptors (Liu
et a!., 1997) where it is believed to participate in opsin transport (Liu et a!., 1999).
Transcription factors which control expression of photoreceptor genes, NRL (Bessant
et a!., 1999) and CRX (Chen et a!., 1997; Mitton et a!., 2000), are also known to be
mutated in RP.

1.3

X-LINKED RETINITIS PIGMENTOSA

X-linked retinitis pigmentosa (XLRP) tends to be the most severe form of RP in terms
of age of onset and disease progression. Patients typically present with night blindness
and constricted visual fields within the first or second decade of life due to primary
degeneration of rod photoreceptors (Bird 1975). As the disease progresses,
impairment of central vision occurs resulting in loss of visual acuity and complete
functional blindness often by the fourth decade of life (Weleber et a!., 2001). Female
carriers show variable clinical symptoms, ranging from a normal appearing fundus, to
extensive retinal degeneration (Aguirre et a!., 2002), probably due to random Xinactivation. Visual impairment generally occurs, if at all, in middle age (Arden et a!.,
1983; Fishman et a!., 1986; Grover et a!., 2000). XLRP is both phenotypically and
genetically heterogeneous, with five mapped loci to date: RP2 (Bhattacharya et a!.,
1984), RP3 (Musarella et a!., 1988), RP6 (Ott et a!., 1990), RP23 (Hardcastle et a!.,
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2000) and RP24 (Gieser et al., 1998). The majority of XLRP families identified through
linkage analysis fall into the category of RP2 or RP3.

1.3.1

RP3

The RP3 gene was positionally cloned in 1996 and found to encode a putative guanine
nucleotide exchange factor for an unknown, small GTPase, named retinitis pigmentosa
GTPase regulator (RPGR)(Meindl at a!., 1996; Roepman at a!., 1996). The N-terminal
portion of RPGR shows homology to RCC1, the guanine nucleotide exchange factor
(GEF) of the Ras-like nuclear GTPase Ran (Meindl at a!., 1996; Roepman at a!., 1996).
Mutations in RPGR were found to account for 15-20% of patients with XLRP (Meindl at
ai, 1996; Roepman at ai, 1996; Buraczynska at ai, 1997), not the expected 70-75%
determined by linkage studies (Teague at ai, 1994), suggesting the possibility of a
mutational hotspot in an unscreened part of the RPGR sequence, or the presence of
another undiscovered gene in close proximity to RPGR.

1.3.1.1

Altarnativa splicing of RPGR

Transcriptional studies revealed extensive alternative splicing of RPGR in mouse (Van
at ai, 1998; Kirschner at ai, 1999, Hong at ai, 2002), dog (Zeiss at ai, 2000) and
human (Kirschner at ai, 1999; Vervoort at ai, 2000) tissues. Initially 19 exons were
described (Meindl at ai, 1996; Roepman at ai, 1996), however a novel human RPGR
variant was found to terminate in intron 15 (Vervoort at ai, 2000). The alternative
terminal exon, termed 0RF15, is located upstream of the original 3’ region of RPGR
and was mutated in 60% of the XLRP patients examined (Vervoort at ai, 2000). The
0RF15 exon contains a region of purine-rich repetitive sequence encoding glycine and
glutamic acid residues which are likely to act as exonic splicing enhancers, partly
responsible for facilitating the inclusion of exons into a transcript (Hong at ai, 2002).
This provides a possible explanation for the vast heterogeneity of RPGR splice
variants.

Studies have confirmed 0RF15 to be a mutational hotspot for RPGR (Vervoort at ai,
2000; Yokoyama at ai, 2001; Pusch at ai, 2002; Breuer at ai, 2002). The reason for
the high frequency of mutations in 0RF15 is not clear, but it may be related to the
unusual nucleotide composition of the sequence. The purine rich sequence may result
in altered DMA conformation and problems during DMA replication (Wang at ai, 1996;
Weaver at ai, 1982) and mutations in ORF15 may affect splicing leading to defective
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transcripts and aberrant protein products. Most of the mutations in RPGR are believed
to lead to loss of RPGR function. It has been suggested, however, that frameshift
mutations in ORF15 could lead to aberrant gain-of-function (Vervoort et al., 2002).

RPGR expression is not retina specific, in contrast with ‘classical’ RP genes which
generally encode components of the phototransduction cascade (section 1.1.4) or
photoreceptor structural proteins, and was viewed as the first of a new generation of
RP genes. The alternatively spliced exon 0RF15, is, however, preferentially expressed
in retina (Vervoort et a!., 2000). RPGR knockout mice (Hong et a!., 2000) have a
relatively mild phenotype compared to human and dog (Jacobson et a!., 1997; Zeiss et
a!., 1999; Zhang et a!., 2002) models of disease adding to the apparent heterogeneity
of the disease.

1.3.1.2

Other RPGR-associated diseases

As well as mutations in RPGR causing RP, mutations in 0RF15 have been described
in patients with cone-rod degeneration (Yang et a!., 2002; Demirci et a!., 2002). More
recently, an ORF15 mutation was described as a cause of X-linked macular
degeneration (Ayyagari et a!., 2002).

These new disease associations suggest that

RPGR mutations may encompass a wider clinical spectrum than had previously been
anticipated for ‘classical’ RP.

1.3.1.3

RPGR interacting proteins

Yeast two-hybrid studies have identified two interacting proteins for RPGR; the
ubiquitously expressed 5-subunit of PDE (Linari et ai., 1999a)(discussed later in the
chapter), suggesting a role for RPGR in intracellular vesicular transport, and a novel
retina-specific

interacting

protein

named

RPGR-interacting

protein

1

(RPGRIP1)(Boylan et ai., 2000; Roepman et ai., 2000; Hong et ai., 2001). RPGRIP1
encodes several alternatively spliced gene products that interact specifically with
RPGR (Boylan et ai., 2000; Roepman et ai., 2000; Hong et ai., 2001). Mutations in
RPGRIP1 have also been associated with a severe form of retinal degeneration, Leber
congenital amaurosis (LCA)(Dryja et ai., 2001) characterised by congenital blindness
or severely impaired vision. The association of RPGRIP1 with a severe retinal
dystrophy reinforces the potential importance of the RPGRIP1 interaction with RPGR.
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1.3.1.4

RPGR localisation

Investigations of the localisation of RPGR and RPGRIP1 in the retina have produced
different results. RPGR was originally localised to rod, but not cone, outer segments,
and also the connecting cilia in human and bovine retina (Roepman et al., 2000). In
mouse and squirrel retina, however, RPGR localised to rod and cone cilia, but not outer
segments (Hong at ai, 2000). RPGRIP1 was localised to the connecting cilia of rods
and cones in mice (Hong at ai, 2001) and proposed to anchor RPGR to the cilia.

In order to elucidate the discrepancy of the localisation in the retina, a further study
examined RPGR, RPGRIP1 and ORF15 expression in human, mouse and cow retina
(Mavlyutov at ai, 2002). RPGR and RPGRIP1 were found to co-localise at distinct foci
throughout rod outer segments in both human and bovine retina. In murine retina,
however, RPGR and RPGRIP1 were localised to the region of the connecting cilia, not
photoreceptor outer segments. The same localisation was confirmed for all RPGRIP1
isoforms. 0RF15, like RPGR was also present in distinct foci throughout bovine rod
outer segments, but unlike RPGR, not all of the 0RF15 foci co-localised with
RPGRIP1. RPGR, 0RF15 and RPGRIP1 were all localised to the outer segments of
both rods and cones in humans. These reported differences may provide some insight
into the potential species-specific pathology associated with RPGR and RPGRIP1.

Another cloned XLRP gene is RP2. The protein encoding this gene is the main focus of
this thesis.
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1.3.2

RP2

RP2 was the first of the RP loci to be genetically mapped in 1984 when an RFLP
detected by the probe LI .28 (DXS7) was found to segregate with a locus for XLRP
(Bhattacharya et al., 1984). Haplotype analysis narrowed the genetic interval for RP2 to
a 5 cM region between DXS8083 and DXS6616 at X p ll.3 in 1996 (Thiselton at a!.,
1996). RP2 was eventually identified using YAC representation hybridisation, and by
screening XLRP patients in the region of X p ll.3 where a LINE 1 (LI) insertion was
identified in one XLRP patient (Schwahn at a!., 1998). The LI retrotransposition
occurred in an intron of a novel gene, RP2, that contained 5 exons and encoded a
polypeptide of 350 amino acids, now designated RP2. 38 unrelated XLRP patients
were also screened and five different mutations were identified. A subsequent study
(Hardcastle at a!., 1999) identified mutations in the family used in the first RP2 linkage
study (Bhattacharya at a!., 1984), and the families used to refine the genetic interval
(Thiselton at a!., 1996), confirming that this gene is the locus for RP2. Linkage analysis
of XLRP families suggested that 20-25% of cases of XLRP were caused by mutations
in RP2 (Ott at a!., 1990; Teague at a!., 1994), but mutation analysis has predicted the
incidence to be between 6-18% (Hardcastle at a!., 1999; Mears at a!., 1999; Breuer at
a!.,

2 0 0 2

).

There have been a number of studies in which a wide range of mutations and
polymorphisms in RP2 have been identified. These are all summarised in Tables 1.2
and 1.3. The vast majority of mutations identified in RP2 are predicted to result in a
truncated protein product, and so it would be predicted that RP in these patients is
caused by the loss of RP2 function.

1.3.2.1

Rola of RP2 in retinitis pigmentosa

There does not appear to be a simple relationship between the expression of RP2 and
disease pathogenesis. Northern blot analysis demonstrated the presence of RP2
mRNA in all foetal human and adult mouse tissues examined (Schwahn at ai., 1998).
The strongest signal was found in the testes in mouse, along with two additional
shorter mRNA transcripts (Schwahn atal., 1998). RP2 was therefore, the second of the
cloned XLRP genes to show a ubiquitous pattern of expression.
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Table 1.2 Mutations identified in the RP2 gene

Intron 1

Sequence
change
LINE 1 ins

Intron 1
Intron 1

Exon

Consequence

Reference

Not known

Schwahn ef a/., 1998

IVS1+3A-^T

Splice site mutation

Sharon etal., 2000

IVS1-2A-»G

Splice site mutation

Miano etal., 2001

Intron 1

IVS1+3A-.-G

Splice site mutation

Breuer etal., 2002

1

16-18del 2-bp

SeiSdel

Schwahn etal., 1998; Rosenberg etal., 1999

1

77ins 2-bp

Gln26fsTer46, 20 new aa,
324 aa missing

Mears etal., 1999
Schwahn etal., 1998; Rosenberg etal., 1999

1

77C-»T

Gln26Stop, 324 aa missing

1

82C-»G

Tyr27Stop, 323 aa missing

Breuer ef a/., 2002

2

409-411 del 3-bp

He37del

Breuer ef ai, 2002

2

200G-»A

Cys67Tyr

Breuer ef ai, 2002

2

257G-»A

Cys86Tyr

Sharon et ai, 2000

2

284C-^T

Pro95Leu

Sharon ef ai, 2000

2

303insT

Phe101fsTer123, 22 new aa,
249 aa missing

Miano ef ai, 2001

2

322T-»G and
330-342del 13-bp

Cysl 08Giy and Cysl 10fsTerl 51,
40 new aa, 239 aa missing

Mears et ai, 1999

2

350-351 del 2-bp

Phel 17fsTer155, 38 new aa,
233 aa missing

Breuer et ai, 2002

2

353G-»A

Arg118His

Schwahn et a i, 1998; Hardcastle et ai, 1999;
Rosenberg et ai, 1999; Sharon et a i, 2000

2

354G—T

Arg118Leu

Miano et ai, 2001

2

358C-»T

Arg120Stop, 230 aa missing

Hardcastie et ai, 1999; Mears et a i, 1999, Liu ef
a i, 2001; Mashima et ai, 2001

2

409-411 del 3-bp

Ile137del

Sharon et ai, 2000

2

414A-»G

Glu138Gly

Miano et a i, 2001

2

449G-»A

Trp150Stop, 200 aa missing

De Luca et ai, 2001

2

453C-»G

Tyr151Stop, 199 aa missing

Schwahn et a i, 1998

2

453delC

Tyr151fsTer154,199 aa missing

Schwahn et a i, 1988

2

4831ns 7-bp

Ala162fsTer164, 2 new aa,
190 aa missing

Mears et ai, 1999

2

515lnsG

Ser172fsTer173,1 new aa,
178 aa missing

Breuer ef a i, 2002

2

547G-^T

Glu183Stop

De Luca ef ai, 2001

2

565T-»C

Leu188Pro

Breuer ef a i, 2002

2

670lnsC

Arg225fsTer234, 9 new aa,
125 aa missing

Breuer ef a i, 2002

2

688-692del 5-bp

Lys230fsTer232, 2 new aa, 120 aa
missing

Hardcastie et a i, 1999; Sharon et a i, 2000

2

723delT

Ala242fsTer254, 12 new aa, 108
aa missing

Thiselton et ai, 2000

3

758T->G

Leu253Arg

Wada ef a i, 2000

3

796-799del 4-bp

Glu266fsTer269, 3 new aa, 84 aa
missing

Thiselton et a i, 2000

3

8351ns 2-bp

278feTer293

Mashima et ai, 2000

3

846C-^T

Arg282Trp

Miano et ai, 2001

3

853lnsG and
848A-^G

Ala285fsTer287, 2 new aa, 65 aa
missing and Glu283Gly

De Luca et a i, 2001

4

Exon 4 del

Frameshift, 55 aa missing

Schwahn et ai, 1998

4

9251ns 2-bp

Giu309fsTer315, 6 new aa,
41 aa missing

Mears et ai, 1999

4

929insT

Val310fsTer328, 18 new aa,
40 aa missing

Hardcastie ef a/., 1999
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Table 1.3 Sequence variations and polymorphisms identified in the RP2 gene
Exon

Sequence
change

Consequence

Reference

105A ^T

Val35Val

Thiselton et ai, 2000

5971^0

Val199Val

Thiselton et ai, 2000

844C-^T

Arg282Trp

Thiselton et ai, 2000; Sharon et ai, 2000; Breuer
et ai, 2002

1012G-^T

Asp338Tyr

Thiselton et ai, 2000

Abbreviations: aa, amino acids; fs, frameshift mutation; del, deletion; Ter, termination of
open reading frame. The consequences of the mutations are denoted by the number of
the amino acid residue encoding the nucleotide change, with the initiating codon ATG
designated as residue 1 .

1.3.2.2

RP2 sequence homology

The strongest clue as to the function of RP2 was the amino acid sequence homology to
another human protein, cofactor C (p=6.0e-25). The region of homology extends over
151 amino acids (positions 42-192) with 30.4% identity and 43.7% similarity (Figure
1.5). Cofactor 0 was identified as a component of the (3-tubulin folding pathway (Tian et
a!., 1996) and RP2 was its first described human homologue (described in detail in the
next section).

RP2:

4 2 FSGLKDETVGRLPGTVAGQQFLIQDCENCNIYIFDHSATVTIDDCTNCIIFLGPVK 97
FS L-^ + + +

L-+ •

NC ^ *■+ +

T+ *

+C -

GPV

Cofactor C: 186 FSNLESQVLEKRASELHQRDVLLTELSNCTVRLYGNPNTLRLTKAHSCKLLCGPVS 241
RP2:

98 GSVFFRNCRDCKCTLACQQFRVRDCRKLEVFLCCATQPIIESSSNIKFGCFQWYYP 153

SVF +C DC
+ACQQ R+
+FL
++ I+E S I+F + W YP
Cofactor C: 24 2 TSVFLEDCSDCVLAVACQQLRIHSTKDTRIFLQVTSRAIVEDCSGIQFAPYTWSYP 297
RP2:

154 ELAFQFKDAGLSIFDNTWSNIHDFTPVSGEL
E+

F+ +GL

N W+++ DF

++ ++

NWSLLPED 192
NWS+LPE+

Cofactor C: 2 98 EIDKDFESSGLDRSKNNWNDVDDFNWLARDMASPNWSILPEE 339

Figure 1.5 Sequence alignment of RP2 and cofactor C
Red text denotes identical residues between the two proteins, the + symbol denotes
residues with similar physicochemical properties.
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At the start of this thesis, the ubiquitous mRNA expression and cofactor C homology
was the only information known about RP2. Much of the work undertaken during this
thesis has provided the foundation for the first preliminary studies into the function of
RP2. To put this work into context with what was known about RP2 at the time of each
part of the study, further introductory information will be provided at the beginning of
each of the results chapters.

As described above, RP2 shares homology with cofactor C, a protein involved in
tubulin biogenesis (Schwahn et al.. 1998). In order to better understand the potential
relevance of this similarity, components of the cytoskeleton and in particular,
microtubules and tubulin will now be discussed in further detail.

1.4

THE CYTOSKELETON

Eukaryotic cells have a highly dynamic internal scaffold, known as the cytoskeleton.
The cytoskeleton is responsible for numerous cellular functions including; maintaining
and altering the shape of the cell, enabling the cell to move and transporting
intracellular vesicles. The most abundant components of the cytoskeleton are
microfilaments, intermediate filaments and microtubules, each formed from a different
protein subunit. The microfilaments are made of actin, and through their interaction with
myosin, microfilaments form contractile assemblies that are involved in various
intracellular movements, such as the formation of membrane invaginations. The
intermediate filaments are made up of a family of related proteins, such as vimentin
and lamin, and are generally involved in load-bearing functions within the cell.
Microtubules are composed of tubulin and are essential for processes such intracellular
transport and chromosome segregation during cell division, they are also important for
maintaining cell shape.

1.4.1

Actin

Actin is the major constituent of microfilaments and exists in two forms; monomeric
globular G-actin, and polymerised, filamentous F-actin. Monomeric actin polymerises
into actin filaments in an ATP-dependent manner and remains ADP bound once
formed into a helical polymer (Alberts et a!., 1994). Actin filaments are dynamic and
assemble new subunits at the plus end of the polymer, whilst removing subunits at the
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minus end so that the polymer remains at a constant length in a process known as
treadmilling (Schmidt ef a/., 1998).

Actin filaments are dispersed throughout the cell, but are mainly concentrated in
bundles in the cortex, just below the plasma membrane, forming a network cross-linked
by various actin-binding proteins (Alberts et al., 1994). The actin cortex network is
highly dynamic and functions to control cell surface movements. Actin nucléation sites
in the plasma membrane control the location and orientation of cortical actin filaments
and can influence the behaviour of the plasma membrane by adjusting the organisation
of the actin filaments, such as when cells are moving or changing shape (Kaverina et
a!., 2002). Actin filaments also associate into stress fibres, which are formed by an
association of bundled actin filaments and myosin. Stress fibres form in response to
tension generated across a cell and to allow the cells to exert tension on the matrix
surrounding them (Geiger et a!., 2001). At one end stress fibres are anchored to the
plasma membrane at a focal contact site, where the external face of the cell is attached
to an extracellular matrix; and at the other end they insert into a second focal contact or
into a mesh of intermediate filaments surrounding the cell nucleus (Petit et a!., 2000).
Focal contacts at the plasma membrane play an important role in linking the cell to the
extracellular matrix and are involved in cell signalling (Kaverina et a!., 2002).

1.4.2

Microtubules

Microtubules are a major component of the cytoskeleton and are of vital importance for
cellular function in eukaryotes. Microtubules are polar polymers made up of tubulin
heterodimers, consisting of two subunits (a and (3). Microtubules are highly dynamic,
and have been demonstrated in vitro and in vivo to co-exist as two interchangeable
microtubule populations, a slowly growing population and a rapidly shrinking one. This
property is known as dynamic instability (Mitchison et ai., 1984) and is controlled by the
binding and hydrolysis of GTP by the (3-subunit (Kirschner et ai., 1986). In cells,
microtubules are usually nucleated by specialised structures, microtubule organising
centres (MTOCs), which include centrosomes and basal bodies (Brinkley 1985).

A

third type of tubulin, y-tubulin, nucleates the initial assembly of a/(3-tubulin into
microtubules and is therefore present in MTOCs (Moritz et ai., 1995).

Microtubule polymerisation dynamics are of fundamental importance to the intracellular
functions of the microtubule cytoskeleton and are therefore highly regulated (Kirschner
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et al., 1986). Proteins that regulate microtubule dynamics fall into two main classes:
proteins that stabilise microtubules and proteins that destabilise microtubules. Proteins
that fall into the first category are generally considered to be MAPs, which are thought
to bind along the length of the microtubule and enhance their stability. There have also
been proteins identified, however, which have been shown to act as potent
destabilisers of microtubules. Two examples of such proteins are Op18 and XKCM1
(McNally 1999). Op18 has been proposed to act by binding to the end of a microtubule
and induce GTP hydrolysis leading to microtubule depolymerisation, and XKCM1 binds
to microtubule ends and distorts the microtubule lattice, forcing microtubule
depolymerisation, without affecting the nucleotide state of GTP-bound tubulin
(reviewed in Walczak 2000). The regulation of microtubule dynamics can also be
achieved at an earlier level in microtubule formation, with the biogenesis of the tubulin
heterodimer.

1.4.3

Tubulin folding pathway

The tubulin folding pathway is the process by which newly synthesised tubulin proteins
are processed by the cellular machinery so that they may be eventually polymerised
into microtubules.

1.4.3.1

The role of the cytosolic chaperonin (CCT)

The folding of many proteins in vivo requires interaction with large oligomeric protein
complexes known as chaperonins (Ellis 1996). The cytosolic chaperonin, CCT, plays
an essential role in the correct folding of tubulin and actin, determined by in vitro and in
vivo studies (Yaffe et ai., 1992; Gao et ai., 1992; Sternlicht et ai., 1993). CCT interacts
with both proteins once they have achieved a quasi-folded state (Llorca et ai., 2000)
and is thought to enable the cytoskeletal proteins to overcome specific kinetic barriers
of folding, through the stabilisation of open conformations (Valpuesta et ai., 2002).

The structure of CCT consists of two back to back stacked rings composed of eight
different polypeptide subunits (CCT a, p, y, 5, e, (, ri, 0 in mammals; CCT1-CCT8 in
yeast)(Valpuesta et ai., 2002), enclosing a central cavity where folding takes place
(Leroux et ai., 2000). Three subunits of CCT have been shown to interact specifically
with actin at CCT binding sites within actin (Llorca et ai., 1999), and tubulin binds to five
subunits in two arrangements which utilises all eight subunits (Llorca et ai., 2000) at
defined CCT binding sites within tubulin (Ritco-Vonsovici et ai., 2000). The cavity
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enclosed by the rings confines unfolded polypeptides by conformational changes in the
ring structure upon ATP-binding, before folding can proceed (Valpuesta et al., 2002). In
the case of tubulin, nascent tubulin polypeptides first associate with a heter-oligomeric
complex known as prefoldin, which transfers tubulin to CCT for folding (Vainberg at a!.,
1998; Martin-Benito at a!., 2002). CCT then undergoes one or more rounds of ATP
hydrolysis for tubulin to obtain a quasinative conformational state (Tian at a!., 1995).

1.4.3.2

In vitro modal for tubulin folding

The folding of actin and y-tubulin requires only CCT, target protein and ATP (Gao at at.,
1992; Melki at at., 1993), however, a and (3-tubulin appear to require the action of
additional cofactors, to form the tubulin heterodimer (Tian at ai., 1996, Radcliffe at at.,
2000a). The precise role of each of these cofactors is still largely unknown. The
following model for the action of mammalian cofactors in the post-chaperonin steps of
tubulin folding has been proposed by Cowan and colleagues, based on in vitro data
(Figure 1.6) (Tian atal., 1997; Bhamidipati at al., 2000);

TUBULIN DESTRUCTION

Microtubules
N.

GDP-tub

D |C

GTP-tub

^
G TP

a

GDP
+ Pi

GTP

GDP
+ Pi

TUBULIN-GAP ACTIVITY

Figure 1.6 Model for the assembly of the tubulin heterodimer in vitro
Tubulin intermediates are generated by interaction with CCT, shown in orange, atubulin is blue and (3-tubulin is red. Tubulin cofactors are denoted in yellow. The green
text denotes the action of Arl2. Modified from Bhamidipati at al., 2000.

39

Chapter 1 - Introduction

After the tubulin folding intermediates are released by CCT, they are captured and
stabilised by cofactors, B and E for a-tubulin, and A and D for (3-tubulin (or oB, oE and
(3A, (3D respectively). The oB and (3A complexes act as reservoirs, capable of accepting
or delivering their target protein to cofactors E and D respectively. The dimeric
complexes of oE and (3D then associate to form a supercomplex containing cofactors
C, D and E, and q and p-tubulin. The supercomplex-bound tubulin, hydrolyses GTP
and acts as a switch for the release of the native tubulin dimer.

1.4.3.3

Tubulin folding pathways in fission yeast

The tubulin folding pathway suggested by Cowan and colleagues (Tian at al., 1997;
Bhamidipati at al., 2000) is controversial, as other data on the function of these
cofactors suggests they have alternative roles in the cellular milieu (discussed in the
next section). The Cowan at al. model is based on data obtained from in vitro studies
with purified components and overexpression studies in cells. The role mammalian
cofactors play in tubulin biogenesis in vivo remains to be elucidated. An alternative
model based on in vivo data obtained from studies in fission yeast has also been
proposed (Figure 1.7)(Radcliffe at al., 2000a).

ESSENTIAL PATHWAY

Alp31^Alp41(^

NON-ESSENTIAL PATHWAY

Figure 1.7 Model for the essential and non-essential pathways for in vivo tubulin
biogenesis in fission yeast
Shaded circles represent the tubulin/chaperonin complex and the cofactor homologues
are denoted by their names; Alpll® (cofactor B), Alp31^ (cofactor A), Alp21^ (cofactor
E), Alpl^ (cofactor D) and Alp41 (Arl2). Modified from Radcliffe at al., 2000a.
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The major differences between the two pathways are that, unlike the mammalian
model, in fission yeast there are essential and non-essential pathways for the
biogenesis of tubulin. Both models demonstrate that cofactors D and E act at steps
later in the pathway than cofactor B. In contrast to the parallel actions of cofactors D
and E in mammalian cells, in fission yeast cofactor D functions down stream of cofactor
E in a sequential manner. Arl2 is believed to function prior to cofactor D and in concert
with cofactor E (Radcliffe et ai, 2000b). The role of cofactor C in fission yeast is yet to
be determined as no described homologue of cofactor C has been identified and
studied in fission yeast.

The idea of a non-essential pathway is underlined by cofactor A being dispensable for
cell viability in fission yeast. In vitro studies using purified mammalian cofactors have
suggested that although cofactor A binds partially folded p-tubulin intermediates, it
does not neccessarily partcipate in the actual folding reaction (Tian at a!., 1996). This is
in contrast to the essential requirement of cofactor B for a-tubulin (Radcliffe at ai,
1999), suggesting that P-tubulin is more stable in the absence of cofactors than atubulin in fission yeast, p-tubulin may even be capable of folding itself into a functional
conformational state (Radcliffe at ai, 1999; Radcliffe at ai, 2000a).

1.4.4

Tubulin cofactors

In mammals there have been five proteins identified to date which are involved in the
folding and association of tubulin in vitro (Lewis at al., 1997). Cofactors D and E form
complexes with both tubulin subunits and, in the presence of cofactor

0

, release the

tubulin heterodimers for their eventual polymerisation into microtubules. In contrast,
cofactors A and B function as molecular chaperones and are unique to specific
monomeric tubulin subunits. Although these cofactors have identified homologues in
yeast, they do not seem to have identical roles.

In budding yeast, Saccharomycas caravisiaa (S. caravisiaa), microtubules can
assemble in the absence of any cofactors, and the cofactors are unessential for cell
viability (Hoyt at ai, 1990; Stearns at ai, 1990a; Archer at ai, 1995; Tian at ai, 1997).
Defects in microtubule function such as hypersensitivity to microtubule-destabilising
drugs and cold-sensitive growth have, however, been noted in these mutants.

In

fission yeast, Schisosaccharomycas pomba (S. pomba), tubulin cofactors are
absolutely required for cell viability and microtubule stability (Hirata at ai, 1998;
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Grishchuk et ai, 1999; Radcliffe et al., 1999; Radcliffe et al., 2000a). Recent studies in
Arabidopsis thaliana (Steinborn et al., 2002; Kirik et al., 2002a; Kirik et al., 2002b)
suggest the role of Arabidopsis tubulin cofactors in microtubule formation is
comparable to the mammalian tubulin folding pathway, with cofactors C, D and E being
necessary for microtubule formation and cofactors A and B possibly playing an
accessory role (Steinborn et al., 2002). The tubulin folding pathways may not have
been conserved between different organisms, but it is also possible that the In vivo
requirements of mammalian cofactors may not be accurately reflected by in vitro
studies.

1.4.4.1

Cofactor A

Homologues of cofactor A in S. cerevisiae (Rbl2p, Archer et al., 1995) and in S. pombe
(Alp31, Radcliffe et al., 2000a) have been identified. Rbl2p sequesters excess p-tubulin
that would othenA/ise be lethal, and is required for normal meiosis (Archer et al., 1995).
Alp31 is required for proper control of growth polarity (Radcliffe et al., 2000a) but is
non-essential in budding and fission yeast under normal growth conditions (Archer et
al., 1995; Radcliffe et al., 2000a). In Arabidopsis, however, the cofactor A homologue
has an important role in maintaining the balance between the a and p-tubulin subunits
(Kirik et al., 2002a).

1.4.4.2

Cofactor B

Cofactor B captures newly synthesised a-tubulin molecules that are released from CCT
and maintains a reservoir of partially folded a-tubulin in the cell (Tian et al., 1997,
Radcliffe et al., 1999). Homologues of cofactor B have been identified in S. cerevisiae
(Alflp, Feierbach et al., 1999) and in S. pombe (A lpll, Radcliffe et al., 1999). Both
yeast cofactor B homologues and mammalian cofactor B share homology with the
microtubule binding domain of CLIP-170 (Tian et al., 1997; Feierbach et al., 1999;
Radcliffe et al., 1999). A lp ll interacts with a-tubulin and Alp21 and this interaction is
dependent on the CLIP-170 domain. Overexpression of A lp ll results in cell lethality
and the disappearance of microtubules, which is rescued by co-overproduction of atubulin (Radcliffe et al., 1999). In S. cerevisiae, Alflp can associate directly with
nuclear and cytoplasmic microtubules in vivo, a localisation dependent on the CLIP170 domain. In Arabidopsis, mutations in cofactor B give an indistinct phenotype
implying that cofactor B is not stringently required (Steinborn et al., 2002), consistent
with the suggestion that human cofactor B is not required for in vitro tubulin folding but
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plays an important role in sequestering a-tubulin folding intermediates (Tian et al.,
1997).

1.4.4.3

Cofactor C

In mammals, cofactor C is capable of inducing the complex formed between a-tubulin,
cofactor E, p-tubulin and cofactor D to release the native a/p heterodimer (Tian et a!.,
1996). In Arabidopsis, the cofactor C homologue is believed to fulfil a similar role
(Steinborn et a!., 2002). There is no described homologue of cofactor C in S. pombe,
but there is a putative homologue in S. cerevisiae named Cin2p (Bhamidipati et al.,
2000). Cofactor 0 may also have roles other than the proposed role in tubulin folding.
Unpublished data cited by Tian and colleagues suggests that cofactor 0 is a
chaperone, can associate with microtubules and may itself be a MAP (Tian et al.,
1996). In addition, cofactors 0 and D together with cofactor E have been demonstrated
to stimulate the GTPase activity of native tubulin (Tian et al., 1999). This tubulin-GAP
activity is regulated by ADP-ribosylation factor-like protein 2 (Arl2, discussed in the next
section)(Bhamidipati et al., 2000).

1.4.4.4

Cofactor D

In S. pombe, cofactor D (Alpl) has been shown to bind microtubules and possibly
deliver a/p-tubulin to growing

microtubule tips

(Radcliffe

et al.,

1999)

and

overexpression of cofactor D is lethal in S. pombe (Hirata et al., 1998). Overexpression
of cofactor D and cofactor E has also been shown to destroy tubulin heterodimers and
microtubules in transfected HeLa cells (Bhamidipati et al., 2000), but in S. cerevisiae,
overexpression of cofactor D results only in mild microtubule instability (Hoyt et al.,
1990; Stearns et al., 1990a). Alpl co-localises with microtubules in vivo and co
sediments with porcine microtubules in vitro (Hirata et al., 1998), whereas cofactor D
does not bind to microtubules in mammalian cells (Bhamidipati et al., 2000). Cofactor D
can capture P-tubulin in pD complexes by disrupting tubulin heterodimers in vitro
(Lewis et al., 1997).

The binding of cofactor D to p-tubulin is regulated through its

interaction with Arl2 (Bhamidipati et al., 2000), and the co-expression of Arl2 with
cofactor D in transfected HeLa cells is sufficient to prevent the destruction of tubulin
and microtubules (Bhamidipati et al., 2000). In S. pombe, the Arl2 homologue Alp41
plays an essential role in the a-tubulin pathway, upstream of cofactor D and possibly in
concert with Alp21 (cofactor E)(Radcliffe et al., 2000b).
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1.4.4.5

Cofactor E

Cofactor E experiments in HeLa cells (Lopez-Fanarraga et al., 2001) have shown that,
like cofactor D (Martin at a!., 2000), it destroys the complete microtubule network of the
cell when overexpressed (Bhamidipati at al., 2000). In S. pomba and S. caravisiaa,
however, overexpression of cofactor E has no effect (Grishchuk at al., 1999; Radcliffe
atal., 1999).

Mutations in cofactor E (Tubulin specific chaperone E, TBCE) have been recently been
implicated in autosomal recessive Kenny-Caffey syndrome (KGS) and in Sanjad-Sakati
(SSS) syndrome (Parvari at al., 2002). Symptoms of these similar disorders include
congenital hypoparathyroidism, mental retardation, craniofacial abnormalities and
growth retardation; Kenny-Caffey syndrome also has the additional features of
osteosclerosis and recurrent bacterial infections. Analysis of lymphoblastoid cells from
KCS and fibroblasts from SSS patients showed normal levels of total intracellular atubulin,

but reduced

levels

of microtubule

associated

polymerised

a-tubulin.

Immunofluorescence studies showed a reduction in MTOC-associated tubulin and a
loss of microtubule polarity in diseased cells (Parvari at al., 2002). Ultrastructural
studies showed disturbances in MTOC-associated subcellular organelles, such as the
Golgi and late endosomal compartments. These results represent the first confirmed
report of a disease caused by a defect in the cellular mechanisms regulating tubulin
assembly. Mutations in RP2, however, may also be another such disease involving the
tubulin folding pathway.

Furthermore, a mutation has also been identified in the mouse homologue of cofactor E
(Tbce)(Martin at al., 2002; Bdmmel at al., 2002). Mice that are homozygous for the
progressive motor neuropathy (pmn) mutation on chromosome 13 develop a
progressive caudiocranial degeneration of their motor axons from the age of
and die 4 to

6

2

weeks

weeks after birth (Martin at al., 2002; Bommel at al., 2002). A mutation

found in the last residue of Tbce was found to result in decreased protein stability
(Martin at al., 2002; Bommel at al., 2002). Electron microscopy of the sciatic and
phrenic nerves of affected mice showed a reduced number of microtubules (Martin at
al., 2002). These studies indicate that Tbce is critical for the maintenance of mouse
motor axons, and the authors suggest that the altered function of tubulin cofactors
might be implicated in human motor neuron disease. The reasons for differences
between pmn and KCS or SSS caused by mutations in cofactor E are not known.
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The next section is a description of the role of ADP-ribosylation factor-like proteins and
their relationship to the cytoskeleton, and also their relevance to the cell biology of the
retina.

1.5

ADP-RIBOSYLATION FACTOR PROTEINS (Arts)

Ras-related GTP-binding proteins are involved in a wide variety of cellular processes.
Their common biological function is to act as molecular switches cycling between an
inactive GDP-bound and an active GTP-bound form. The cycling is regulated by
guanine nucleotide exchange factors (GEFs) which effect GDP-GTP exchange, and
GTPase-activating proteins (GAPs), which hydrolyse GTP.

ADP-ribosylation factor (Arf) proteins form a subgroup of Ras-related GTP-binding
proteins. Arf protein family members have >60% identity at the amino acid level and
several characteristic functions. These include the activation of cholera toxin-catalysed
ADP-ribosylation of GOs (Kahn et al., 1984), activation of phospholipase D (Cockcroft at
a/., 1994) and suppression of a lethal arf17arf2’ double mutant in S. cerevisiae (Stearns
et ai., 1990b). Arf proteins are also characterised by a lipid modification, Nmyristoylation, at glycine 2 and this N-terminal acyl moiety is only accessible to the
membrane in the GTP bound state of the protein (Chavrier et ai., 1999). N-terminal
acylation will be discussed further in section 1 .6 .

Arf proteins are generally believed to mediate multiple steps in vesicular transport
pathways in the ER-Golgi and endososomal systems amongst other cellular functions
(Moss et ai., 1998; Chavrier et ai., 1999; Roth 1999). The role for Arfs in Golgi function
became apparent when it was established that expression of a mutant, constitutively
activate form of Arf 1 (Q71L), led to expansion and vésiculation of the Golgi (Zhang et
ai., 1994). Arf proteins are believed to be recruited to a specific membrane by an Arfspecific GEF, and after GDP-GTP exchange, GTP-Arf recruits components of vesicular
coats and cargo proteins. Vesicle fusion is then mediated by GTP hydrolysis which is
stimulated by Arf-specific GAPs (Chavrier et ai., 1999).

Arf6 , however, is structurally divergent from other Arfs (Chavrier et ai., 1999) and is
found exclusively at the plasma membrane and/or endosomal membranes in various
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cell types (Peters et al., 1995; Cavenagh et a!., 1996), and is believed to function as a
regulator of vesicle transport at the plasma membrane. It has been recently
demonstrated to exert direct control on the exocytic machinery (Vitale et a!., 2002) a
function not conserved in other Arfs.

1.5.1

Arf-like proteins (Arls)

The mammalian Arl [ADP-ribosylation factor (Arf)-like] proteins are part of the Arf
protein family and share 40-60 % amino acid sequence identity with Arf proteins. They
do not, however, possess the biochemical activities that characterise Arf proteins
(Tamkun et al., 1991; Vaughan et al., 1997; Amor et al., 2001), i.e. activate cholera
toxin-catalysed ADP ribosylation (Kahn et al., 1984), activation of phospholipase D
(Cockcroft et al., 1994) or suppress the lethal arf17arf2'double mutant in S. cerevisiae
(Stearns et al., 1990b), suggesting a different cellular role for Arls. The only exception
to this general rule is Aril which is an atypical Arl as it exhibits weak Arf-activity (Hong
et al., 1998) and shares the effectors (proteins which specifically interact with the GTPbound protein) PORI and MKLP1 with Arfi (van Valkenburgh et al., 2001). Arl
proteins, like Arfs, also contain a glycine at position 2, the site of N-myristoylation,
although it remains to be fully elucidated whether Arls are acylated in this manner.
Certainly, neither Arl2 nor Arl3 incorporate radiolabelled myristate when co-expressed
with A/-myristoyl transferase, under conditions sufficient for Arfs (Randazzo et al.,
1995), but Aril, Arl4 and Arl5 can be /V-myristoylated (Lee et al., 1997; Lin et al., 2000;
Lin et al., 2002).

1.5.2

Arl in vivo functions

The in vivo functions of members of the Arl protein family are relatively unexplored. Arls
4,

6

and 7 are thought to comprise a sub-group of the Arf family, characterised by a

nuclear subcellular localisation and nucleotide exchange rate higher than rates
observed in other Arf proteins (Jacobs et al., 1999). Disruption of Arl4 in mice causes
retardation in normal germ cell development, leading to a reduced sperm count
(Schürmann et al., 2002), but normal spermatocyte function. Arl5 also appears to be
localised to nuclei and nucleoli and is developmentally regulated during embryogenesis
(Lin etal., 2002).

46

Chapter 1 - Introduction

1.5.2.1

Arl2

In contrast to the functions of other Arls, it has recently been shown that Arl2
modulates the tubulin GAP activity of cofactors C and D (Bhamidipati et al.,
2000)(Figure 1.6) and thus has a role in regulating tubulin dynamics. Arl2 is essential in
tubulin biogenesis (Steinborn at a!., 2002; Antoshechkin at a!., 2002) and genetic
studies in its putative yeast homologues have shown that the lack of Arl2 in null cells
affects microtubule stability (Stearns at a!., 1990b; Hoyt at a!., 1990; Radcliffe at al.,
2 0 0 0

b).

As well as cofactor D, Arl2 has additional interacting partners, BART (binder of
Arl2)(Sharer at al., 1999) and the 5-subunit of PDE (Hanzal-Bayer at al., 2002). The
interaction with BART is specific to Arl2-GTP but the physiological consequences of the
interaction are unknown (Sharer at al., 1999). The function of human P D E q remains to
be resolved, but it is believed to be able to translocate the dually-acylated PDEap from
membranes, into the cytosol (Cook at al., 2001). The interaction of Arl2-GTP with P D E q
is also strictly GTP-dependent (Hanzal-Bayer at al., 2002) and the binding of P D E q
strongly inhibits the dissociation of GTP from Arl3 (Linari at al., 1999b).

r -

aO

'

^

Arl2-GTP

Arl3-GDP

Figure 1.8 Ribbon diagrams of Arl3-GDP and Arl2-GTP
The structures of Arl3 and Arl2 are compared in the GDP and GTP-bound forms. The
N-terminus of the protein is shown in yellow. From Hanzal-Bayer at al., 2002.
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1.5.5.2

Arl3

Arl3 is 45% identical to Arf1 (Icard-Liepkalns et al., 1997). Structural analysis of Arl3GDP (Hillig et a!., 2000) has revealed that it is very similar to Arf1-GDP (Amor et a!.,
1994) and Aril (Amor et a!., 2001). The N-terminus of Arl3 does not fold into a helix
(Figure 1.8)(Hanzal-Bayer et a!., 2002), but it has been postulated that Arl3 would
release its N-terminus upon binding to GTP. As discussed earlier in 1.5.1, however,
attempts to detect myristoylated Arl3 have been unsuccessful. The structure of Arl2GDP has not been ascertained, but the structure of Arl2-GTP is known (Figure
1.8)(Hanzal-Bayer et a!.,

2002).

Upon nucleotide exchange in Arl2-GTP,

a

conformational change induces the displacement of the N-terminus, also predicted for
Arl3-GTP.
Both BART and PDE5 have been demonstrated to bind to Arl3 in a strictly GTPdependant manner (Linari etal., 1999b; van Valkenburgh etal., 2001). PDEg increases
the affinity of Arl3 for GTP by several orders of magnitude by decreasing the nucleotide
dissociation rate (van Valkenburgh etal., 2001). As the exchange of GDP-GTP initiates
the membrane anchoring of Arfi (Goldberg 1998), and PDE5 is localised to intracellular
membranes (Marzesco etal., 1998), it has been suggested that Arl3 may have a role in
intracellular transport, similar to that of Arf proteins (van Valkenburgh et al., 2001).
As discussed in section 1.3.1.3, RPGR has also been identified as a binding partner of
PDE5 (Linari et al., 1999a). The function of RPGR is unknown, but PDE5 has been

demonstrated to interact with Arl2 and Arl3 (Linari et al., 1999b; Hanzal-Bayer et al.,
2002), suggesting that RPGR may be involved in vesicular trafficking. RPGR, Arl2 and
Arl3 are all ubiquitously expressed proteins, yet mutations in RPGR cause a retinaspecific phenotype. There have been no disease-associated mutations identified in
either Arl2 or Arl3 to date, but via their demonstrated interaction with a functionally
important, causative retinitis pigmentosa gene protein, Arl2 and Arl3 may have a role in
photoreceptor maintenance and function, potentially through vesicular transport
regulation.

1. 6

ACYL MODIFICATION

Fatty acylation of proteins is an important form of protein modification and plays a
critical role in many biological processes. Acylation can be important for protein
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structure and for membrane interactions and has been shown to stimulate protein
activity and enhance interactions with other signalling proteins. Proteins can be fatty
acylated by palmitoylation, which usually occurs on cysteine residues and by Nacylation with shorter chain fatty acids, usually myristic acid, which usually occurs on
N-terminal glycines.

1.6.1

Myristoylation

Myristate is a 14-carbon saturated fatty acid that is covalently attached through an
amide bond to the N-terminal glycine residue of some proteins. Proteins that are
destined for myristoylation begin with the sequence Met-Gly (Boutin 1997). The
initiating methionine is cleaved during translation, and myristate becomes attached to
the glycine in position two by an amide bond in a reaction catalysed by an enzyme, Nmyristoyl transferase (NMT)(Resh 1999). Several A/-acylated proteins have been
shown to be heterogeneously fatty acylated by fatty acids other than myristate
(discussed further in 1.6.4).

The consensus sequence for NMT substrates is Met-Gly-X-X-X-Ser/Thr-. The glycine
at position two is absolutely essential, however this is not always sufficient and NMT
recognition can depend on downstream amino acids. Serine or threonine is preferred at
position six, and lysine or arginine is preferred at position seven and/or eight (Johnson
etal., 1994; Boutin etal., 1997; Resh etal., 1999).

/V-myristoylation of proteins has significant effects in a diverse range of cellular
functions. The attachment of myristate can play a structural role in stabilising threedimensional protein conformation (Chow et al., 1987; Kennedy ef al., 1996; Resh ef al.,
1999). Many /V-myristoylated proteins are membrane bound and associated with both
the plasma membrane and intracellular membranes in eukaryotic cells. Mutation
studies of the N-terminal glycine-2 in these proteins e.g. Src, have been shown to
disrupt the protein membrane binding and prevent protein function (Kamps ef al.,
1985).

The orientation of the myristate moiety on its target protein is not always static, and
some /V-myristoylated proteins exist in two conformations. In one conformation, the
myristoyl moiety is contained in a hydrophobic pocket within the protein, and in the
alternate conformation, myristate is flipped out to participate in membrane association.
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The transition between these two states is regulated by a mechanism known as a
‘myristoyl switch’ and is often associated with reversible membrane binding. This
‘switch’ can be triggered by ligand binding, electrostatics or proteolysis (Resh et al.,
1999). An excellent example of ligand-mediated myristoyl switch proteins are the family
of Arf proteins discussed in 1.5.1. The exposure of the myristate moiety in Arfs is
regulated by guanine nucleotide binding (Boman et a/., 1995). For example, in the
GDP-bound form of A rfi, the N-terminal helix is sequestered in a shallow hydrophobic
pocket (Amore et a/., 1994). Binding of GTP triggers a conformational change where
the myristoylated N-terminus is exposed and able to bind to the membrane (Goldberg
1998). As a consequence of this mechanism, the localisation of the GEF which effects
the GDP to GTP transition and hence the release of the N-terminus of the Arf, will have
an important role to play in the location of the Arf protein action. Examples of a
myristoyl-electrostatic switch protein are a protein kinase C substrate, MARCKS, and a
myristoyl-proteolytic switch protein is HIV-1 Gag (Hermida-Matsumoto et a/., 1999).

Myristoylation is necessary and sufficient for the membrane binding of some proteins
(McCabe et a!., 1999). However, some membrane-associated, myristoylated proteins
require a second signal for efficient membrane binding (Resh et a!., 1999). This may
be achieved by a cluster of basic residues providing electrostatic interactions with the
lipid bilayer (e.g., Src; Sigal et a!., 1994) or by protein-protein interactions with other
membrane bound proteins (Resh et a!., 1999). Another means of membrane binding by
a second signal mechanism can be achieved by protein palmitoylation.

1.6.2

Palmitoylation

Palmitoylation is the post-translational linkage of palmitic acid, a 16-carbon saturated
fatty acid, to one or more internal cysteine residues in a protein, by thioester linkage
mediated by putative palmitoyl acetyl transferase(s) (PATs). In contrast to Nmyristoylation, the enzyme(s) responsible for palmitoylation regulation remain to be
fully elucidated. Palmitoylation can influence membrane interactions, protein-protein
interactions, localisation, conformation and activity of target proteins (Wedegaertner et
a!., 1994; Robinson eta!., 1995; Wedegaertner ef a/., 1995).

Palmitoylated proteins have been proposed to belong to four different groups (Resh et
a!., 1999). The first group consists of plasma membrane receptors and membrane
proteins that are palmitoylated at cysteine residues within, or adjacent to, a trans

50

Chapter 1 - Introduction

membrane domain. The second group of proteins include farnesylated members of the
Ras family and the third group are palmitoylated at cysteine residues near the N- or Ctermini. The final group comprises proteins that are dually fatty acylated with both
myristate and palmitate and nearly all dually acylated proteins contain the consensus
sequence Met-Gly-Cys at their N-terminus.

Both myristoylation and palmitoylation are essential for the plasma membrane targeting
of Src tyrosine kinases and G protein a-subunits (van’t Hof et al., 1997; Wolven et al.,
1997; McCabe et al., 1999). Myristoylation of glycine-2 facilitates the subsequent
palmitoylation of cysteine-3 and it has been suggested that proteins containing MetGly-Cys transiently interact with diverse intracellular membranes until they are retained
in the plasma membrane after palmitoylation by a plasma membrane-bound PAT
(Shahinian et al., 1995). Experimental evidence supporting this hypothesis has shown
that mutations of the cysteine-3 palmitoylation site reduce the rate of membrane
binding and redirect proteins to intracellular membranes (van’t Hof et al., 1997;
McCabe et al., 1999). It is, however, possible for proteins to be targeted to the plasma
membrane by mechanisms other than myristoylation (Morales et al., 1998). An
example of a protein using an alternative mechanism is GAP43 which is not
myristoylated, and contains two sites for palmitoylation. GAP43 reaches the plasma
membrane via the secretory pathway (Gonzalo et al., 1998) and indicates that there
are different pathways operating for the membrane association of palmitoylated
proteins.

1.6.3

Lipid raft associations

As just discussed, lipid modifications are an important mechanism for targeting proteins
to cellular membranes. They can also, however, act as signals to sort proteins to
domains within the plasma membranes of some cells (llkonen et al., 1998). It is
accepted that lipid composition is not uniform throughout the plasma membrane and
that microdomains can form. One such type of microdomain believed to exist within the
plasma membrane are ‘lipid rafts’ (Simons et al., 2000). Rafts are characterised by an
enrichment of cholesterol and sphingolipids and their lack of solubility in cold, non-ionic
detergents, such that they are also referred to as detergent-resistant membranes
(DRMs).
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One important property of lipid rafts is that they can include or exclude proteins
selectively.

Proteins

able

to

associate

with

lipid

rafts

include

glycosylphosphatidlyinositol (GPI)-anchored proteins, dual-acylated proteins such as
Src family members,

Fyn and Lck (Resh

et al.,

1999),

and palmitoylated,

transmembrane proteins (Brown et a!., 1998). GPI-anchored or dually-acylated proteins
are believed to partition into rafts due to preferential packing of their hydrophobic,
saturated membrane anchors (Simons et a!., 2000).

Lipid rafts are proposed to have an important function in signal transduction (Reviewed
in Simons et a!., 2000), as the lipid microenvironment concentrates receptors and
effectors on both sides of the membrane, favouring specific protein-protein interactions
and the activation of signalling cascades (Simons et a!., 2000). An example of
signalling involving lipid rafts is immunoglobulin E (IgE) signalling during allergic
response (Field et a!., 1995; Sheets et a!., 1999). It has been hypothesised that the
lipid raft-associated Src-like tyrosine kinase Lyn facilitates close proximity to, and
subsequent phosphorylation, of the Fc receptor initiating the signaling cascade (Sheets
et a!., 1999; Simons et a!., 2000). An additional function could also be to increase local
protein concentrations in order to facilitate other protein-protein interactions.

1.6.4

Acyl modification in the retina

N-terminal acylation has been demonstrated to be functionally important for a number
of photoreceptor proteins including recoverin (Dizhoor et a/., 1992), transducin
(Gta)(Neubert et a/., 1992) and GCAP (Palczewski et a/., 1994). In contrast to Nmyristoylated proteins found in other tissues where myristic acid (14:0) is the
predominant fatty acid, photoreceptor proteins are heterogeneous with regard to the
types of fatty acids covalently linked to the glycine.

Mass spectroscopy of

photoreceptor proteins has revealed them to be acylated by fatty acids 12:0, 14:In-9,
14:2n-6 in addition to 14:0 (Neubert et a!., 1995). The functional significance of the
retina-specific heterogeneous acylation is unclear, but has been suggested that it may
provide a lower affinity membrane anchor than with 14:0 alone. The hydrophobicity or
strength of membrane binding affinity is reported to be in the following order: 14:0>
14:1n-9> 14:2n-6~ 12:0 (Heuckeroth et a!., 1988). Functionally, the decreased
hydrophobicity of an acyl group other than 14:0, may lead to a decrease in the strength
of protein-protein interactions in the photoreceptor outer segments. The heterogeneous
fatty acylation of Gta, may lead to a decrease in the affinity of binding to the Gtpy

52

Chapter 1 - Introduction

subunit and assist in modulating the sensitivity of the phototransduction cascade
(reviewed in DeMar et al., 1999).

As the N-acylation of a protein does not necessarily itself form a stable membrane
anchor, membrane attachment is often assisted by the addition of other lipid
modifications. Some N-acylated photoreceptor proteins such as Gta, increase the
strength of their membrane interaction when they bind to partner proteins with
additional lipid groups, in this case, Gtpy, which is farnesylated (a C-terminus lipid
modification) on the y moiety (Fukada et a!., 1990). It is also important to consider that
if a protein was dually acylated by a palmitoyl moiety in addition to the myristoyl moiety,
the strength of protein interaction with the plasma membrane would be considerably
higher than with 14:0 alone. There are no photoreceptor proteins reported to date, to
be dually-acylated in this way. The work carried out in this thesis, however, will
describe RP2 to be the first known protein associated with the retina, and more
specifically, a retinal degenerative disease, to be dually-acylated by myristoylation and
palmitoylation.

1.7

AIMS OF THIS STUDY

The focus of this thesis was the investigation of the cell biology of the retinitis
pigmentosa protein RP2. At the start of the study there was no functional information
known about RP2 and some of the work described in this thesis has formed the
preliminary foundations for what is currently known about RP2 cell biology. The main
aims of this thesis were as follows;

1. The refinement of the localisation of RP2 in cell culture models, based on
collaborative preliminary studies carried out in the laboratory.
2. The evaluation of a potential therapy for RP2 patients.
3. To determine the localisation of RP2 in human retina.
4. The investigation of a potential role for RP2 in tubulin biogenesis and/or
microtubule dynamics, based on the RP2 sequence homology to cofactor C.
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C hapter

2

MATERIALS AND METHODS

2.1

MATERIALS

2.1.1

Chemicals

All chemicals used were of molecular biology or AnalaR grade and were purchased
from VWR international Ltd. (Poole, UK), Sigma (Poole, UK) or GibcoBRL (Paisley,
UK). DMA molecular weight markers were supplied by Promega (Southampton, UK)
and protein molecular weight markers were supplied by BioRad (Hemel Hempstead,
UK) and Amersham Pharmacia (Little Chalfont, UK). Tissue culture reagents were
obtained from Life Technologies (Paisley, UK) or Sigma. Additional reagents were
obtained from other suppliers as noted in the text.

2.1.2

Buffers and solutions

Buffers were prepared according to the recipes listed in Appendix 1.

2.1.3

Antibodies

Two polyclonal RP2 antisera were created specifically for use in this study. Sheep
polyclonal antiserum, S974, was raised against purified recombinant 9x histidinetagged full length RP2 by the Scottish Antibody Production Unit (Carluke, UK). Rabbit
polyclonal antiserum, hRP2-337-350, was raised against peptide VDSFYNFADIQMGI,
which corresponds to amino acid residues 337-350 at the C-terminus of human RP2,
conjugated to keyhole limpet haemocyanin (KLM) by Sigma-Genosys Biotechnologies
Ltd. (Cambridge, UK). All other antisera were received as gifts or obtained from DAKO
(Ely, UK), Jackson Immunoresearch (Luton, UK), Molecular Probes (Cambridge, UK)
or Sigma as stated in the text.

A list of antisera and the titres used are detailed in Table 2.1 for primary antisera and
Table 2.2 for secondary antisera.
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Table 2.1 Primary antisera used in this study

Name

Specificity

Raised in

Supplier

WB

ICC

IHC(A)

1:100

1:100

IHC(P)

S974

RP2
(his-tagged RP2)

sheep

Our own

1:1000

hRP2337-350

RP2
(C-terminus peptide)

rabbit

Our own

1:1000

1:200

gpRP2

RP2

guinea pig

Gift*

1:1000

1:50

TUB 2.1

P-tubulin

mouse

Sigma

1:5000

TUB 2.1
Cy3

P-tubulin

mouse

Sigma

hArl3

Arl3

rabbit

Gift*

1:2000

1:200

1:200

1:400

hCFC

Cofactor C

rabbit

Gift*

1:2000

1:200

1:300

1:400

1D4

rhodopsin

mouse

National cell
culture centre

1:200

7G6

cone arrestin

mouse

Gift^

1:100

6-1 IB-1

Acetylated a-tubulin

mouse

Sigma

1:400

3/775

Sucrase-isomaltase

mouse

Gift^

1:50

N1/123

Na^/K^ ATPase

mouse

Gift§

1:300

ZO-1

ZO-1
(Tight Junctions)

rabbit

Sigma

1:300

610653

P-catenin

mouse

Transduction
laboratories

Xpress

Xpress region of
pTrcHisA

mouse

Invitrogen

1:500

1:200

1:500

1:200

1:200
1:5000

WB - Western blotting, ICC - Immu nocytochemistry, IHC(A) - Immunohistochemistry
using agarose embedded samples, IHC(P) - Immunohistochemistry using paraffin
embedded samples.

* Gift from N.J. Cowan, ^ Gift from P. MacLeish, ^ Gift from K. Matter
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Table 2.2 Secondary antisera used in this study
Specificity

Raised in

Conjugate

Supplier

WB

iCC

IHC(A)

sheep IgG

goat

HRP

Sigma

1:2000

rabbit IgG

goat

HRP

Pierce

1:30000

mouse IgG

goat

HRP

Sigma

1:5000

guinea pig
IgG

rabbit

HRP

Sigma

1:2000

sheep IgG

donkey

Cy2

Jackson

1:100

1:100

sheep IgG

donkey

Cy3

Jackson

1:100

1:100

rabbit IgG

donkey

Cy2

Jackson

1:100

1:100

rabbit IgG

donkey

Cy3

Jackson

1:100

1:100

mouse IgG

donkey

Cy2

Jackson

1:100

1:100

mouse IgG

donkey

Cy3

Jackson

1:100

1:100

guinea pig
IgG

donkey

Cy2

Jackson

1:100

1:100

rabbit IgG

swine

Blotin

DAKO

streptavldin
IgG

Donkey

Cy2

Jackson

IHC(P)

1:300
1:100

HRP, Horseradish peroxidase; Cy2, Cyanine 2; Cy3, Cyanine 3.

2.2

BASiC MOLECULAR BiOLOGY TECHNiQUES

2.2.1

PGR primer design and synthesis

A series of PGR primers were designed to amplify specific cDNAs to enable the
construction of expression plasmids for use in this study. All primers used for cloning
were engineered to contain specific restriction enzyme sites to facilitate the subsequent
manipulation of the amplified products for cloning. Primers were also designed to
introduce specific pathogenic missense mutations identified in the RP2 gene. All
primers used for cloning were synthesised by Genosys Biotechnologies Ltd or MWG
Biotech, Ebersberg, Germany, reconstituted in ddh2 0 to a final concentration of 100
pmol/pl and stored at -20°C. Oligo(dT) primers for single stranded cDNA synthesis from
total RNA were obtained from Promega. The primers used in this study are listed in
Table 2.3.
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Table 2.3 Oligonucleotide primers used

Oligo Name

Sequence 5 -3'

Cloning Restriction
Site

R P2-5

GCG GATCCG CCATG G GCTG CTTCTTCTCCAAG AG

Bam HI

RP 2-3-2

G G A TC C T C T A G A TC A T A T TC C C A TC TG T A TA TC A G C

Bam HI

R P 2-1-199

G G A TC C TC TA G A TC A A A C A TA G TC C TG A A C C A C A G C

Bam HI

R P 2-1-36

G G A T C C T C T A G A TC A A T C A A C C TT C T C G C G C T G

Bam HI

R P 2-41-350

G C G G A TC C C A TA TG TT C A G T G G A C T G A A G G A TG A

Bam HI

R P 2 -182-350

G C G G A TC C G C C A TG G G A G A A C T C A A C T G G A G C C T

Bam HI

C FC -F

GAATTCGGACCG G TATG G AG TCCGTCAGTTGCTCC

Eco Rl

C FC -R

G A A T T C G A C C G G T TT A G TC C C A C T G G A T A T T TC G

Eco Rl

C-like-F

G C G G A TC C A C C G G T A T G G A TC A G T C C A G A G TT C T C

Bam HI

C-like-R

G GATCCACCG GTTTATCCAG CTGCTTG TTTGG ACGC

Bam HI

R 118H -F

C A A T TT C A TG TG C G A G A T

None

R 118H -R

C T C G C A C A T G A A A TT G T T G G C A G

None

L253R-F

T G C A A A TG C C A G A A A A C G A A TTG A

None

L253R-R

A C C A T C T C A TC A A T TC G T T TT C T G

None

2.2.2

Polymerase chain reaction (PCR)

PCR reactions were carried out using 1 pg of retinal cDNA as a DNA template in 50 pi
reaction volumes. The annealing temperature and cycling profile was different for each
primer pair (detailed in Appendix 2). A DNA polymerase (Promega) containing a small
amount of proofreading activity (KlenTaq, Clontech, Basingstoke, UK) was used for
generating PCR products used in cloning applications to reduce the possibility of PGRinduced mutations being introduced into the sequence. PCR reactions were performed
in a Hybaid Omnigene PCR machine. A complete list of PCR reaction conditions used
in this thesis are detailed in Appendix 2.

2.2.3

Reverse transcription-PGR (RT-PGR)

RNA was extracted from lymphoblastoid cells using the RNeasy mini kit from Qiagen
(Crawley, UK) following the manufacturer’s protocols. RT-PCR was performed using
the Reverse Transcription System from Promega to obtain the first strand cDNA using
oligo(dT) primers following the manufacturer’s protocol. The first strand cDNA was
amplified using the appropriate oligonucleotide primers to detect RP2 and (3-actin
(Appendix 2).

57

Chapter 2 - Materials and Methods

2.2.4

Restriction enzyme digestion

All restriction enzymes and associated buffers were obtained from Promega and stored
at -20°C. One unit of restriction enzyme activity is defined as the amount of enzyme
required to digest 1 pg of DNA in 60 minutes. For routine digests, 1 pg of DNA was
digested with 10 units of restriction enzyme in a 20 pi reaction volume with the
appropriate buffer as recommended by the manufacturer. For preparation of plasmid
DNA for cloning, 5 pg of DNA was digested in a 50 pi reaction volume with 20 units of
enzyme. The DNA was digested for 2 hours at 37°C (apart from digests with Sma I
used at 25°C), and the enzyme was heat-inactivated at 65°C for 15 minutes to end the
reaction.

2.2.5

Analysis of PCR products and restriction digests

Products of PCR and restriction digests were analysed by agarose gel electrophoresis
and ethidium bromide staining. Bands were visualised by ultraviolet irradiation of the
gel using a transilluminator. Agarose gels were prepared in 1x tris-acetate (TAE) buffer.
Generally, 1% (w/v) agarose was used for restriction digests of plasmid DNA and 2%
(w/v) agarose was used for other applications. Samples were prepared for loading by
adding 6x loading dye (Promega) to a final concentration of 1x, and ethidium bromide
was added to the TAE at a final concentration of 0.5 pg/ml prior to loading the samples.
The sizes of the DNA fragments were determined by comparison to a DNA ladder
containing fragments of a known size.

2.2.6

Purification of PCR products and restriction digests

PCR reactions were purified using the QIAquick PCR Purification Kit (Qiagen), and
restriction digests were ran out on an agarose gel. The required DNA fragments were
excised and purified using the QIAquick Gel Extraction kit (Qiagen). The kits were used
following the manufacturers protocols. Purified, digested, plasmid DNA to be used for
cloning was treated with calf intestinal alkaline phosphatase (CIAP) to dephosphorylate
the 5’ ends, and prevent the self-ligation of the vector. A typical reaction was 2 pg of
purified DNA, 10 pi of 10x CIAP reaction buffer, 0.01 u per pmol ends CIAP (depending
on size of DNA fragment)(Promega) and nuclease free water to a final volume of 100
pi. The reaction was incubated for 30 minutes at 37°C and a further 0.01 u CIAP per
pmol ends was added to the reaction for a further 30 minutes at 37°C. The samples
were heated to 65°C for 15 minutes to end the reaction and the DNA was cleaned up

58

Chapter 2 - Materials and Methods

using the QIAquick PCR purification kit to remove the CIAP, which can interfere with
subsequent ligations.

2.2.7

Quantification of DNA

To determine the concentration of the DNA yield from minipreps and PCR product
purifications, the DNA was quantified by spectrophoretic analysis. The DNA was diluted
in ddH20 and the absorbance was read in a quartz cuvette at 260 nm. In order to check
for the presence of contaminating proteins, the absorbance was also read at 280 nm.
The 260:280 ratio should be 1.8-1.9 for pure DNA preparations. To calculate the
concentration of DNA in the sample, an absorbance at 260 nm of 1 indicates 50 pg/ml
double-stranded DNA, 37 pg/ml single stranded DNA or 40 pg/ml RNA. Another
method employed for the estimation of DNA concentration was the comparison of a
known amount of DNA to molecular weight standards of a known concentration on an
agarose gel. Using this approach also enabled the detection of contaminating DNA, for
example, bacterial genomic DNA, in minipreps or plasmid DNA in restriction digests.

2.2.8

Ethanol precipitation of DNA

DNA was precipitated and purified using sodium acetate and ethanol. First, 0.1
volumes of 3 M sodium acetate pH 5.2, were added to the DNA solution and mixed. 2
volumes of 95% ethanol at 22°C were then added, and the solution was allowed to
stand at 22°C for 1 hour. The DNA precipitate was pelleted at 12,000 g in a bench top
centrifuge for 15 minutes, and the supernatant removed. The DNA pellet was washed
by the addition of 500 pi of ice cold 70% ethanol. After pelleting the DNA by a further 5
minutes of centrifugation at 12,000 g, the supernatant was removed and the DNA pellet
was allowed to air-dry.

2.3

DNA PLASMID PREPARATION

The following plasmids were used in this study:
•

pGEM-T Easy (Promega) was used as a TA cloning vector for PCR products in
order to shuttle cDNA inserts for sub-cloning into expression vectors.

•

p2luc dual-luciferase reporter constructs were a kind gift from Professor John
Atkins (University of Utah).
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•

pTrcHisA (Invitrogen, Paisley, UK) was used to construct the N-terminally
histidine tagged recombinant proteins His-RP2, His-Cofactor C, His-C-like, HisRP2-R118H, His-RP2-L253R, His-RP2-1-36, His-RP2-1-199, His-RP2-41-350
and His-RP2-182-350.

2.3.1

Ligations and transformations

Purified, digested DNA fragments were ligated into purified, prepared plasmid vectors,
in a 3:1 molar ratio of insertivector. A typical reaction was 500 ng of plasmid DNA, the
desired amount of insert DNA, 1 pi of lOx ligase buffer, 3 units of T4 DNA ligase and
nuclease free water to a final volume of 10 pi. The reaction was incubated at 4°C for 16
hours before transforming the ligated DNA into competent E. coli cells. For
transformations, 2 pi of the ligation reaction was added to 50 pi of competent JM109 E.
coli cells (Promega) and incubated on ice for 30 minutes. The cells were heat shocked
at 42°C for 60 seconds and cooled on ice for 2 minutes. The cells were incubated at
37°C after the addition of 1 ml of LB broth for 1 hour in an orbital shaker. 200 pi of the
transformation mix was then plated out onto agar plates containing the appropriate
antibiotic for selection and incubated for 16 hours at 37°C.

2.3.2

Small scale plasmid purification (miniprep)

Recombinant DNA was isolated from the transformants to identify clones containing the
insert of interest. 5 ml of LB broth containing the appropriate antibiotic were inoculated
with a single bacterial colony and incubated for 16 hours at 37°C in an orbital incubator.
A stock of the colony was made by adding a 750 pi fraction of the overnight culture to
250 pi of sterile glycerol, flash freezing in liquid nitrogen and storing at -80°C. Plasmid
DNA was purified from the overnight culture using a QIAprep Spin Miniprep Kit for
small scale purification of plasmid DNA according to the manufacturer’s instructions.
The resulting purified DNA was then analysed for the presence of the correct insert by
restriction enzyme digests. Once a suitable clone had been identified, the DNA was
sequenced commercially (MWG Biotech) to ensure that there were no mutations
introduced by PCR and that the insert had ligated into the correct reading frame.

2.3.3

Construction of plasmids used in this study

RP2 (Chappie et a/., 2000), cofactor C and C-like were all initially isolated and
amplified out of a human brain cDNA library (Clontech).
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2.3.3.1

Construction of missense mutants

RP2 missense mutations R118H and L253R were engineered by site directed
mutagenesis using PCR (Appendix 2). The following primer combinations were used to
produce cDNA fragments with the required amino acid substitutions: For PCR reaction
(1) RP2 forward primer (RP2-5) and reverse primer R118H-R or L253R-R encoding the
missense mutation.

For PCR reaction (2) R118H-F or L253R-F forward primer

encoding the missense mutation and RP2 reverse primer (RP2-3-2). The reaction
products from (1) and (2) were gel purified and combined for use as primers and
template in the final PCR reaction, which was amplified using RP2-5 and RP2-3-2. The
final PCR product was cloned into pGEM-T Easy, digested with Bam HI and cloned into
pTrcHisA.

2.3.3.2

Construction of his-tagged proteins

RP2, cofactor C and C-like were all amplified from a human brain cDNA library and the
PCR products were cloned directly into pGEM-T Easy (Appendix 2). RP2 deletion
mutant fragments were amplified from full-length RP2 cDNA (Appendix 2) and the PCR
products were cloned into pGEM-T Easy. Each of the pGEM-T Easy constructs were
digested with restriction enzymes, as stated in Table 2.3, to release the required DNA
fragments for sub-cloning into pTrcHisA. Full-length RP2, C-like and RP2 deletion
fragments were cloned into the Bam HI site and cofactor C was cloned into the Eco Rl
site of pTrcHisA. Transformants were analysed by digesting the purified plasmid DNA
with restriction enzymes to ensure the DNA inserts had ligated into the plasmid in the
correct reading frame.

2.4

PROTEIN BASED TECHNIQUES

2.4.1

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

The method of SDS-PAGE separates proteins in relation to their molecular weights.
This is achieved by the use of the ionic detergent sodium dodecyl sulphate (SDS)
which covers proteins contained within a sample with an overall negative charge. This
ensures that all proteins have an identical charge to mass ratio so that they may be
separated on a polyacrylamide gel according to their molecular weights only.
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2.4.1.1

Sample preparation

Cell and tissue samples were Dounce homogenised on ice in homogenisation buffer
containing a mammalian protease inhibitor cocktail (Sigma) and added to SDS-PAGE
sample buffer (minus bromophenol blue)(Appendix 1). The concentration of protein in
the homogenates was determined using the BOA protein assay (Pierce, Tattenhall,
UK), to ensure even loading on the gels.

2.4.1.2

Gel preparation and electrophoresis

Gels were prepared using BioRad mini-protean SDS-PAGE equipment.

A 12%

resolving gel was used for most applications, but it was necessary to use 15% gels for
small recombinant proteins to be resolved effectively. A 3% stacking gel was used for
all resolving gels (gel recipes are in Appendix 1). The samples were electrophoresed at
200 V until the bromophenol blue dye front reached the bottom of the gel, or when the
proteins were suitably resolved. The sizes of proteins, once detected, were compared
to a protein ladder containing proteins of known molecular weights (BioRad, Amersham
Pharmacia).

2.4.2

Staining proteins using Goomassie Blue

Proteins separated by SDS-PAGE were fixed with methanol and glacial acetic and
stained with Goomassie Brilliant Blue R250 (Appendix 1). Gels were immersed in stain
for 4 hours, then destained in destain solution (Appendix 1) for 2 hours, changing the
solution 3 to 4 times. After destaining, the gels were soaked in water containing 20%
glycerol for 1 hour and dried between pieces of moistened cellulose film on a drying
frame (Promega gel drying kit).

2.4.3

Western blotting

Proteins were transferred from polyacrylamide gels to nitrocellulose membrane by
semi-dry electrophoretic transfer (BioRad) at a constant voltage of 15 V for 20 minutes.
Non-specific binding sites on the nitrocellulose were blocked by incubation in western
blotting blocking buffer (Appendix 1) for 16 hours at 4°C. The blots were hybridised with
primary antisera in blocking buffer for 1 hour at 22°C, and washed for 4 x 10 minutes
with western blotting wash buffer (Appendix 1). The blots were subsequently incubated
with horseradish peroxidase-conjugated secondary antisera in blocking buffer for 1
hour at 22°C, and further washed for 4 x 10 minutes in wash buffer. Immunoreactive
bands were detected using an enhanced chemiluminescence reagent ECL+ plus
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(Amersham Pharmacia) according to the manufacturer’s protocol and visualised by
exposing to X-ray film.

2.4.4

Affinity-purification of polyclonal antisera

The sheep S974 antiserum needed to be affinity purified in order to reduce non-specific
binding. Purification was performed using recombinant RP2 tagged at the C-terminus
with a 9x histidine tag, coupled to a HiTrap NHS-activated sepharose column, on an
AKTA purifier (Amersham Pharmacia). 1 mg of recombinant RP2 was coupled to the
column by recirculating the protein in a 15 ml volume of coupling buffer (Appendix 1)
through the column for 16 hours at 4°C, at a 0.5 ml/minute flow rate. The column was
then washed to deactivate any excess active groups that were not coupled to the
recombinant protein and to remove any non-specifically bound recombinant protein.
This was achieved by successive washes of column volumes of a buffer A (Appendix
1), followed by buffer B (Appendix 1), repeated twice and finished with a final wash in
buffer A. The column was then attached to the AKTA purifier and equilibrated with 5
column volumes of start buffer (Appendix 1). 1 ml of crude sheep anti-RP2 antiserum
was then applied to the column and washed through with a further 4 column volumes of
start buffer. The antiserum bound to the coupled recombinant protein, was then eluted
with 4 column volumes of elution buffer (Appendix 1) and collected in 1 ml fractions.
100 pi of 1 M Tris-HCI pH 7.5 containing 0.2% sodium azide was added to each 1 ml
fraction to neutralise the pH and inhibit fungal growth. The purified antiserum was
checked for specificity on western blots before use in experiments.

2.4.5

Production of polyhistidine-tagged recombinant protein

Prior to the large scale preparation of polyhistidine-tagged recombinant protein, each of
the pTrcHisA constructs were examined in scaled-down expression studies and
analysed by SDS-PAGE. The expression studies were used to confirm that the bacteria
were efficiently expressing the recombinant proteins and that the proteins were of the
correct predicted size. These studies were also used to optimise conditions for the
preparation of each recombinant protein, i.e. growth medium used, growth temperature
used and length of IPTG post-induction expression time. For optimal protein expression
and yield, all plasmid vectors were transformed into competent TOP10 E. coli cells just
before use, and a single colony from each transformation used to inoculate the
overnight starter culture.
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2.4.5.1

Preparation of recombinant protein

10 ml of M9ZB medium (Appendix 1) containing 50 pg/ml ampicillin was inoculated with
a single colony from freshly transformed E. coli cells containing the DNA plasmid
required and grown for 16 hours at 37°C in an orbital incubator. The overnight culture
was added to 1 litre of M9ZB medium and allowed grow in an orbital incubator at 37°C
until ODeoo reached 0.6. Recombinant protein expression was induced in the E. coli by
the addition of IPTG to a final concentration of ImM. The cells were grown at 37°C for
a further 2-4 hours, depending on the peak level of protein expression determined by
scaled-down expression studies. The cells were harvested by centrifugation at 3000 g
for 15 minutes and the pellet was resuspended in 50 ml of sonication buffer (SI buffer,
Appendix 1) and flash frozen in liquid nitrogen to aid the lysis of the cells. The
resuspended cells were thawed and sonicated on ice with 5 x 30 second pulses with 1
minute cooling between pulses, using a glass beaker and a medium sized probe in an
MSB Soniprep 150 sonicator. The sonicated cells were centrifuged at 20000 g for 10
minutes at 4°C to clarify the supernatant. The pellet was discarded.

2.4.5.2

Purification of recombinant protein

Recombinant proteins were purified by immobilised metal affinity chromatography
(IMAC) using Talon IMAC resin (Clontech). All incubation and centrifugation steps were
carried out at 4°C, using buffers pre-chilled on ice to maintain protein stability and
improve yield. 2 ml of Talon resin were equilibrated with 10 ml of SI buffer and pelleted
at 700 g. The supernatant was removed and the equilibration step was repeated. The
clarified supernatant from the sonicated E. coli was added to the equilibrated Talon and
incubated with gentle mixing for 45 minutes. The Talon was centrifuged at 700 g for 2
minutes and the supernatant discarded. The Talon was washed twice in 15 ml of 81
buffer, once for 15 minutes and once for 1 hour to remove any unbound protein from
the Talon. The Talon was washed more stringently with 15 ml of 81 buffer containing
200 mM NaCI for 5 minutes to inhibit non-specific ionic interactions and then in 15 ml of
81 buffer for 5 minutes to remove the salt. Two final 5 minute washes with 81 buffer
containing lOmM imidazole were carried out to remove any non-specific, loosely bound
protein from the Talon. The recombinant protein was eluted from the Talon by washing
with 81 buffer containing 200 mM imidazole for 5 minutes. The elution step was
repeated four times. Imidazole was removed from the eluted fractions by buffer
exchange using Amersham Pharmacia PD-10 columns, into storage buffer for storage
of the purified proteins at -20°C.
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2.5

CELL BASED TECHNIQUES

2.5.1

Cell culture maintenance

Cells were maintained as monolayer cultures unless stated otherwise, at 37°C in an
atmosphere of 5% carbon dioxide. Cells were passaged every two to three days or
when approximately 90% confluent, except where stated.

2.5.1.1

Suspension cells

Human lymphoblastoid cells corresponding to a large Moorfields pedigree with the
Arg120Stop nonsense mutation in RP2 and randomly selected control males were
obtained from the European Collection of Cell Cultures (ECACC, Salisbury, UK). Cells
were maintained in suspension culture in RPMI 1640 Glutamax-I (Life Technologies)
supplemented with 10% foetal bovine serum (FBS)(Sigma) with media changes every
two to three days. No antibiotics were used in the routine culture of these cells.

2.5.1.2

Adherent cells

Human neuroblastoma SH-SY5Y cells, Chinese hamster ovary (CHO) cells, human
embryonic kidney (HEK293T) cells and human retinal pigment epithelial ARPE19 were
cultured in Dulbecco’s modified Eagle’s Medium (DMEM)/F12 (Life Technologies).
Cervical adenocarcinoma cells (HeLa cells), were cultured in DMEM and human
intestinal epithelial Caco-2 cells were cultured in DMEM, containing 0.11 mg/ml sodium
pyruvate. All cells were cultured in the presence of 10% foetal bovine serum and 50
pg/ml gentamicin, with the exception of ARPE19 cells which were cultured in the
presence of 10% FBS and 100 units/ml penicillin and 100 pg/ml streptomycin.

2.5.2

Long term storage of cells

Approximately 1x10® cells were resuspended in 1 ml of freezing medium (Appendix 1)
and slowly frozen in an alcohol bath (VWR) for 24 hours at -80°C. For long-term
storage, cells were transferred to a liquid nitrogen dewer flask.

2.5.3

Resuscitation of cells from storage

Frozen aliquots of cells were removed from liquid nitrogen, defrosted quickly at 37°C
and added to pre-warmed medium. The cells were then gently pelleted at 700 g to
remove the DMSO containing freezing medium, and resuspended in fresh medium.
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2.5.4

Analysis of cell viability

Cells in culture were analysed for viability by using the vital stain trypan blue, that only
enters across the membranes of dead or non-viable cells. Cells which have been
treated with the stain and are healthy appear round and retractile in contrast with dead
cells which appear dark blue, non-refractile and often larger, when in suspension under
a microscope. In order to count the number of viable or non-viable cells, adherent cells
were first trypsinised and then resuspended in culture medium. Suspension cells were
just resuspended to break up clusters of cells. Cells were diluted to an appropriate
density, diluted 1:1 in 0.4% (w/v) Trypan blue (Sigma) and applied to the counting
chamber of a haemocytometer. Viable cells were counted in at least two 1 mm^
squares of the haemocytometer, ensuring that more than 200 cells were counted to
improve accuracy. Non-viable cells were also counted in the same areas and the
percentage of viable cells could be calculated.

2.5.5

Lipofectamine transfection and luciferase assays

Lipofectamine reagent (GibcoBRL) was used to transfect mammalian cells with plasmid
DNA. Careful optimisation of transfection conditions was essential to maximise
transfection efficiency and lower toxicity. Conditions optimised included lipofectamine
and DNA concentrations, cell number and time of exposure to DNA-liposome
complexes.

2.5.5.1

Lipofectamine transfection

In a typical transfection reaction, cells were seeded at a density of 5 x lO'^ cells per well
of an eight-well chamberslide and allowed to grow for 24 hours. The following solutions
were then prepared for each transfection reaction: Solution A: 100 ng of plasmid DNA
in 50 pi serum free medium and Solution B: 2 pi of Lipofectamine reagent in 50 pi of
serum free medium. The two solutions were combined, mixed gently and incubated at
22°C for 30 minutes to allow DNA-liposome complexes to form. The cells were rinsed
in serum-free medium and the DNA-liposome solution was added to the rinsed cells
and incubated for 3 hours at 37°C. Following incubation, 100 pi of growth medium
containing double the usual concentration of serum and antibiotics was added to each
well. The cells were incubated for 24 hours and the medium replaced with fresh
medium 24 hours after the start of transfection. The cells were then assayed for the
gene of interest 24-72 hours later, depending on the cell type and plasmid vector used.
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2.5.5.2

Dual luciferase reporter assay

1x10® CHO cells were plated on to twelve well plates and grown for 48 hours. Cells
were transfected with 2 pi of lipofectamine and 300 ng of plasmid DNA for 15 hours in
serum-free medium. Fresh medium containing serum and varying levels of gentamicin
were added to the transfected cells for 24 hours prior to being assayed. Cells were
lysed and luciferase activity was determined using the dual luciferase reporter assay
(Promega, Southampton, UK) according to manufacturer’s protocols using a Berthold
Orion luminometer (Berthold, UK).

2.5.6

2.5.6.1

Immunocytochemistry

Adherent cells lines

Cells were seeded onto 8 well chamber slides at a density of approximately 30,000
cells per well and allowed to adhere and proliferate for 1-2 days before processing. The
cells were rinsed twice in PBS and fixed in 3.7% formaldehyde for 20 minutes followed
by detergent permeabilisation in 0.05% Triton X-100 for 15 minutes. Non-specific
binding was blocked by incubation with 3% bovine serum albumin, 10% normal donkey
serum in PBS (blocking buffer) for 1 hour at 22°C. The use of primary antisera was
carefully optimised to ensure accurate and reproducible staining. Primary antisera were
added for 1 hour at 22°C at the titres stated in Table 2.1 and the primary antibodies
were detected with cyanine-conjugated secondary antisera at the titres stated in Table
2.2, for 1 hour at 22°C. All antibody incubations were performed in blocking buffer with
3 x 5 minute washes with PBS carried out in between.

2.5.6.2

Suspension cell lines

Lymphoblastoid cells were washed with PBS and trypsinised for 5 minutes in 0.01%
(w/v) trypsin and 1 mM EDTA to reduce the cells’ natural tendency to clump together.
After further PBS washes, the cells were fixed and processed using the same protocol
as adherent cells. All wash steps and antibody incubations were carried out in 1.5 ml
eppendorf tubes, gently mixed end-over-end. Cells were carefully pelleted at 700 g to
ensure no damage to the cells in a bench top centrifuge in between each step.
Approximately 1x10^ stained lymphoblastoid cells in a volume of 100 pi of were fixed to
glass slides by cytospin centrifugation for 5 minutes at 100 g, and analysed using a
Zeiss LSM510 laser scanning confocal microscope.
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2.5.7

2.5.7.1

Sucrose gradient centrifugation

Basic subcellular fractionation

Lymphoblastoid cells were washed twice in PBS, pelleted by centrifugation at 1000 g
and resuspended in cell breaking buffer containing mammalian protease inhibitors
(Sigma). The cells were allowed to swell for 10 minutes then broken by passing them
30 times through a steel ball bearing cell homogeniser (HY Enterprises, Redwood City,
CA). After breakage the cells were centrifuged at 1870 g and the supernatant fraction
removed for further resolution on a sucrose gradient.

2.5.7.2

Sucrose gradient fractionation

The supernatant fraction from the basic subcellular fractionation was further separated
on a well characterised sucrose gradient (Lewis et al., 1992; Chappie et al., 2000). A
14 ml 10-40% (w/v) sucrose gradient in 50 mM HEPES pH 7.2, 90 mM KCI was
prepared with a 65% (w/v) sucrose cushion. A 1 ml supernatant fraction was applied to
the gradient and centrifuged using a swing-out rotor at 78800 gmax for 16 hours at 4°C.
For the detergent treated fractions, NP40 was added to the supernatant at a final
concentration of 0.5%,

10 minutes prior to loading onto the gradient. After

centrifugation, 1 ml fractions were collected from the bottom of the tube (65% sucrose)
and analysed by western analysis.

2.6

IMMUNOHISTOCHEMISTRY

2.6.1

Paraffin embedded samples

Adult human retinae were fixed with 10% neutral-buffered formalin within 2 minutes of
enucleation, and, after at least 24 hours of fixation, the samples were dehydrated with
increasing concentrations of industrial methylated spirits (IMS), equilibrated in xylene
and embedded in paraffin wax. Samples of mouse gut were processed in the same
way. Cross-sections of tissue, 8 pm in thickness were cut using a sledge microtome,
floated out onto 20% methanol, expanded on water pre-heated to 40°C, mounted onto
electrostatically charged glass slides and left for 16 hours to dry in an incubator at
37°C. Tissue sections were dewaxed by passing slides though three changes of
xylene, and then re-hydrated through decreasing concentrations of IMS until the slides
were placed into water. If the peroxidase detection method was used (DAB staining).
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endogenous peroxidase activity in the samples was blocked by incubating the tissue
sections in methanol containing 0.5% hydrogen peroxide after dewaxing.

2.6.1.1

Antigen retrieval

The formalin-fixation and embedding of samples in paraffin wax can often result in the
masking of antigens in the tissue. The antigens of interest in this thesis, RP2, cofactor
C and Arl3 could not be detected efficiently in tissue samples when probed directly with
antisera. It was, therefore, necessary to recover the antigenicity of the proteins before
detection could be achieved, using antigen retrieval. Several antigen retrieval methods
were used in optimisation studies. The first method was enzymatic digestion in trypsin.
The tissue sections were equilibrated in TBS (Appendix 1) at 37°C for 10 minutes,
added to TBS-Trypsin (Appendix 1) at 37°C for 10 minutes and washed in cold running
water for 10 minutes. The other methods to be used employed high temperature
heating of the tissue sections. Mcllvaine’s citrate buffer (Appendix 1) was pre-heated to
boiling in a microwave before inserting the slides. The tissue sections were boiled in
the buffer by heating the submerged slides in a microwave oven at 800 W for 4 x 2.5
minutes, topping up the buffer with ddH2 0 between each irradiation and ensuring that
the slides remained submerged at all times. The slides were then allowed to cool in the
buffer for 20 minutes and washed in cold running water for 10 minutes. The same hightemperature heating method was employed using Tris-Urea buffer (Appendix 1).

2.6.1.2

Immunodetection

After antigen retrieval, the non-specific binding sites in the tissue sections were blocked
with 10% normal swine serum (DAKO) and 2% BSA in TBS for 45 minutes and
incubated with primary antisera in 0.1% BSA in TBS for 16 hours at 4°C. After washing
for 3 X 5 minutes in TBS, the tissue sections were incubated with biotin-conjugated
swine anti-rabbit IgG secondary antiserum in TBS containing 0.1% BSA for 45 minutes.
The tissue sections were washed for a further 3 x 5 minutes and incubated with a
tertiary complex prior to staining. For DAB staining, the tissue sections were incubated
in streptavidin biotinylated horseradish peroxidase complex (DAKO) for 45 minutes and
washed for 3 x 10 minutes in TBS. The immunoreaction was visualised using 3’,3’diaminobenzidine (DAB) in 0.03% hydrogen peroxide in TBS as a chromogen. For
vector blue staining, the tissue sections were incubated in streptavidin biotinylated
alkaline phosphatase complex (DAKO) for 45 minutes and washed for 3 x 1 0 minutes
in TBS. The immunoreaction was visualised using vector blue stain (Vector
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laboratories, Burlingame, USA) following the manufacturers instructions. After both
methods of detection, the tissue sections were dehydrated with IMS, clarified and
mounted. To verify the specificity of the immunostaining, tissue sections were also
stained with no primary antiserum, pre-immune serum, or antibody pre-absorbed with
the peptide epitope (20 pg/pl) or recombinant protein (100 pg/pl). The immunolabelled
retinal sections were visualised with an Olympus BX50 light microscope using bright
field optics.

2.6.2

Agarose embedded samples

Adult human retinae were fixed with 4% (v/v) paraformaldehyde in PBS pH 7.3, within 2
minutes of enucleation for at least 2 hours. The tissue was then rinsed for 1 hour, with
three changes of PBS. The retina tissue was embedded in 5% (w/v) low melting point
agarose in PBS, and cut into 80 pm sections using a Vibratome (St Louis, USA). The
tissue sections were blocked with blocking buffer (5% NDS, 2% BSA in PBS) for 16
hours at 4°C, prior to antibody incubations. The use of primary antisera in this study
had to be carefully optimised to ensure accurate and reproducible staining was
achieved. Primary antisera were added for 16 hours at 4°C, at the titres stated in Table
2.1 and the primary antibodies were detected with cyanine-conjugated secondary
antisera, at the titres stated in Table 2.2, for 16 hours at 4°C. All antibody incubations
were performed in blocking buffer, and 3 x 1 hour washes with PBS were carried out in
between. Nuclei were labelled with 10 mg/ml DAP I at 1:5000 (v/v) in the final PBS
wash and the tissue sections were mounted in mounting medium (DAKO). To verify the
specificity of the immunostaining, tissue sections were also stained with no primary
antiserum, pre-immune serum, and antiserum pre-absorbed with the peptide epitope
(20 pg/pl) or with recombinant protein (100 pg/pl). In addition, rabbit primary antibodies
were incubated with mouse secondary antibodies and vice versa to ensure there was
no cross-reactivity between antisera in the double labelling procedures. Labelled retinal
sections were visualised with a Zeiss LSM 510 laser scanning confocal microscope.

2.7

MICROTUBULE METHODS

2.7.1

Microtubule purification

Microtubules were purified from bovine brain in the presence of the microtubule
stabilising drug taxol. Bovine brain tissue was homogenised in PME buffer (Appendix
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1) containing mammalian protease inhibitors (Sigma) at a ratio of 1 ml of buffer per
gram of tissue and centrifuged at 150,000 gmax at 4°C for 60 minutes. The supernatant
was carefully removed, avoiding any particulate contamination from the pellet and
adjusted to contain 20 pM taxol. The supernatant was incubated at 37°C for 20 minutes
to promote the taxol-induced polymerisation of tubulin subunits and the association of
MAPs with the assembled microtubules. The solution was carefully underlaid with 1 ml
of PME buffer containing 10% sucrose and 10 pM taxol pre-heated to 37°C and the
assembled microtubules were collected at 45,000 Qmax at 25°C for 30 minutes. The
supernatant was removed, and the walls of the centrifuge tube were rinsed with warm
PME buffer, to reduce contamination of the microtubules with any soluble proteins
present in the original supernatant. The pellet was resuspended in a small volume of
PME containing 20 pM taxol and the microtubules were sedimented by centrifugation at
45,000 Qav at 25°C for 30 minutes, over a sucrose cushion containing 10 pM taxol pre
heated to 37°C. The resulting pellet contained taxol-stabilised microtubules composed
of tubulin and MAPs. The pellet was resuspended in an equal volume of PME
containing 10 pM taxol to the desired concentration and stored at -80°C.

2.7.2

Microtubule co-sedimentation assays

Purified recombinant proteins were investigated using an in vitro assay to determine
whether they associated with taxol-stabilised microtubules. The yields obtained for
microtubule purification from frozen bovine brain (described in 2.7.1) were not optimal
or sufficient for several reproducible replicates required for in vitro microtubule co
sedimentation assays. Purified tubulin was therefore purchased and assembled into
microtubules for use in the assays as required.

2.7.2.1

Preparation of miorotubules

Lyophilised, purified bovine tubulin (>99% pure)(Cytoskeleton, Totam biologicals,
Peterborough, UK) was assembled into microtubules using the manufacturers protocol,
outlined as follows. 50 pi of PME buffer containing 9.6% glycerol and ImM GTP was
added to 250 pg of lyophilised tubulin and incubated on ice for 10 minutes to
equilibrate. The solution was then incubated at 37°C for 40 minutes to promote
microtubule assembly. The microtubules were then stabilised by incubating the
microtubules at 37°C after the addition of taxol to a final concentration of 20 pM for a
further 10 minutes. The manufacturer has determined that this procedure yields
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microtubules of approximately 6.5 pm in length, the optimal length for performing co
sedimentation experiments.

2.7.2.2

In vitro co-sedimentation

Prior to use in co-sedimentation assays, the recombinant proteins were diluted in PME
buffer and centrifuged at 100,000 Qav for 20 minutes to remove any insoluble protein.
The microtubules (1 mg/ml tubulin, final concentration) were incubated with the purified
recombinant protein at the desired concentration, in PME buffer containing 20 pM taxol
and ImM GTP for 10 minutes at 37°C. Recombinant protein only and microtubule only
controls were also set up to ensure no false-positive results were obtained. The
microtubules were then sedimented at 100,000 Qav for 10 minutes at 30°C. The
supernatant was removed and retained for analysis and the pellet was washed twice
with PME buffer containing 1% NP40, 20 pM Taxol and ImM GTP in order to remove
any residual supernatant. The pellet and supernatant were then resuspended in SDSPAGE sample buffer such that both fractions had equal final volumes. The pellet and
supernatant fractions were then analysed by western blotting to detect any association
of the recombinant proteins with the microtubules in vitro.

2.8

COMPUTATIONAL TOOLS AND DATABASES

2.8.1

Sequence retrieval and analysis

DNASTAR Lasergene biocomputing software for windows (DNASTAR, Inc. Madison,
Wisconsin,

USA

including

EditSeq™,

GeneQuest™,

MapDraw™,

MegAlign™,

Protean™ and SeqMan™) was used as a tool to analyse DNA and protein sequences.
This analysis included editing of sequences, alignment of DNA and protein sequences
using Clustral,

restriction maps, compiling cDNA sequences from ESTs and

downloading Genbank sequences and raw ABI sequence data.

2.8.2

Bioinformatics

The human genome project produces a plethora of data including nucleotide and cDNA
sequence resources and translatable databases, such as Genbank, for protein
sequence analysis, which are invaluable for identifying orthologues and homologues of
novel genes/proteins. The Basic Alignment Search Tool (BLAST) was the main
program used to compare sequence similarity for nucleotide and amino acid sequence
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analysis. By comparing sequence identity and similarity of a gene or protein with all
known sequences (GenBank and SwissProt), function can often be inferred. The web
sites for HGMP and NCBI provided access to most of the databases and bioinformatic
tools used in this thesis. EST and expression databases used included Unigene (NCBI)
and TIGR. The BLAST algorithms were used extensively at NCBI for gene and protein
sequence analysis, including BLASTN, BLASTX, BLASTP, TBLASTX, TBLASTN.
Gene and protein sequences were analysed using the NIX and PIX suite of
programmes available at HGMP, which combine many analysis tools in one package.

2.8.3

Protein domains

Programs at EBI and EMBL such as PRINTS, Pfam and SMART were used to identify
protein domains in RP2, cofactor C and C-like. A range of bioinformatic tools were
used to maximise success.

Web sites and databases used in this thesis;
Unigene: http://www-genome.wi.mit.edu/UniGene
dbEST: http://www.ncbi.nlm.nih.gov/dbEST/index.html
TIGR: http://www.tigr.org/tdb/hgi/index.html
HGMP: http://www.hgmp.mrc.ac.uk
NCBI: http://www.ncbi.nlm.gov
EBI: http://www.ebi.ac.uk/
EMBL: http://www.embl-heidelberg.de/
SMART: http://smart.ox.ac.uk/
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3

Expression and subcellular localisation of RP2

3.1

INTRODUCTION

At the start of this PhD, the only information known about the expression of RP2 was
provided by Northern blot analysis of foetal human and adult mouse tissues, showing
that RP2 mRNA was ubiquitously expressed (Schwahn et al., 1998). The expression
and localisation of the RP2 protein product was, however, yet to be determined.

To investigate the expression of RP2 protein, a panel of human tissues were screened
by Dr J. Paul Chappie for RP2 expression by western blotting using affinity-purified
sheep polyclonal antiserum, S974. This sheep antiserum was raised against full-length
recombinant RP2 with a 9x histidine tag at the C-terminus, expressed and purified from
E. coll. Before use in protein detection applications, the crude antiserum was affinitypurified using the recombinant 9x histidine tagged RP2 coupled to HiTrap NHSactivated sepharose (described in Chapter 2). The pre-immune serum had no reactivity
against human tissues by western blotting. The predicted molecular weight of RP2 is
39.6 kDa and a band of approximately this size was detected in all of the tissue
samples tested (Figure 3.1) (Chappie et a!., 2000).

The levels of RP2 expression appeared to be similar in all of the tissues examined, and
by comparison with recombinant RP2 standards, RP2 was estimated to represent
-0.01% of the total protein in human tissues. Dr Chappie also investigated the
subcellular localisation of RP2 in cells by immunofluorescence staining and confocal
scanning microscopy (Figure 3.1)(Chapple et a/., 2000). It was found that endogenous
RP2 localised predominantly to the plasma membrane of neuroblastoma SH-SY5Y
cells and when transfected into CHO cells. The predominant localisation of RP2 on the
plasma membrane was expected as analysis of the RP2 polypeptide sequence had
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identified

putative

sites for dual

palmitoyiation (Figure 3.2A).

N-termina!

acylation

by

myristoylation

and

The conservation of the N-acylation sites in RP2

orthologues examined using bioinformatic analysis (Figure 3.2B), highlights the
probability that the plasma membrane localisation of RP2 is necessary for the protein’s
function.

To examine the plasma membrane localisation of RP2, RP2-GFP chimeras containing
the first 15 amino acids of RP2 containing mutations of the residues required for Nacylation, were transfected into CHO cells and confocal microscopy performed (Figure
3.3)(Chapple et a/., 2000). Wild-type RP2 was localised to the plasma membrane,
whereas the C3S mutant protein localised in the cytoplasm and appeared to associate
with intracellular membranes. The G2A and G2A/C3S mutant proteins, however,
localised throughout the cell in a similar manner to GFP alone, confirming that the Nacylation motif of RP2 is necessary for the plasma membrane localisation of RP2.
Although the consensus sequence for N-terminal acylation is not absolute, it has been
shown that a serine or threonine at amino acid position 6 is preferred. A deletion of this
residue has been reported in RP2 in some patients (AS6)(Schwahn et al., 1998;
Rosenberg et al., 1999). When a GFP fusion protein containing this mutation was
transfected into CHO cells, the protein localised throughout the cell and was not
associated with the plasma membrane (Figure 3.3)(Chapple et al., 2000). The
identification of the pathogenic AS6 mutation, preventing the acyl-mediated targeting of
RP2, and the high level of conservation of this residue in RP2 orthologues, suggests
the importance of the plasma membrane association for the protein’s function in the
retina.

Total cell lysates from cells transfected with the RP2-GFP chimeras were blotted and
probed using the sheep S974 serum. It was demonstrated that the antiserum could
detect the RP-GFP protein, containing just the first 15 amino acids of RP2 (Chappie et
al., 2002a). When chimeric proteins consisting of just the first 8 amino acids of RP2
were blotted, no RP2 band was detected (Chappie et al., 2002a). This suggests that
residues 8-15 of RP2 contain an epitope for the S974 antiserum, raised against fulllength RP2 recombinant protein.

In this chapter I demonstrate that RP2 is localised to the plasma membrane in a wide
range of cell types, including epithelial cells. Polarised epithelial cells show macro-
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compartmentalisation of their plasma membrane into distinct apical and basolateral
domains, differing in lipid and protein composition and maintained by tight junctions
(Baida et al., 1998). Many dually-acylated proteins are thought to be preferentially
sorted to the apical region of polarised cells. An example of which is Gtk, a Fyn related
tyrosine kinase from the apical membrane of gut columnar epithelial cells (Sunitha at
a!., 1994). The distribution of RP2 at the plasma membrane was, therefore, examined
to investigate whether the dual-acylation of RP2 targeted it to a specific domain in
polarised epithelial cells. Furthermore, data presented from a study on the localisation
of RP2 in the retina reported that RP2 was found in photoreceptor synapses in the OPL
with additional weak labelling of cones, IPL and GCL (Breuer at a/., 2001). The
synaptic staining of photoreceptors in the OPL suggested an apical distribution of RP2,
as predicted for a dually-acylated protein.
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Figure 3.1 RP2 is ubiquitously expressed and localised to the plasma membrane
(A) Western blotting was performed on a panel of human tissues using affinity purified
antiserum S974. 50 pg of total protein was loaded into each lane. A duplicate blot was
also performed for (3-tubulin to demonstrate equal protein loading in each lane (not
shown). (B) Subcellular localisation of endogenous RP2 in SH-SY5Y cells. Scale bar is
10 pm. (Adapted from Chappie et al., 2000).
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Figure 3.2 RP2 contains sites for N-acylation
(A) Sequence comparison of the N-terminus of RP2 with other N-terminally acylated
human proteins. Myristoylation occurs at glycine 2 and palmitoyiation at cysteine 3. (B)
The predicted amino acid sequence for several RP2 orthologues were aligned and
compared. Red text denotes residues conserved in all of the orthologues. Human {Homo
sapiens), mouse {Mus musculus), chicken {Gallus gallus), xenopus {Xenopus laevis)
and zebrafish {Danio rerio) all contained sites for dual acylation. N-acylation sites are
underlined.

78

Chapter 3 - Expression and subcellular localization of RP2

WT-GFP

C3S-GFP

G2A-GFP

G2A/C3S-GFP

\S6-GFP

Figure 3.3 Subcellular localisation of N-terminal RP2-GFP fragments
The first 15 amino acids of the N-terminus of RP2 were tagged at the C-terminus with
GFP. CHO cells were transfected with RP2-GFP, GFP alone and the RP2 mutants C3S,
G2A, G2A/3CS and AS6. The nuclear localisation observed in some cells was due to
the passive diffusion of the small GFP-chimera into the nucleus. Scale bar is 10 pm.
(Adapted from Chappie et al., 2000).
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3.2

RESULTS

3.2.1

RP2 expression in iymphobiastoid ceiis

The expression of RP2 was investigated in iymphobiastoid cells by western blotting
using

antiserum

8974

and

compared

with

previously

characterised

human

neuroblastoma SH-SY5Y cells and human retina (Figure 3.4A). It was necessary to
establish the expression profile and localisation of RP2 in these cells as I intended to
use Iymphobiastoid cells from patients with a mutation in RP2 as a cell culture model of
a potential therapy for RP2-mediated retinitis pigmentosa (Grayson et al., 2002a)
(detailed in Chapter 4). The careful characterisation of Iymphobiastoid cells from
control males was therefore necessary. The predicted molecular weight of the 350
amino acids of RP2 is 39.6 kDa. A band of approximately this size was observed in all
of the samples (Figure 3.4A). The expression levels of RP2 in the Iymphobiastoid cells
appeared to be significantly higher than human retina but lower than SH-SY5Y cells, in
agreement with previously estimated RP2 expression levels in human retina (0.01% of
total protein) and SH-SY5Y cells (0.1% of total protein)(Chapple et a!., 2000).

Interestingly, serum 8974 appeared to cross-react with another protein of 68 kDa
(Figure 3.4A) that was present only in the human Iymphobiastoid cells and not in retina,
8H-8Y5Y cells or any other tissues examined. The reactivity of 8974 with this 68 kDa
protein and RP2 could be removed by blocking 8974 with 100 pg of recombinant RP2
protein

during the

antibody

incubations

(Figure

3.4B),

suggesting

that this

Iymphobiastoid protein may share epitopes with RP2.

3.2.2

RP2 is locaiised to the plasma membrane in a wide range of ceiis types

Endogenous human RP2 is localised predominantly to the plasma membrane in the
neuroblastoma derived cell line 8H-8Y5Y (Chappie et a/., 2000). In addition, it has also
been shown that RP2 fused at its C-terminus to GFP is targeted to the plasma
membrane in CHO cells (Figure 3.3)(Chapple et a/., 2002a). Another study, however,
reported that RP2-GFP localised to the plasma membrane in HeLa cells but was
cytoplasmic in two human fibroblast cell lines and C 08-7 cells, and suggested that
RP2 may be processed differently in some cell types (8chwahn et a/., 2001).

To further investigate the intracellular localisation of RP2 in cultured human cells, the
localisation of endogenous RP2 protein in 8H-8Y5Y, HeLa, human embryonic kidney
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Figure 3.4 RP2 expression in Iymphobiastoid cells
(A) 50 jjg of total cell lysate from control male Iymphobiastoid cells was compared to
SH-SY5Y cells and human retina. 10 ng of 9x histidine tagged RP2 was added as a
control. Western blotting was performed using S974 antiserum. Protein molecular
weight standards indicated are on the right hand side. (B) Total cell lysate from control
male Iymphobiastoid cells were loaded into a large single well on an SDS-PAGE gel.
The blot was cut into three pieces and probed with; the primary and secondary antisera
as described, no primary antiserum (secondary antiserum alone) or primary antiserum
pre-absorbed with 100 pg of 9x histidine tagged RP2. The asterisk indicates the position
of the additional 68 kDa band.
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293T (HEK293T), gut epithelial Caco-2 and retinal pigment epithelial ARPE19 cells
was examined. Cells were fixed with 3.7% paraformaldehyde, stained using the affinitypurified sheep polyclonal anti-RP2, serum S974 (Chappie et a i, 2000) and examined
using laser scanning confocal microscopy (Figure 3.5). The localisation of RP2 in
control male Iymphobiastoid cells was also determined. Consistent with our previous
findings, RP2 staining was localised mainly at the plasma membrane in SH-SY5Y,
HeLa, HEK293T and Iymphobiastoid cells, and the epithelial cell lines Caco-2 and
ARPE19. Not all of the RP2 protein detected was plasma membrane associated, and
low levels of diffuse cytoplasmic staining were observed in all cell types (Figure 3.5).

To verify the plasma membrane localisation of RP2 in Iymphobiastoid cells, subcellular
fractionation was performed using a well characterised sucrose gradient separation
methodology (Lewis et ai, 1992; Chappie et ai, 2000)(Figure 3.6). Firstly, the cells
were passed through a cell breaker and centrifuged to generate crude pellet and
supernatant fractions. The supernatant was then fractionated using a 10-40% sucrose
gradient for 16 hours over a 65% sucrose cushion. The RP2 mainly partitioned in
fractions 1-2 in the gradient (>38% glucose), although longer exposures of blots
demonstrated faint bands in lanes 15-16 (Figure 3.6). This is in agreement with
previous data demonstrating the presence of RP2 in SH-SY5Y cells in the same
fractions, along with the plasma membrane protein, neural cell adhesion molecule (NCAM)(Chapple et ai, 2000). To confirm the plasma membrane association of RP2, an
aliquot of the supernatant was treated with the non-ionic detergent NP40 prior to
sucrose gradient centrifugation. RP2 was found in fractions 12-16 (<20% sucrose) of
the gradient with the majority found in fractions 14-15 (Figure 3.6), demonstrating that
the majority of RP2 in the high sucrose density fractions is detergent soluble. These
data indicate that RP2 in Iymphobiastoid cells is primarily associated with the plasma
membrane as previously reported for SH-SY5Y cells (Chappie et a i, 2000).

3.2.3

Levels of RP2 expression are variable in different cell types

Although RP2 expression and localisation at the plasma membrane appear ubiquitous
(Figure 3.5), levels of the protein in different cultured cell types was shown to be
variable (Figure 3.4A). The relative expression levels of RP2 in different cell types were
therefore investigated using semi-quantitative western blotting for RP2 (Figure 3.7).
Blots were performed using equally loaded total cell lysates from several different cell
lines. Densitometry was performed on the blots to quantify relative band intensity.
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SH-SY5Y

Caco2

HEK293T

Lymphoblastoid

Figure 3.5 Subcellular localisation of RP2 protein in different cell types
RP2 protein localisation at the plasma membrane is highlighted by white arrows.
Localisation of endogenous RP2 was detected by immunofluorescence in SH-SY5Y,
Caco-2, ARPE19, HEK293T, lymphoblastoid and HeLa cells. Scale bar is 10 pm.
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Figure 3.6 Sucrose gradient fractionation of RP2 in lymphoblastoid cells
Separation of the supernatant of a basic subcellular fractionation on a 10-40% sucrose
gradient following centrifugation for 16 hours at 78800
1 ml fractions were collected
and analysed by western blotting using 8974. NP40 (0.5%) was added to an aliquot of
cells prior to sucrose gradient separation (+NP40). (A) Fractionation of lymphoblastoid
cells. (B) Fractionation of SH-SY5Y cells, performed by Dr J.P. Chappie, for comparison
(adapted from Chappie et al., 2000).
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Figure 3.7 Relative RP2 expression levels in different cell types
Levels of RP2 in cell lysates were determined by densitometric analysis of western blots
normalised to recombinant protein standards and expression levels of RP2 in SH-SY5Y
cells. Equal amounts of total protein were loaded for each cell type and confirmed by
duplicate blots performed with p-tubulin. Error bars represent standard error calculated
from expression levels obtained from five blots. As semi-quantitative western blotting
was used to obtain this data, the statistical significance of the differences in expression
levels could not be concluded.
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Expression levels determined from different blots were normalised to recombinant
protein standards and further standardised against the level of RP2 in SH-SY5Y cells
on each of the blots (Figure 3.7). i.e. the expression level of RP2 in SH-SY5Y cells was
defined as one arbitrary unit, and hence, the intensity of RP2 in other cells relative to
SH-SY5Y, were expressed relative to one arbitrary unit. The highest levels of RP2
were observed in HeLa cells, which had over 2.5 fold more RP2 than any of the other
cell types examined. Interestingly, the retinal pigment epithelium (RPE) cell line,
ARPE19, also had relatively high levels of RP2. HEK293T cells also expressed RP2 at
relatively high levels whilst SH-SY5Y, lymphoblastoid and Caco-2 cells contained
comparatively less RP2 protein.

3.2.4

RP2 is present in both the apical and basolateral domains of polarised
epithelial cells

The targeting of peripheral membrane proteins to polarised domains has been reported
in epithelial cells and neurons (Simons et al., 2000). In order to assess whether RP2
was preferentially targeted to the apical or basolateral domains of the plasma
membrane, endogenous RP2 localisation in polarised epithelial cells was examined by
confocal microscopy (Figure 3.8). RP2 localisation was compared to apical and
basolateral markers in polarised Caco-2 cells in XZ section (Figure 3.8). Endogenous
RP2 staining closely overlapped with the NaVK'^ATPase in the basolateral domain and
with the brush border enzyme sucrase-isomaltase in the apical domain of the plasma
membrane (Figure 3.8). RP2 was not observed to polarise in Caco-2 cells under any
growth conditions, including long-term culture for five weeks on membrane filters (data
not shown).

To complement the localisation of RP2 at the plasma membrane in polarised intestinal
cells in vitro, the localisation of RP2 in intestinal cells in vivo was investigated by
examining RP2 expression in the columnar epithelium cells of the crypts of Lieberkühn
in the mouse small intestine (Figure 3.9). Immunohistochemical staining with a rabbit
peptide antibody, hRP2-337-350, raised against the C-terminus of RP2 (described
further in Chapter 5) was most intense at the plasma membrane of epithelial cells
(Figure 3.9, RP2). The RP2 immunolabelling was of similar intensity in both the
basolateral and apical regions of the plasma membrane. RP2 distribution appeared
identical in epithelial cells in both the crypt and the upper region of the villus.
Interestingly, RP2 staining was most intense in the crypts and decreased along the
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crypt-villus axis. Pre-immune serum (Figure 3.9, Pre-immune) and peptide competition
controls demonstrated the specificity of the plasma membrane staining pattern.
Collectively, these data suggest that RP2 is not targeted to specific membrane macro
domains in polarised epithelial cells.

3.2.5

Levels of RP2 in Caco-2 cells increase with differentiation

In a post-confluent monolayer of Caco-2 cells, islands of cells with more intense RP2
plasma membrane staining were detected (Figure 3.8, RP2). The cells within these
islands expressed marker proteins for cell differentiation and polarisation (discussed in
section 3.2.4), such as the brush border enzyme, sucrase-isomaltase, which is known
to be up-regulated in differentiating intestinal epithelial cells (Hauri et al., 1985). The
cells within the islands were also taller and more cuboidal in appearance when imaged
in XZ section, indicating a higher degree of cellular differentiation than surrounding
cells. The intensity of RP2 staining was much lower in the surrounding undifferentiated
Caco-2 cells in the monolayer, but the majority of RP2 was still localised to the plasma
membrane. The increase in RP2 expression levels in differentiating Caco-2 cells was
examined by western blot analysis (Figure 3.10A). Levels of RP2 protein increased two
fold in the total cell population from 0-10 days post-confluence, correlating with Caco-2
cell differentiation. Together with the immunolocalisation data, these results indicate
that levels of RP2 increase in Caco-2 cells with the degree of polarised differentiation.
In contrast, the levels of RP2 did not significantly change between ARPE19 cells that
were confluent and in cells that were cultured for 4 weeks post-confluence (Figure
3.1 OB). Long-term ARPE19 cultures express the RPE differentiation marker RPE65
(personal communication. Dr T.A. Bailey), but do not exhibit a strong polarised sorting
phenotype of apical and basolateral markers when grown on a cell culture plastic
matrix. This would suggest that ARPE19 cells do not fully differentiate over this time
scale on this matrix and under these conditions and may, therefore, not stimulate an
increase in RP2 expression. This suggests that the polarisation of the cell is important
to the upregulation of RP2 expression.
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Figure 3.8 RP2 does not polarise in differentiating Caco-2 cells
Double immunofiuorescent confocal microscopy of polarised epithelial cells in culture.
XY and XZ sections showing a monolayer of Caco-2 cells five days post-confluence.
Both (A) and (B) show an island of cells with more intense RP2 staining than the rest of
the monolayer (RP2). (A) The RP2 staining overlaps with NaVK+ ATPase (NaVK+
ATPase) localisation in basolateral plasma membrane and (B) brush border enzyme
sucrase-isomaltase (BB Enzyme) localisation in the apical plasma membrane. Scale bar
is 10 pm.
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Figure 3.9 RP2 localisation in polarised epithelial cells in vivo
Immunohistochemistry of RP2 in mouse small intestine. Arrowheads indicate apical
staining. Arrows indicate basolateral membrane staining in columnar epithelium cells of
the crypts of Lieberkühn. The lumenal (L) staining is non-specific, as seen in the preimmune serum. The scale bar is 10 pm.
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Figure 3.10 Levels of RP2 in differentiating cells
Western blots showing RP2 expression in (A) Caco-2 cell lysates and (B) ARPE19 cell
lysates at confluence (day 0) and several days post confluence. Levels of (B-tubulin
demonstrate equal total protein loading in each lane. 10 pg total protein loaded into each
lane.
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3.3

DISCUSSION

The genetic defects that cause RP are heterogeneous and many of the genes involved
encode proteins with roles in phototransduction or photoreceptor outer segment
maintenance (Chapter 1). RP2 differs from these retinitis pigmentosa genes as it is
present at similar levels in all tissues examined, yet the pathology associated with RP2
mutations is restricted to the eye. Another XLRP gene, RP3, is also expressed outside
of the eye and encodes the retinitis pigmentosa GTPase regulator (RPGR)(Meindl et
al., 1996; Roepman et al., 1996). The specific role of RPGR in the retina remains to be
determined, but may have a function in cellular transport essential to the long-term
maintenance of photoreceptor viability (Reviewed in Vervoort et al., 2002). RPGR has
been shown to localise to the connecting cilia of photoreceptors in mouse retina (Hong
et al., 2000; Mavlyutov et al., 2002; Hong et al., 2002), to rod outer segments in bovine
retina (Mavlyutov et al., 2002) and to rod and cone outer segments in human retina
(Mavlyutov et al., 2002). Another study localised RPGR to rod, but not cone, outer
segments and connecting cilia in human and bovine retina (Roepman et al., 2000).
Investigations into RPGR transcription have suggested that levels of RPGR mRNA are
lower in the retina than in other tissues (Meindl et al., 1996; Kirschner et al., 1999;
Zeiss et al., 2000), raising the possibility of retina-specific regulation of RPGR mRNA.
Furthermore, the observation that the alternatively spliced 0RF15 transcript is
preferentially expressed in the retina and testis of bovine tissues (Vervoort et al., 2000),
coupled with the high frequency of causative mutations in the ORF15 exon (Vervoort et
al., 2002) suggests an essential retinal-specific role for ORFIS-containing transcripts.
Collectively, these data suggest that the relationship between the ubiquitous RPGR
expression and retinal disease pathogenesis is not a simple one. This may also be true
for ubiquitously expressed RP2 and so the detailed study of the localisation and
function of RP2 and RP2 interacting proteins will be necessary not only for the retina,
but also in a wide variety of cells and tissues.

It has been demonstrated that RP2 is targeted to the plasma membrane by an Nterminal Met-Gly-Cys-X-Phe-Ser motif that is necessary and sufficient for the dual
acylation of the protein (Chappie et al., 2002a). A different study has suggested
however, that RP2 may not be targeted to the plasma membrane in all cell types
(Schwahn et al., 2001). To further investigate the plasma membrane association of
RP2, I exploited the ubiquitous expression of RP2 to examine the subcellular
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localisation of endogenous RP2 in a variety of cultured human cells types. RP2 was
targeted to the plasma membrane in each of the cell types examined, including
lymphoblastoid cells. The plasma membrane association of RP2 in lymphoblastoid
cells was confirmed by the presence of the protein in fractions of a sucrose gradient
associated with plasma membrane proteins.

The ubiquitous expression of the acyl modification machinery predicts that RP2 would
be targeted to the plasma membrane in most cell types and the data presented in this
chapter confirms this hypothesis. Possible reasons for the reported differences in
localisation seem likely to reflect variations in experimental conditions. In this chapter I
have studied the endogenous expression of RP2, whereas the other study used cells
transfected with GFP-fusion constructs (Schwahn et al., 2001). Furthermore, in the
study by Schwahn and colleagues (Schwahn et a/., 2001), RP2-GFP fusions were
localised to the cytoplasm in transfected COS-7 cells, but recent results obtained in
collaboration with Dr J. Paul Chappie have demonstrated that RP2-GFP fusions can be
efficiently targeted to the plasma membrane in COS-7 cells (Chappie et a!., 2002b).
The differences in localisation are, therefore, likely to be due to high levels of
heterologous protein expression or levels of endogenous acylated proteins, rather than
cell type variation in the myristoylation and palmitoyiation machinery. As the
association of RP2 with the plasma membrane may be dynamic it is also possible that
RP2 localisation could be regulated by other cellular factors in addition to N-myristoyl
transferase (NMT) and palmitoyl acyl transferase (PAT).

RP2 is ubiquitously expressed, but there are significant variations in the levels of
protein expression between cell types and during cellular differentiation. With the
exception of HeLa cells, the highest levels of RP2 were observed in ARPE19 cells.
These cells have been used extensively as a model for studies of the RPE (Dunn et a/.,
1996). The RPE fulfils many essential functions in the retina, including trophic support,
metabolite delivery and the phagocytosis of photoreceptor outer segments. The site of
the primary pathological deficit for retinitis pigmentosa caused by mutations in RP2 is
not clear from the protein's localisation in the retina (Chapter 5)(Grayson et a/., 2002b).
RP2 is expressed in the RPE in vivo (Chapter 5)(Grayson et ai., 2002b). Therefore, it
remains possible that mutations in RP2 could cause retinal disease through a
disruption of RPE function, and at least seven genes expressed in the RPE have been
associated with photoreceptor degeneration to date (Clarke et ai., 2000).
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The data presented in this chapter has also demonstrated that RP2 does not partition
into either the apical or basolateral domains of polarised epithelial cells, both in vitro
and in vivo.

Polarity is a fundamental property of eukaryotic cells that requires the

asymmetrical distribution of many plasma membrane associated proteins. Duallyacylated proteins have been associated with preferential sorting to the apical region of
polarised cells (Simons et al., 2000). One such protein, Gtk, is found in the apical
membrane of gut columnar epithelial cells (Sunitha et al., 1994). RP2 localisation was
examined in intestinal epithelial cells both in vitro and in vivo, but unlike Gtk,
partitioning of RP2 to a specific membrane macro-domain was not observed. It is
possible that RP2 could have a cell type specific sorting signal. A recent study has
suggested that RP2 localises to photoreceptor synapses in the human retina (Breuer et
ai., 2001), which would be consistent with an apical localisation. The data presented in
this chapter, however, indicates that the polarised sorting of RP2 to a specific
membrane macro-domain does not occur in epithelial cells or in the retina (Chapter
5)(Grayson et ai., 2002b). In this chapter it was also observed that there was an
increase in the level of RP2 expression in Caco-2 cells as they polarised, suggesting a
possible function for RP2 relating to cellular differentiation such as specialised protein
transport or signalling.

Although the data described in this chapter highlights the importance of the plasma
membrane association of RP2, the function of RP2 at the plasma membrane remains
unclear. The next important step will be to delineate the dynamics of RP2 membrane
association and to identify the interacting partners of RP2 on the membrane. Once this
has been established, the cellular pathways under the control of these proteins in the
retina will enable a better understanding of the retinitis pigmentosa disease
pathogenesis caused by mutations in RP2.

The next chapter describes the use of a lymphoblastoid cell model to investigate a
potential drug-mediated therapy for treating patients with a specific mutation in RP2.

The work described in this chapter has been submitted for publication (Chappie et al.,
2002b).
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C hapter

4

Evaluation of a potential drug-mediated therapy for
patients with the Arg120Stop mutation In RP2

4.1

INTRODUCTION

Mutation screening in XLRP patients has identified over 30 different pathogenic
mutations in the RP2 gene including missense, frameshift, insertion, and deletion
changes (Chapter 1, Table 1.2). There are also 6 different identified nonsense
mutations causing a premature termination of translation within the first three exons of
the gene (Chapter 1, Table 1.2). In this study, I have investigated a potential drug
mediated therapy to restore RP2 function in RP patients with a nonsense mutation. In
particular, the opal nonsense mutation converting codon 120 CGA (Arginine) to TGA
(termination codon) at nucleotide position 358 in exon 2 of RP2, that is present in a
large pedigree from Moorfields Eye Hospital (Figure 4.1)(Hardcastle et al., 1999). This
mutation has also been reported in other patient populations (Mears at a/., 1999; Liu at
a!., 2001).

Aminoglycosides are a group of structurally related antibiotics widely used in the
treatment of bacterial infections. The microbial action of aminoglycoside antibiotics in
prokaryotic cells is mediated by their binding to the ribosomal RNA and inhibiting
protein production (Recht at a/., 1999). Aminoglycoside antibiotics, such as gentamicin,
have also been shown to suppress premature stop codons in a number of model
systems including transcription/translation reactions (Manuvakhova at a/., 2000; Du at
a/., 2002), in cultured cells (Phillips-Jones at a/., 1995; Howard at a/., 1996; Bedwell at
a/., 1997; Grentzmann at a/., 1998; Howard at a!., 2000; Sleat at a/., 2001; Keeling at
a/., 2001; Helip-Wooley at a/., 2002), in yeast (Singh at a/., 1979; Palmer at a/., 1979)
and in whole animals (Barton-Davies at a/., 1999; Wilschanski at a/., 2000; Du at a!.,
2002). This interesting and potentially clinically beneficial phenomenon is believed to
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be caused by aminoglycoside antibiotics interacting with ribosomes during translation
and reducing the usual stringency of codon-anticodon pairing (Singh et al., 1979;
Palmer et al., 1979). This interaction sometimes results in the insertion of alternative
amino acids at the site of the internal stop codon of the mutated gene, thus permitting
the ribosomes to continue reading through to the end of the gene and make the fulllength protein (Figure 4.2). It has been suggested, therefore, that aminoglycoside
antibiotics may be a promising new therapy for almost any genetic disease caused by
nonsense mutations. This type of treatment has several potential advantages over a
traditional gene replacement approach. There is already a large amount of
pharmacological data available on the use of aminoglycoside antibiotics and the
approach requires little information on the function or expression profile of the protein,
therefore, this potential therapy could be taken into the clinic relatively quickly.

As there are several large pedigrees of individuals with this particular type of mutation
in RP2, the ubiquitous expression of RP2 (Chapter 3)(Schwahn et al., 1998; Chappie et
al.,

2000)

was

exploited

to

investigate

the

therapeutic

potential

of

using

aminoglycosides to suppress the RP2 mutation Arg120Stop, as a potential first therapy
for X-linked retinitis pigmentosa.
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Figure 4.1 Family with Arg120Stop mutation in RP2
Abridged pedigree denoting part of a large family with a history of retinitis pigmentosa
studied at Moorfields Eye Hospital. DMA sequence analysis revealed the presence of an
Arg120Stop nonsense mutation in exon 2 of the RP2 gene (Hardcastle et al., 1999).
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Figure 4.2 Aminoglycoside mediated readthrough in dystrophin
(a) Dystrophin mRNA encoding the complete dystrophin protein. During translation, the
tRNA binds to the dystrophin CAA sense codon, (b) A mutant mRNA with a premature
stop codon encoding a truncated polypeptide. Release factor (RF) proteins bind to the
premature UAA stop codon within the mutant dystrophin mRNA. (c) Gentamicin can
allow the incorporation of an amino acid at the premature stop codon of mutant
dystrophin mRNA. The truncated polypeptide is still made, but occasionally a full-length
protein results from readthrough and has an amino acid substitution at the site
corresponding to the premature stop codon. (Adapted from Mankin et al., 1999).
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4.2

RESULTS

4.2.1

RP2 expression in patient iymphobiastoid ceiis

RP2 protein expression in males affected with the Arg120Stop mutation was
investigated in lymphoblastoid cells from five RP2 patients with the Arg120Stop
mutation and five randomly selected control males (Figure 4.3). A band of the predicted
size for RP2 (39.6 kDa) was observed in all of the control cells. However, no band of
the expected size for full length RP2 or the predicted 119 amino acid truncated protein
product (14 kDa) was detectable in any of the patient cells (Figure 4.3). Serum 8974 is
immunoreactive with the first 15 amino acids of RP2 (Chapter 3)(Chapple et al.,
2002a), so it would have recognised the truncated protein if any were present. These
data suggest that any truncated protein produced is rapidly degraded. The
immunoreactive band corresponding to a 68 kDa protein, described in Chapter 3
(Figure 3.4), was observed in both the patient and the control lymphoblastoid cells
(Figure 4.5C), suggesting that, although the protein may share epitopes with RP2 it
does not correspond to a post-translational modification of RP2 and isi

not a product

of the RP2 gene. Although the basis for the cross-reactivity between 8974 and this 68
kDa protein remains to be resolved, it did provide a useful internal loading and transfer
control for the western blot assays.

4.2.2

RP2 mRNA expression in patient Iymphobiastoid ceils

RP2 mRNA expression in the lymphoblastoid cells from males with the Arg1208top
RP2 mutation and cells from control males was also investigated. A full-length RP2
transcript was detected in both the male patient and the control male lymphoblastoid
cells (Figure 4.4). The levels of RP2 mRNA, however, were greatly reduced in the male
patient cells compared to the male control cells, suggesting that RP2 containing the
Arg1208top mutation may undergo nonsense-mediated decay (Hentze eta!., 1999).

4.2.3

Determining the minimum detection levels of RP2 protein

It was necessary to determine the minimum detection level of the RP2 protein before
analysing the effects of aminoglycoside therapy on RP2 expression. From comparison
to recombinant RP2 standards, RP2 protein represented approximately 0.085% of the
total protein in lymphoblastoid cells (Figure 4.5A), in agreement with levels of RP2
expression in lymphoblastoid cells, relative to 8H-8Y5Y cells, described in Chapter 3
(Figure 3.7).
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Figure 4.3 Expression of RP2 in lymphoblastoid cells from patients with the
Arg120Stop mutation
Lymphoblastoid cells were obtained from five males with an Arg120Stop mutation in
RP2 (lanes 1-5) and five randomly selected control males (lanes 6-10). RP2 expression
in total cell lysates (50 pg total protein) were compared using the S974 antiserum. The
asterisk denotes the predicted position of the truncated polypeptide encoded by the
Arg120Stop mutation. A duplicate blot was also performed for (3-tubulin to demonstrate
equal protein loading in each lane (not shown).
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Fig 4.4 RT-PCR of RP2 from patient and control lymphoblastoid cell cDNA
RNA was extracted from patient and control lymphoblastoid cells, and reverse
transcribed using oligo(dT) primers. The first strand cDNA was amplified using exonic
primers (RP2-5 and RP2-1-199) to generate a 600 bp RP2 fragment (RP2). A 240 bp
fragment was generated using p-actin exonic primers to demonstrate equal cDNA
amplification in the PCR linear range. The PCR products were resolved on 2% agarose
and compared to 1 kb DNA molecular weight markers.
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Figure 4.5 Determining the minimum detection levels of RP2
(A) 50 |jg of total protein from control lymphoblastoid cells and 1 and 0.5 ng of 9x
histidine C-tagged RP2 (B) Standard curve of 20, 10, 7.5, 5, 2.5, 1, 0.5, 0.25 and 0.1 ng
of 9x histidine C-tagged RP2 loaded into each lane. (0) Control lymphoblastoid cell
lysates were mixed with RP2 patient lymphoblastoid cell lysates in different quantities.
The percentages of control cell lysate loaded into each lane were 100, 50, 25, 10, 5, 1,
0.5, 0.1, and 0%. 100 pg of total protein was loaded into each lane.
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The level of RP2 expression in lymphoblastoid cells was higher than in human tissues
where RP2 protein has been estimated to represent approximately 0.01% of the total
protein (Chappie et al., 2000), and is in agreement with the figure obtained by
comparison to other cell types in Chapter 3. A standard curve of recombinant Histagged RP2 protein of known concentration was used for immunoblotting (Figure 4.5B).
Using western blotting, recombinant RP2 could easily be detected below 0.5 ng, or
approximately 0.4% of the total RP2 expressed in control lymphoblastoid cells when
100 pg of total protein was loaded. This detection limit was confirmed by mixing RP2
patient lymphoblastoid cell lysates and control lymphoblastoid cell lysates in different
fixed ratios and loading the same amount of total protein into each well. This confirmed
that the western blot assay could detect at least 0.5% of control RP2 levels (Figure
4.5C).

4.2.4

Subcellular localisation of RP2

The subcellular localisation of RP2 in lymphoblastoid cells from control males and RP2
Arg120Stop patients was investigated by immunofluorescent staining and confocal
microscopy. RP2 protein localisation in the lymphoblastoid cells from control males was
predominantly on the plasma membrane of the cells (Chapter 3)(Figure 4.6A). The
intensity of plasma membrane staining was variable within each individual cell and also
between cells. This observation is in agreement with recently published data on the
subcellular localisation of RP2 in other cultured cell types (Chapter 3)(Chapple et a/.,
2000). In addition to the plasma membrane staining, a diffuse stain was also observed
throughout the cells but at a much lower intensity. The plasma membrane staining was
not seen in lymphoblastoid cells from RP2 patients (Figure 4.6B). The staining pattern
in the cells from the patients was much more diffuse and did not appear to have a
specific subcellular localisation. A similar staining pattern was seen in lymphoblastoid
cells from the control males and RP2 patients probed with the Cy3 conjugated anti
sheep antibody alone, without a prior S974 primary antibody incubation (Figure 4.6C
and 4.6D). Therefore, the diffuse intracellular staining pattern may in some part
correspond to cross reactivity between the human lymphoblastoid cells and the
secondary antibody, in addition to the reactivity between S974 and the 68 kDa protein.
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Figure 4.6 Subcellular localisation of RP2 in lymphoblastoid cells
Immunofluorescent confocal scanning microscopy of RP2 in (A) Control male
lymphoblastoid cells and in (B) RP2 patient lymphoblastoid cells. Arrows highlight the
plasma membrane localisation. (0) and (D) demonstrate control staining with the
secondary anti-sheep antiserum alone. Scale bar is 10 pm.
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4.2.5

Dual-luciferase reporter assays

The efficacy of the gentamicin used in this study was confirmed using a dual-luciferase
reporter system (Howard et al., 2000). This system employsj the use of firefly and
Renilla luciferase proteins which may be assayed independently in one tube.

Sequences for stop codons or control codons in different sequence contexts were
inserted into a plasmid construct between sequences encoding the two reporter genes.
The vector is driven by an SV40 early promoter and enhancer to express the
downstream reporter Renilla and firefly luciferase genes (Figure 4.7). This allowed the
efficiency of stop codon translation in the presence of gentamicin in between the two
reporter plasmids to be assayed (Grentzmann at a!., 1998).

In addition to confirming the efficacy of the gentamicin used to treat the lymphoblastoid
cells, this system was used to investigate the effect of stop codon sequence context on
readthrough. Two constructs encoding the opal stop codon UGA were compared. One
construct contained the sequence UGA GC, which is the stop codon context found in
the RP2 gene encoding the Arg120Stop mutation. The other construct contained the
sequence UGA CC, which is the opal stop codon context found to achieve the greatest
levels of aminoglycoside-induced readthrough (Howard at a/., 2000; Manuvakhova at
a!., 2000). Stop codon readthrough was calculated by comparing the ratio of firefly to
Renilla luciferase activity in cells transfected with p2luc stop codon constructs, relative
to the ratio of luciferase activity in cells transfected with p2luc control constructs
(Grentzmann at a!., 1998; Howard at a!., 2000)(Figure 4.8).

Using the same methodology as in previous studies (Grentzmann at a!., 1998; Howard
at a/., 2000), gentamicin induced stop codon readthrough was achieved at levels of 5%
using gentamicin at concentrations of up to 500 pg/ml, similar to levels achieved in
previous studies. However, the base immediately after the stop codon had a profound
effect on the efficiency of gentamicin induced translation. By substituting the cytosine
base for a guanine base, as found in the context of the Arg120Stop mutation, the
readthrough levels were reduced by 75%.

4.2.6

Gentamicin treatment of Ceiis

To determine whether gentamicin could lead to suppression of the premature stop
codon in RP2 patients, lymphoblastoid cells from male patients with the Arg120Stop
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mutation were cultured in the presence of various gentamicin doses ranging from 0-500
pg/ml, for 12 hours, 3 days and 10 days. At doses above 500 pg/mi significant
cytotoxicity was observed within a 12 hour period. Even with detection levels down to
0.4% of control RP2 levels (section 4.2.3), an increase in full-length or truncated RP2
protein expression in these cells after treatment with gentamicin could not be detected
at any of the tested doses and time points (Figure 4.9).

105

Chapter 4 - Aminoglycoside therapy

SV40
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TC G ACG TG C G AT TGA G CG TTC
TOG ACG TG C GAT C G A G CG TTC

T C G ACG TG C GAT TGA GCG TTC
T C G ACG TG C G AT CGA GCG TTC

Figure 4.7 p2luc vector stop codon constructs
Oligonucleotides containing an opal stop codon (TGA) or a control sense codon (CGA)
were inserted in between the two reporter genes. TGA G is the sequence context of the
Arg120Stop mutation in RP2 and TGA 0 is the sequence context demonstrated to
enable the highest readthrough efficiency.
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Figure 4.8 Recoding efficiency of gentamicin on transfected CHO cells
CHO cells were transfected with p2luc dual luciferase reporter constructs containing the
opal stop codon in different sequence contexts. The transfected cells were treated with
0, 250 and 500 pg/ml gentamicin for 24 hours and the relative levels of firefly to Renilla
luciferase were determined using a dual-luciferase assay, and the recoding efficiency
was calculated (Grentzmann et al., 1998). UGA C is the sequence context demonstrated
to enable the highest readthrough efficiency. The levels of readthrough are shown
relative to the maximum level of readthrough achieved in UGA C, denoted as 100%.
UGA G is the sequence context of the Arg120Stop mutation in RP2.
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Figure 4.9 Gentamicin treatment of lymphoblastoid cells
Representative western blots showing RP2 expression in lymphoblastoid cells from
five patients with the Arg120Stop mutation in RP2. Patient cells were treated with
gentamicin at 0, 50, 100, 200, 400 and 500 pg/ml for 12 hours, 3 days or 10 days.
RP2 expression in control male lymphoblastoid cells is shown for comparison (C).
100 pg of total protein was loaded into each lane. No RP2 expression could be
detected in the patient cells at any exposure.
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4.3

DISCUSSION

Aminoglycoside antibiotics have been shown to suppress nonsense mutations both in
vitro and in vivo. The primary aim of this study was to investigate whether this
phenomenon could be used as a potential treatment for RP2 patients with the
Arg120Stop nonsense mutation (Hardcastle et a!., 1999). I have demonstrated that at
this time aminoglycoside antibiotic therapy does not appear to be a viable treatment for
RP2 patients with this mutation. No RP2 protein could be detected in cells from
affected males treated with a wide range of doses and treatment time points of the
aminoglycoside antibiotic, gentamicin.

Studies on the cystic fibrosis transmembrane conductance regulator (CFTR) have
suggested that full-length OFTR protein production can be achieved by the use of
aminoglycoside antibiotics. In a model for cystic fibrosis, the CFTR-I- mouse, prior to
aminoglycoside treatment no full-length OFTR protein was expressed (Du et a/., 2002).
After treatment with gentamicin, however, immunofluorescence studies detected CFTR
at the apical surface of intestinal tissue and furthermore, the CFTR appeared to be
functional as assessed by investigating the cyclic AMP-activated chloride channel
activity in tissue isolated from the intestines (Du et a/., 2002). The use of gentamicin to
treat CFTR nonsense mutations has also been well characterised in transfected HeLa
cells and bronchial epithelial cells expressing an opal (UGA) nonsense mutation in
CFTR. These studies have demonstrated that functional, full-length protein could be
restored to levels of 20-35% of that in wild type cells after treatment with
aminoglycoside antibiotics at doses of 100-200 pg/ml (Howard et al., 1996, Bedwell et
al., 1997). Similar observations were made in an in vivo model for Duchenne muscular
dystrophy, the mdx mouse (Barton-Davis et al., 1999) where, prior to aminoglycoside
antibiotic treatment, muscle expressed no full-length dystrophin protein. After treatment
with gentamicin, however, dystrophin levels were detectable at up to 10-20% of that in
muscle of control mice expressing the wild type dystrophin protein, and the mice
displayed a significant degree of protection against contractile-induced damage,
suggesting some functional recovery.

Recent studies, however, have brought into question the accuracy of these high levels
of protein restoration and suggest that the true level of readthrough may be much
lower, possibly less than 5%, whilst highlighting the importance of the context of the
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stop mutation (Manuvakhova et al., 2000; Howard et al., 2000). This lower level of
protein restoration may, however, still have clinical applications. A study of premature
stop codons in the Hurler syndrome gene, IDUA, suggested that restoration of activity
to 3%, mediated by readthrough, may be sufficient to mediate some cellular recovery
(Keeling et al., 2001). In this chapter, however, I observed no restoration of full-length
RP2 protein production to the detection limit of 0.5% by western blotting, in the opal
mutation cell lines with gentamicin treatment at doses and times that have been shown
to be effective in these other paradigms. As the function of RP2 is unknown at present,
it was not possible to investigate the restoration of any function in the cells or to know
what levels of RP2 expression would be necessary for some function to be restored. It
could be possible be that aminoglycoside readthrough of less than 0.5% may be
sufficient to affect a functional increase in RP2 in patients, however until there is a
functional assay for RP2, this cannot be determined. Once the function of RP2 has
been elucidated, a more sensitive assay may be used to test the effectiveness of
aminoglycoside antibiotic treatment for the Arg120Stop nonsense mutation.

The data in this study has shown a clear difference in RP2 subcellular localisation
between the RP2 patient and control lymphoblastoid cells and this could have been
used to determine if any full-length protein produced was correctly targeted. However,
due to the background cross reactivity of the secondary antibody and the potential
problems caused by the cross reacting 68 kDa protein, immunoblotting represented a
more sensitive detection method for RP2.

Although the potential use of aminoglycoside therapy for nonsense mutations is very
attractive, the demonstration that full-length protein production was not restored in cells
with the Arg120Stop nonsense mutation indicates that there may be severe limitations
to their application. A major consideration is that mRNAs with premature stop codons
may be subject to their own quality control via nonsense-mediated decay (NMD)
(Hentze et al., 1999). I observed that, although the patient cell lines do express the
RP2 mRNA, it appears to be present at much lower levels in the patient cells than in
controls. This level of RNA surveillance reduces the amount of mutant mRNA available
for translation and, hence, readthrough assistance from the aminoglycoside (Hentze et
al., 1999). Furthermore, the type of nonsense mutation and composition of the RNA
sequence flanking the stop codon may also have a major effect on the efficiency of
aminoglycoside mediated readthrough (Phillips-Jones et ai, 1995; Manuvakhova et ai.
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2000; Howard et al., 2000). Although the opal premature stop mutation, UGA, which
was investigated in this study, appears to show greatest translational readthrough, the
nucleotide in the position immediately downstream from the stop codon appears to be
a major modifier, in the order C > U > A > G (Howard et a!., 2000). The presence of a
G immediately after the stop codon, as in the Arg120Stop patients, was shown to
reduce readthrough levels by up to 75%. This corresponds with the effect that context
has had on readthrough levels in other detailed studies (Manuvakhova et a/., 2000;
Howard et a/., 2000). However, the effects on readthrough of other context
characteristics upstream or further downstream of the premature stop codon in the
mRNA are unexplored. As the efficacy of the gentamicin used in this study was
confirmed by dual-luciferase reporter assays, it would appear that the combination of
an unfavourable mutation context and the lower levels of RP2 mRNA caused by NMD
would possibly result in effective levels of readthrough below the sensitivity of the
western assay that was available.

It should also be noted than in the in vivo model of mdx, not all animals with the same
nonsense mutation responded to the gentamicin treatment (Barton-Davis et al., 1999).
This raises the possibility that even if the ‘context’ of the mutation is conducive for the
aminoglycoside treatment to be effective, other factors may modulate the beneficial
effect of the drug. As variation within different individuals may be important, I
investigated the effect of gentamicin on the Arg120Stop mutation encompassing all of
the previously tested doses and time points in lymphoblastoid cells from five related
male RP2 patients. Doses of gentamicin higher than 500 pg/ml were not used in this
study as there was evidence of toxicity to the lymphoblastoid cells at 500 pg/ml and
higher doses. The successful use of gentamicin to restore some full-length dystrophin
in the mdx mouse (Barton-Davies et al., 1999) prompted the assessment of using
gentamicin to treat patients with Duchenne and Becker muscular dystrophy (Wagner et
al., 2001). Patients with opal, amber and ochre nonsense mutations were treated with
gentamicin at doses effective in the mdx mouse study for two weeks. Upon completion
of treatment, no full-length protein was detected in muscle biopsies or by western
blotting in any of the patients, with a minimum detection limit of 2% of total control
protein. The muscle strength of the patients was also assessed before and after
gentamicin treatment and was determined to be unimproved after treatment. This
suggests that even if there was any full-length protein produced below the limit of
detection of their assay, it had no clinical benefit for the patient. The application of this
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therapy in patients with different mutations in different contexts highlights the empirical
nature of the efficacy of this treatment.

Even if aminoglycoside therapy had proven to be a potential treatment for RP2
patients, it would still have been important to consider their possible toxicity. BartonDavies and colleagues (Barton-Davies et al., 1999), have suggested that it may be
possible that administration of gentamicin below the maximum recommended human
dosage (for antibiotic use) could prove effective in restoring protein function. The study
in patients with Duchenne and Becker muscular dystrophy, however, used gentamicin
at the upper limit of the therapeutic range and found the treatment to"unsuccessful for
their patient group. The authors suggest trying higher doses of gentamicin in future
studies, but acknowledge that this may well result in toxic side effects. There is no data
available for the consequences of the long-term use of this drug, particularly at the high
doses that may be required for effective readthrough therapy. Retinal toxicity of
gentamicin should also be given careful consideration before any treatment of patients
with ocular disease. The toxicity of gentamicin in the retina is well documented with the
majority of cases being reported after its prophylactic use in vitrectomy or routine
ocular surgery, at doses considered to be safe (Campochiaro at a/., 1991). There is
also evidence of gentamicin toxicity in primates after intravitrious injection, leading to
damage within the inner retinal layers (Conway at a/., 1989).

Aminoglycoside

antibiotics cause full-length polypeptides to be made as they interfere with the usually
stringent codon-anticodon pairing during translation, causing alternative amino acids to
be inserted in the place of the premature stop codon. This means that as well as
inserting the correct amino acid to produce functional full-length protein, it may also
introduce erroneous insertions of other incorrect amino acids leading to the possible
production of aberrant proteins with unknown toxicity. Such proteins may not fold
correctly and form aggregates, and could exhibit gain of function effects.

Another possible treatment for diseases caused by premature stop mutations could be
the use of suppressor tRNA gene therapy (Atkinson at a!., 1994; Buvoli at a!., 2000), as
opposed to conventional gene replacement therapy. This is enabled by engineering
mutant tRNAs that can read premature stop codons as sense codons and hence
restore full-length polypeptide production. This may represent a more focused
approach to the treatment of diseases caused by nonsense mutations, but may be
unsuitable for the treatment for RP2 at the present time as the function of the protein is
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unknown, and similar problems of erroneous protein production would need to be
considered as a possible side effect. However, as more information becomes available
about the function of RP2, this may be a viable therapy as there are a large number of
patients with nonsense mutations in RP2.

An extremely useful finding described in this chapter is that it should be possible to use
immunoblotting or immunocytochemistry as a diagnostic test for mutations in RP2. As
the majority of RP2 mutations are protein truncating, most patient mutations could be
detected by using immunoblotting for the presence of full-length protein. Alternatively,
immunocytochemistry could be used to detect mutations that also affect correct protein
targeting (Chappie et al., 2000). Immunoblotting and/or immunocytochemistry with a
suitable antibody, such as the sheep serum S974, as a primary screen would be
relatively inexpensive and less time consuming then sequencing the whole of the RP2
gene for every potential XLRP patient. The RP2 protein appears to be ubiquitously
expressed (Schwahn et a/., 1998; Chappie et a/., 2000) and I have shown that protein
truncations can be detected in lymphoblastoid cells. An additional study has also
reported a lack of detectable full-length or truncated RP2 in lymphoblastoid cells from
patients harbouring nonsense mutations (Schwahn et a/., 2001). A diagnostic test could
be carried out using lymphocytes from blood samples, which would usually be taken for
DNA analysis. The majority of RPGR mutations are also predicted to result in the
production of truncated protein products (Vervoort et a/., 2002) and the difficulty in
identifying mutations in RPGR is confounded by the extensive alterative splicing of the
gene (discussed in Chapter 1). The utilisation of a protein based diagnostic test for
XLRP patients may therefore be an extremely useful tool for clinicians. Choroideremia,
another X-linked retinal dystrophy, already has a protein-based diagnostic test
(MacDonald et a/., 1998) and protein truncation testing has also been successfully
applied in the breast cancer gene BRCA1 (Moore et a/., 2000) and the colon cancer
gene ARC (Balhausen 2000). As more disease genes are cloned, many other diseases
may be diagnosed using this type of method.

The work described in this chapter has shown that, unfortunately, aminoglycoside
therapy does not appear to be a viable treatment for Arg120Stop RP2 patients. This
highlights the importance of undertaking in vitro studies in a model system before
attempting to apply aminoglycoside therapy to patients with nonsense mutations. This
type of drug-mediated therapy appears to be entirely empirical in relation to which
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mutations are successfully suppressed. The well documented risks of retinal toxicity
associated with the use of aminoglycosides need to be considered carefully before
proceeding with treatment. The possible toxicity associated with aminoglycoside
therapy could worsen already failing vision and would be devastating for the patient. I
propose, however, that immunoblotting or immunocytochemistry for RP2 may be a
potentially useful diagnostic tool. As more becomes known about the function of RP2,
and more specifically its function in the retina, more potential therapies may be
investigated.

The next chapter describes the localisation of RP2 in the human retina. The localisation
of the RP2 homologue cofactor C and the RP2 interacting protein Arl3 in the human
retina are also described and compared.

The work described in this chapter has been published (Grayson et al., 2002a).
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5

The localisation of RP2, its homoiogue cofactor C and
the RP2 interacting protein Ari3, in the human retina

5.1

INTRODUCTION

RP2 is a ubiquitously expressed protein and contains sites for N-terminal acyl
modification by myristoylation and palmitoylation, targeting it to the plasma membrane
in cultured cells (Chapter 3)(Chapple et al., 2000; Schwahn et al., 2001). A pathogenic
mutation AS6 (Schwahn et al., 1998; Rosenberg et al., 1999) in RP2 prevents the
plasma membrane targeting of RP2 (Chapter 3)(Chapple et al., 2000; Schwahn et al.,
2001), suggesting that the plasma membrane localisation is essential for RP2 function
in the retina. The precise localisation of RP2 within the retina was unknown.

RP2 shares homology with the tubulin-specific chaperone cofactor 0 over 151 amino
acids (Schwahn et al., 1998) and the existence of pathogenic mutations in RP2 at
conserved residues (Schwahn et al., 1998; Hardcastle et al., 1999; Sharon et al., 2000;
Breuer et al., 2002) is consistent with a functional homology between the two proteins
(Chapter 1). Cofactors C and D together with cofactor E have been shown to stimulate
the GTPase activity of native tubulin (Tian et al., 1996; Tian et al., 1997). A recent
study has demonstrated that in the presence of cofactor D, RP2 also stimulates the
GTPase activity of tubulin, but cannot substitute for cofactor C in the tubulin
heterodimerisation reaction (Bartolini et al., 2002). Evidence for a shared structural
element between the two homologues comes from the observation that a pathogenic
mutation, R118H, in RP2 (Schwahn et al., 1999; Hardcastle et al., 1999; Sharon et al.,
2000; Breuer et al., 2002) at a residue conserved in cofactor C, abolishes the tubulinGTPase stimulating (tubulin-GAP) activity of both RP2 and cofactor C (Bartolini et al.,
2002). These data suggest that this residue acts as an ‘arginine finger’ to trigger the
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tubulin-GAP activity and that the R118H mutation in RP2 may cause retinitis
pigmentosa due to this loss of tubulin-GAP activity (Chapter 1).

The mammalian Arl proteins constitute a family of Ras-related small GTP-binding
proteins with at least eight members (Clark et al., 1993; Cavenagh et al., 1994; Jacobs
et al., 1999; Hong et al., 1998). The in vivo functions of members of the Arl protein
family are largely unknown, but it has recently been shown that Arl2 is essential in
tubulin biogenesis (Steinborn et al., 2002; Antoshechkin et al., 2002). In vitro, Arl2
modulates the tubulin-GAP activity of cofactors C and D (Bhamidipati et al., 2000), and
mutations in its putative yeast homologues affect microtubule stability (Chapter
1)(Stearns et al., 1990a; Hoyt et al., 1990; Radcliffe et al., 2000b). In contrast, GTPArlS binds specifically to RP2 but does not affect the tubulin-GAP activity of RP2 and
cofactor D (Bartolini et al., 2002). The ArlS binding to RP2 is enhanced if RP2 is not
myristoylated (Bartolini et al., 2002).

In this chapter, I have investigated the localisation of RP2 in human retina. I have also
described the contrasting localisation of the RP2 homologue cofactor C and the RP2
interacting protein ArlS, compared to RP2. The localisations were compared in order to
elucidate a potential site of interaction between RP2 and ArlS in the retina, or potential
sites of functional overlap or exclusion between RP2 and cofactor C, in human retina.
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5.2

RESULTS

5.2.1

Characterisation of an anti-peptide serum to RP2

The sheep polyclonal antiserum 8974 raised against recombinant human RP2 with a
9x histidine tag used in western blotting and immunocytochemistry studies was
excellent for those applications, but there were problems with non-specific cross
reactivity with commercial secondary anti-sheep sera when this antibody was used in
immunohistochemistry. Also the 8974 antiserum doesn’t react with RP2 in tissues from
other species. In order to overcome these problems, a rabbit polyclonal antiserum was
developed to a synthetic peptide of amino acid residues 337-350 at the C-terminus of
human RP2. The C-terminus of RP2 was chosen for several reasons. Firstly, the 8974
antiserum seemed to be very efficient at detecting the N-terminus of RP2 (discussed in
Chapter 3) and so a C-terminus specific antiserum would be desirable for future
applications. 8econdly, comparison of the sequence of the C-terminus of RP2 with
several vertebrate orthologues revealed a high level of conservation (Figure. 5.1 A).
Indeed, in mouse {Mus musculus) there is only a single residue difference in the final
18 amino acids of RP2. Not only does this suggest that the C-terminus of RP2 is of
functional importance, but also that such an antiserum could cross-react with tissues
from other species. Finally, due to N-acylation and membrane interaction, it is likely
that the N-terminus of RP2 would be masked and previous experience in our laboratory
of developing antisera suggested that C-terminus peptide antisera work well for
immunohistochemistry applications (van der 8puy et al., 2002).

The rabbit antiserum, named hRP2-337-350, recognised RP2 in western blots of
tissues and cell lysates (Figure 5.IB). The specificity of the antiserum was determined
by a lack of reactivity in the pre-immune serum and competition of the RP2 activity
*

following pre-incubation with the peptide against which the antiserum was generated (4
pg/pl). In contrast to 8974, which only reacts well with human RP2 (Chappie at a/.,
2000), hRP2-337-350 recognised RP2 from other species, including mouse (Figure
5.IB) and cow (used in Chapter 6), but not frog.

5.2.2

Immunohistochemistry of RP2 in human retina

The expression pattern of RP2 in peripheral human retina was investigated using adult
human retinal sections from formalin-fixed, paraffin embedded tissue. RP2 expression
could not be efficiently detected in tissue probed directly with hRP2-337-350 antiserum,
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Figure 5.1 Development of an anti-peptide serum to RP2
(A) The C-terminus of the RP2 protein is highly conserved in RP2 orthologues. Red text
denotes residues conserved in all of the species. The peptide sequence used to make
hRP2-337-350 is underlined. (B) Characterisation of hRP2-337-350 using mouse retina
(M; 50 pg) and SH-SY5Y cell lysate (S; 50 pg). No reactivity was observed using the
pre-immune serum or when the antibody was pre-incubated with the peptide (4 pg/pl).
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suggesting the masking of the RP2 antigen in the formalin-fixed, paraffin embedded
tissue. Antigen-retrieval optimisation studies, therefore, had to be carried out using
trypsinisation, Mcllvaine’s citrate buffer and Tris-Urea buffer (Chapter 2). Antigen
retrieval using the Tris-Urea buffer was found to yield the clearest and most
reproducible staining and was, therefore, used as the method of choice. Once the
method of antigen retrieval had been established, the method of detecting the RP2
immune complex was compared using phosphatase with vector blue or peroxidase with
DAB (Chapter 2). RPE cells in sections of retinal tissue appear brown due"their heavily
pigmented nature, and as DAB staining is brown, vector blue (blue staining) was better
for detecting RP2 in RPE cells. DAB staining, however, provided clearer, more specific
staining of RP2 in other cells in the retina.

Specific immunolabelling with hRP2-337-350 (Figure 5.2, RP2) was detected in rod
and cone photoreceptors extending from the tips of the outer segments (OS), through
the inner segments (IS) and outer nuclear layer (ONL) and into the synapses in the
outer plexiform layer (GPL). Immunolabelling was also observed in the bipolar,
horizontal and amacrine cells in the inner nuclear layer (INL), extending to the inner
plexiform layer (IPL) and though the ganglion cell layer (GCL) and into the nerve fibre
layer (NFL). RP2 immunolabelling was absent from nuclei and was localised
predominantly to the plasma membrane of rod and cone photoreceptors extending
from the OS and IS (Figure 5.2, Zoom IS+OS) and throughout the ONL (Figure 5.2,
Zoom ONL).

RP2 immunoreactivity could also be detected in the retinal pigment

epithelium (RPE), as a diffuse staining (Figure 5.3), but could not be localised to any
particular region of the cell due to their heavily pigmented nature. Faint background
staining was detected when the pre-immune serum was used for immunolabelling
(Figure 5.2, Pre-immune). This was also observed when the primary antibody was
omitted or when immunolabelling was performed in the presence of the competing
peptide (20 pg/pl) against which hRP2-337-350 was raised.

5.2.3

Immunohistochemistry of cofactor C in human retina

As RP2 shares sequence homology with human cofactor C (Schwahn et al., 1998) and
both proteins possess tubulin-GAP activity (Bartolini at a!., 2002) cofactor C localisation
in formalin-fixed, paraffin embedded peripheral adult human retina was also examined.
The cofactor C antigen was undetectable in formalin-fixed retinal tissue and antigen
retrieval optimisation was performed (Chapter 2 and section 5.2.2). The method of Tris-
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Figure 5.2 Immunohistochemistry of RP2 in peripheral human retina
NFL, nerve fibre layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner
nuclear layer; GPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner segments;
OS, outer segments. The retina has detached from the RPE cell layer. The pigment
granules that have remained stuck to the outer segments are highlighted by asterisks.
Immunolabelling using hRP2-337-350, was found in cell types throughout the retina.
Arrows highlight the plasma membrane localisation in the enlarged images. Scale bar is
10 pm.
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Figure 5.3 RP2 staining in RPE cells in human retina
RP2 in RPE cells detached from photoreceptor outer segments in paraffin embedded
human retina sections. Immunolabelling performed with hRP2-337-350 antiserum
detected by DAB (A) and Vector Blue (B). Only background levels of staining were
observed in the RPE cells when the primary antiserum was omitted (C). The dark areas
inside the cells are pigment granules, some of which are outside of the cells, denoted by
an asterisk. Scale bar is 10 pm.
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Urea antigen retrieval yielded the best results and was, therefore, used prior to
antibody incubations. Immunolabelling using anti-cofactor C antiserum hCFC, (a gift
from Professor Nicholas Cowan, New York University Medical Centre)(Bartolini et al.,
2002) demonstrated that cofactor 0 was distributed throughout the retina (Figure 5.4,
Cofactor C), however, the signal was most intense in the rod and cone photoreceptors.
The strongest cofactor C signal was localised to the photoreceptor connecting cilium
(cc) at the tips of the inner segments (IS)(Figure 5.4, Cofactor C Zoom). As no preimmune serum was available to verify the specificity of staining, specific cofactor C
staining was confirmed by pre-incubation of the antiserum with a molar excess of
recombinant 6x his-tagged cofactor C (100 pg/pl). This protein competition greatly
diminished the staining (Figure 5.4, Cofactor C + rec. protein).

5.2.4

Immunohistochemistry of Ari3 in human retina

Because human RP2 has been shown to interact with GTP-bound Arl3 (Bartolini at a/.,
2002), immunolabelling of Arl3 was performed with anti-Arl3 antiserum hArl3, (a gift
from Professor Nicholas Cowan, New York University Medical Centre)(Bartolini at a/.,
2002) on paraffin embedded, formalin-fixed peripheral adult human retina. Again, Arl3
was undetectable in formalin-fixed tissue without antigen retrieval,

and after

optimisation, Tris-Urea treatment was demonstrated to provide the best results. The
Arl3 antibody labelled cells throughout the retina (Figure 5.5, Arl3) but the most intense
staining was seen in the connecting cilium (cc) and inner segments (IS) of
photoreceptors (Figure 5.5, Arl3 Zoom). No staining was detected in any layer of the
retina when immunolabelling was performed using Arl3 pre-immune serum (Figure 5.5,
Pre-immune). No recombinant Arl3 protein was available to perform immunolabelling
with pre-absorbed antiserum.

5.2.5

RP2 is present on the plasma membrane of rod and cone photoreceptors

In order to better define the localisation of RP2 within the photoreceptors,
paraformaldehyde-fixed, agarose embedded, human retina was examined.

Double

immunofluorescence labelling with the hRP2-337-350 antiserum and a panel of well
characterised retinal markers was carried out on the tissue sections and the
immunofluorescence optically sectioned using a laser scanning confocal microscope.
The lectin wheat germ agglutinin (WGA) binds proteins with oligosaccharide chains in
the extracellular matrix and was used as a marker for the lateral plasma membrane of
the photoreceptor inner (IS) and outer segments (OS)(Figure 5.6A, WGA).
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Figure 5.4 Immunohistochemistry of cofactor C in peripheral human retina
Immunolabelling, using anti-cofactor 0 antiserum, was found throughout the retina with
intense staining in the region of the connecting cilia (cc). The intensity of staining was
greatly reduced in the presence of competing purified recombinant cofactor C protein.
The white space in the region of the OPL is a tear in the tissue and not an artefact of
staining. Retinal layers are labelled as in Figure 5.2. Scale bar is 10 pm.
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Figure 5.5 Immunohistochemistry of Arl3 in peripheral human retina
Immunolabelling, using anti-Arl3 antiserum, was found in cell types throughout the retina
with intense staining in the region of the inner segments and connecting cilia (cc). No
immunolabelling was observed when using pre-immune serum. Retinal layers labelled
as in Figure 5.2. Scale bar is 10 pm.
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Figure 5.6 Double immunofluorescent confocal microscopy using hRP2-337-350
RP2 is present in both rod and cone photoreceptors in peripheral human retina. (A) RP2
and wheat germ agglutinin (WGA). (B) RP2 and rhodopsin (1D4). (C) RP2 and the cone
specific 7G6 antibody (7G6). Arrowheads indicate plasma membrane localization.
Confocal z-sections, 0.4 pm thick. Scale bar is 10 pm.

125

Chapter 5 - Localisation in human retina

RP2 immunolabelling was localised to the plasma membrane in the IS and OS (Figure
5.6A, RP2), as determined by double labelling with WGA (Figure 5.6A, Merge). RP2
staining did not extend into the extracellular space but was more concentrated on the
intracellular face of the membrane, as would be expected from the previous localisation
of RP2 in cultured cells to the cytosolic face of the plasma membrane (Chapter 3).

The monoclonal antibody 1D4 specifically detects rhodopsin in the rod photoreceptor
outer segments (OS)(Figure 5.6B, 1D4). RP2 staining was evident at the plasma
membrane of the IS and extended to the very tips of the OS (Figure 5.6B, RP2). The
signals for RP2 and 1D4 overlapped at the plasma membrane (Figure 5.6B, Merge),
demonstrating the presence of RP2 in the rod photoreceptor outer segment plasma
membrane. The RP2 staining pattern did not, however, co-localise with rhodopsin
within the OS, suggesting that RP2 is not a component of rod OS membrane disks.

The monoclonal antibody 7G6 was used as a marker for cone photoreceptors (Figure
5.60, 7G6). RP2 localised to the plasma membrane of cells in the outer nuclear layer
(ONL)(Figure 5.60, RP2). When double labelled with 7G6 antiserum (Figure 5.60,
Merge), RP2 stained the plasma membrane of cone cells in the ONL, extending from
the cell body and along the cone inner fibre to the cone pedicle. RP2 staining was
absent from the nuclei and only very faint staining could be observed in the cytoplasm
of rod and cone photoreceptors.

To complement the staining obtained using hRP2-337-350, the sheep anti-RP2
antiserum S974 was used in double labelling experiments (Figure 5.7A, RP2+RP2). In
order to circumvent problems of non-specific cross-reactivity with commercially
available anti-sheep sera (discussed in Chapter 4), affinity-purified antiserum S974 was
directly labelled with the fluorophor Alexa 488 (Molecular Probes). In the ONL (Figure
5.7A, RP2+RP2) double labelling of RP2 by the S974 and hRP2-337-350 antisera was
observed at the plasma membrane. The RP2 staining was clearly absent from the
nuclei but weak cytoplasmic staining could be seen in some cells. Co-localisation of the
two RP2 antisera was also observed in the IS and OS of the photoreceptors (Figure
5.7A, RP2+RP2), and in places this was punctate in appearance. A third anti-RP2
antiserum (Bartolini et a/., 2002) was also used to confirm the plasma membrane
localisation of the protein but showed higher levels of non-specific background staining
(data not shown).
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Figure 5.7 Double immunofluorescent labelling using additional RP2 sera and
negative controls
(A) RP2 hRP2-337-350 and RP2 sheep sera S974 co-localise at the plasma membrane
in photoreceptors. The nuclei in the OPL are stained with DAPI (blue). Arrowheads
highlight the plasma membrane localisation. (B) RP2 staining was absent in the preimmune sera (pre-immune) and in the presence of excess competing peptide (20
pg/pl)(RP2+peptide). The labelling in the RPE was due to autofluorescent lipofuscin
granules. Confocal z-sections, 0.4 pm thick. Scale bar is 10 pm.
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The specificity of hRP2-337-350 in immunofluorescent staining was confirmed in
control experiments (Figure 5.7B). When immunolabelling was performed with preimmune serum, the staining was absent in all cells of the retina (Figure 5.7B, Preimmune). In the presence of excess competing peptide, the RP2 staining was greatly
diminished (Figure 5.7B, RP2+Peptide). There was also no staining observed when the
primary antibody was omitted. No cross-reaction was detected between the primary
and secondary antisera used in the double labelling experiments. Therefore, the
distribution of RP2 in the retina determined by confocal immunofluorescence
microscopy confirmed the immunolabelling observed in the paraffin embedded tissue
sections (Figure 5.2) and was consistent with three different specific antibodies.

5.2.6

Distribution of cofactor C in the human retina

Immunofluorescent labelling of paraformaldehyde-fixed human retina using hCFC
antiserum complemented the immunohistochemistry staining and demonstrated that
cofactor C was distributed throughout the retina (Figure 5.8, Cofactor 0). The signal
was most intense in the photoreceptors, extending from the IS, through the ONL and
into the OPL. The strongest cofactor 0 signal was localised to the photoreceptor
connecting cilium (cc) as demonstrated by co-localisation with (3-tubulin (Figure 5.8, (3
Tubulin) at the tips of the inner segments. Moderate staining was also detected in the
OS, INL and IPL. Apart from the region of the connecting cilium, there was only limited
co-localisation between tubulin and cofactor 0. Cofactor C appeared to have a diffuse
cytoplasmic staining pattern in most cells.

To confirm the expression of cofactor C in cone as well as rod photoreceptors, the
cone specific antiserum 7G6 was used as a marker in double labelling studies (Figure
5.9). Cofactor C labelled the 7G6 positive cone cells at a similar intensity to the rod
photoreceptors (Figure 5.9, Cofactor C), confirming the expression of cofactor C in both
rod and cone photoreceptor cells. No staining was seen when immunolabelling was
performed with a molar excess of recombinant cofactor C (100 pg/pl).

5.2.7

Arl3 localises to the connecting cilium and microtubule structures in the
human retina

In order to better define the localisation of Arl3 in human retina, immunofluorescent
labelling was carried out on tissue sections of paraformaldehyde-fixed human retina.
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Figure 5.8 Cofactor C and p-tubulin in human retina
Double immunofluorescent confocal scanning microscopy of peripheral human retina
using anti-cofactor 0 and anti-p tubulin antisera. Intense staining was found in the region
of the connecting cilium (cc). Retinal layers are labelled as in Figure 5.2. Confocal zsection, 0.4 pm thick. Scale bar is 10 pm.
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Figure 5.9 Cofactor C and 7G6 in human retina
Double immunofluorescent confocal scanning microscopy of peripheral human retina
using anti-cofactor 0 and 7G6 antisera. Cofactor 0 is clearly expressed in both rod and
cone photoreceptors. Retinal layers labelled as in Figure 5.2; (cc), connecting cilia.
Confocal z-section, 0.4 pm thick. Scale bar is 10 pm.
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The hArl3 antiserum labelled cells throughout the retina (Figure 5.10A, Arl3), however,
the most intense staining was seen in the connecting cilium (cc), the myoid region of
the IS and in cone photoreceptors. Moderate staining was observed in the OS and in
the inner retinal layers (INL and IPL). Arl3 co-localised with p-tubulin (Figure 5.10A,
Merge), particularly in the outer retinal layers, suggesting that Arl3 is localised to
microtubule structures in the retina. Further evidence for the co-localisation of Arl3 with
the connecting cilium was provided by double labelling retinal sections with anti-Arl3
and an antibody to acetylated a-tubulin (Figure 5.1 OB).

To further investigate the intense Arl3 staining in cone photoreceptors, the cone
specific 706 antiserum was used as a marker (Figure 5.11). Arl3 intensely labelled the
cone cells, staining from the cone inner segment, along the inner fibre and into the
cone pedicle confirming localisation of Arl3 in cone photoreceptors. The staining was
particularly intense along the axon. No staining was detected in any layer of the retina
when immunolabelling was performed using Arl3 pre-immune serum.

5.2.8

RP2 and P-tubulin in human retina

As cofactor C and Arl3 both show strong localisation to the connecting cilia in
photoreceptors, it was important to determine whether RP2 also co-localised with ptubulin

in this

specialised

microtubule

structure.

Double

immunolabelling

of

paraformaldehyde-fixed human retina showed that RP2 was localised to the plasma
membrane in cells throughout the retina and did not appear to co-localise with p-tubulin
(Figure 5.12). There was no obvious enrichment of RP2 staining in the region of the
connecting cilia, as observed with the RP2 homologue cofactor C or interacting protein
Arl3 (Figure 5.12).
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Figure 5.10 Arl3 and p-tubulin in human retina
(A) Double immunofluorescent confocal scanning microscopy of peripheral human
retina. Arl3 co-localises with (3-tubulin in the microtubule structures of the retina. Intense
staining was found in the region of the connecting cilium (cc). Confocal z-section, 0.4 pm
thick. (B) Arl3 co-localises with acetylated a-tubulin in the connecting cilium in rod and
cone photoreceptors. Retinal layers labelled as in Figure 5.2. Confocal z-section, 0.3 pm
thick. Scale bar is 10 pm.
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Figure 5.11 Arl3 and 7G6 in human retina
Double immunofluorescent confocal scanning microscopy of peripheral human retina
using anti-Arl3 and 7G6 antisera. The Arl3 labelling is intense in the cone
photoreceptors, labelled with 7G6 antiserum, extending to the pedicles in the outer
plexiform layer (OPL). Retinal layers labelled as in Figure 5.2. Confocal z-section, 0.4
pm thick. Scale bar is 10 pm.
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Figure 5.12 RP2 and p-tubulin in human retina
Double immunofluorescent confocal scanning microscopy of peripheral human retina
using hRP2-337-350. RP2 does not appear to co-localise with p-tubulin in the
microtubule structures of the connecting cilium (cc). Retinal layers labelled as in Figure
5.2. Confocal z-section, 0.3 pm thick. Scale bar is 10 pm.

134

Chapter 5 - Localisation in human retina

5.3

DISCUSSION

In this chapter I have demonstrated that RP2 is localised to the plasma membrane of
all cells in the adult human retina. This finding is not unexpected as, although the
primary pathology for retinitis pigmentosa is thought to involve rod photoreceptors, RP2
is ubiquitously expressed (Chapter 3)(Schwahn et al., 1998; Chappie et al., 2000). This
is supported by immunocytochemistry studies in several types of cultured cell,
demonstrating that RP2 is targeted to the plasma membrane by a dual-acylation motif
for myristoylation and palmitoylation (Chapter 3)(Chapple et al., 2000; Chappie et al.,
2002a). This dual-acyl modification of RP2 would enable the targeting to the plasma
membrane in all the cells of the retina. The plasma membrane targeting of RP2 is
highly significant as studies have shown that the disease causing AS6 mutation in RP2
prevents dual-acylation of the protein and, hence, it’s targeting to the membrane
(Chapter 3)(Chapple et al., 2000; Schwahn et al., 2001). The localisation of RP2 on the
plasma membrane of photoreceptors and other cells in the retina would, therefore, be
expected. Three independent, specific antibodies to RP2 under different fixation
conditions have confirmed this staining pattern in the plasma membrane of rod and
cone photoreceptors and other cells in the retina.

RP2 was not observed to be sorted to macro-domains of the membrane within the
neuronal cells (e.g. axons or dendrites) in the retina. This is in agreement with the data
presented in Chapter 3 demonstrating that RP2 is not preferentially sorted to the apical
or basolateral membrane in polarised epithelial cells. In contrast to cultured cells,
where RP2 is predominantly but not exclusively on the plasma membrane (Chapter
3)(Chapple et al., 2000), only weak RP2 cytoplasmic staining was observed and the
nucleus was negative in all the cells in the retina. This apparent discrepancy is likely to
reflect differences in sensitivity of immunolabelling between cells and tissue. RP2 is a
low abundance protein in tissues, while cells in culture express much higher levels of
the protein (Chapter 3)(Chapple et al., 2000, Chappie et al., 2002a). Therefore, it is
likely that in retina it is only possible to clearly detect the strongest signal, which is on
the plasma membrane. Thus, while RP2 may also be present in the cytoplasm and
other intracellular organelles at low levels, it is not possible to resolve the localisation of
RP2 in these components.
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There is a functional overlap in vitro between RP2 and its homologue cofactor C
(Bartolini et a!., 2002): both proteins are able to stimulate the GTPase activity of native
tubulin in the presence of cofactor D, and both proteins can partially complement for
their putative yeast homologue CIN2. The two proteins, however, are only similar over
part of their sequence and may, therefore, not share full functional equivalence.
Cofactor 0 participates in the heterodimerisation of newly formed tubulin subunits,
whereas RP2 does not. Similarly, RP2 may have functions that cannot be substituted
by cofactor 0. This would appear to be the case in human retina as cofactor 0 is
present in both rod and cone photoreceptors and does not appear to be able to
compensate for the loss of RP2 function in patients with RP. Cofactor C is localised to
the cytoplasm and the connecting cilium of photoreceptors, in contrast to RP2 which
localises to the plasma membrane.

Arl3-GTP interacts with RP2 in cell lysates and with in vitro translated products
(Bartolini at a/., 2002). The localisations of Arl3 and RP2 in the retina are, however,
quite distinct. Arl3 behaves as a MAP, decorating microtubule structures, and was not
observed on the plasma membrane either in the retina or in cell culture (discussed in
Chapter 6). The binding of Arl3 to RP2 is enhanced when RP2 is unmyristoylated
(Bartolini at a/., 2002). Therefore, Arl3 may not interact with acylated RP2 on the
plasma membrane in vivo but in another cellular locale, possibly on or close to the
microtubule network.

Arl3 is a member of the ADP-ribosylation factor (Arf)-like family. Arf proteins are
molecular switches that, amongst other cellular functions, mediate multiple steps in
membrane traffic. Arf proteins are characterised by N-myristoylation at glycine 2 and
this N-terminal acyl moiety is only accessible to the membrane in the GTP bound state
of the protein (Chapter 1)(Chavrier at a/., 1999). It has not been possible to
myristoylate Arl3 in vitro but the structure of Arl3-GDP (Hillig at a/., 2000) suggests that,
like Arf proteins, Arl3 will undergo a conformational transition upon GTP binding that
will expose an N-terminal alpha helix. If Arl3 is myristoylated in vivo, it is possible that
RP2 would bind GTP-Arl3 on a membrane. No guanine nucleotide exchange factor
(GEF) for Arl3 has been identified and the proportion of Arl3 that exists in the GTP
bound state is undetermined. The identification of an Arl3 GEF and the characterisation
of the N-myristoylation state of Arl3 will help clarify the role of these modifications on
the interaction with RP2.
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Arl3 localised to microtubule structures within the retina, particularly within cone
photoreceptors. The connecting cilia of rod and cone photoreceptors were strongly
labelled, suggesting a role for Arl3 in the maintenance and function of the
photoreceptor cytoskeleton. These data, combined with the ability of RP2 to act with
cofactor D as a GTPase-activating protein (GAP) for tubulin, indicate that RP2 is likely
to be involved in modulating the function of the cytoskeleton. Photoreceptors have a
highly specialised microtubule architecture with several unique properties (Chapter 1),
the most prominent of which is the connecting cilium. The connecting cilium is essential
for the vectorial transport of proteins from their site of synthesis in the IS to the OS.
Mutations in several connecting cilium associated proteins have recently been shown
to cause retinal degeneration (Liu et a/., 2002; Hong et al., 2001; Liu et al., 1999). The
localisation of Arl3 to the connecting cilia suggests that this is another potential site for
an interaction with RP2, which could be important for photoreceptor maintenance. In
addition to binding RP2, Arl3 interacts with PDE5 (Linari et al 1999b). RPGR, which is
a major cause of RP (Chapter 1)(Vervoort et al., 2002), also interacts with PDE5 (Linari
et al., 1999a). RPGR is targeted to the connecting cilium by RPGRIP1 (Hong et al.,
2001) suggesting that the connecting cilium is a possible site for a convergence of
pathways involving RP2 and RPGR, perhaps involving vectorial vesicular transport.
The importance of the connecting cilia localisation is supported by the presence of
causative mutations in RPGRIP1 in patients with retinal degeneration (Dryja et al.,
2001).

Although there was no enrichment of RP2 staining in the region of the

connecting cilia, it does not mean that RP2 is absent from this structure.

Alternatively, RP2 may interact with microtubules near the plasma membrane of the
OS in the incisures that are characteristic of some photoreceptors (Eckmiller 2000).
Rod photoreceptors have a specific set of glutamic-acid-rich proteins (GARPs) that are
localised to these incisures and organise a dynamic protein signalling complex on the
plasma membrane near the disc rim (Korschen 1999).

In the next chapter I will present further evidence for the interaction of RP2 with the
cytoskeleton and discuss the significance of this relationship in retinitis pigmentosa.

The work described in this chapter has been published (Grayson et al., 2002b).
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C hapter

6

The interaction of RP2 with the cytoskeieton

6.1

INTRODUCTION

As discussed in previous chapters, RP2 shares sequence and functional homology
with the tubulin-specific chaperone, cofactor 0. RP2 is predominantly localised at the
plasma membrane in cells (Chapter 3)(Chapple et al., 2000) and in human retina
(Chapter 5)(Grayson et a!., 2002b). In contrast, cofactor C has been suggested to have
a cytosolic localisation in cells (unpublished data, Bartolini et a!., 2002) and in human
retina (Chapter 5)(Grayson et a!., 2002b), although cofactor C did appear to co-localise
with microtubule structures in the connecting cilia of photoreceptor cells (Chapter
5)(Grayson et a!., 2002b). The relationship between tubulin folding cofactors and
tubulin has been studied in detail (described in Chapter 1), but the pathways are not
yet entirely understood. Indeed, in fission yeast there is no described homologue of
cofactor C (Radcliffe et a!., 2000a) and hence, the role of cofactor C in vivo is yet to be
fully elucidated. Taking into account the differing localisations of RP2 and cofactor C,
and the observation that unlike cofactor C,

RP2

can

not catalyse tubulin

heterodimerisation in vitro (Bartolini et ai., 2002), it seems likely that RP2 and cofactor
C share only partial functional homology.

RP2 has been demonstrated to act as a tubulin-GAP in concert with cofactor D
(Bartolini et ai., 2002). The yeast homologue of cofactor D, Alp1, has been shown to
co-localise with microtubules and co-sediment with purified porcine microtubules in
vitro (Hirata et ai., 1998) suggesting the possibility that cofactor D may act as a MAP.
In mammalian cells, however, cofactor D does not bind microtubules by either
immunocytochemistry or co-sedimentation (Bhadimipati et ai., 2000; Martin et ai.,
2000) and in cells overexpressing cofactor D, the microtubule network is destroyed
(Bhadimipati et ai., 2000; Martin et ai., 2000). It is possible that cofactor D may bind to
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microtubule ends as in S. pombe, cofactor D appears to deliver a-tubulin or a/p tubulin
heterodimers to growing microtubule tips (Radcliffe et al., 1999). Overexpression of
cofactor C in cells, however, has no observable effects (unpublished data, Bhadimipati
at a!., 2000), but cofactor C has been demonstrated to co-sediment with purified bovine
microtubules (unpublished data, Tian at a!., 1996; personal communication. Prof. N.J.
Cowan, 2002). GDP-Arl2 can prevent the catastrophic destruction of microtubules and
tubulin in mammalian cells caused by the overexpression of cofactor D (Bhadimipati at
a!., 2000), thus establishing a role for Arl2 in modulating the interaction of tubulinfolding cofactors and native tubulin in vivo. The co-localisation of Arl3 with microtubule
structures in cells in the retina (Chapter 5)(Grayson at a!., 2002b) also suggests a
cytoskeletal association for Arl3. It seems possible, therefore, that Arl3 and cofactors C
and D could act as MAPs. As RP2 interacts with Arl3, shares partial homology with
cofactor C and, in the presence of cofactor D, stimulates tubulin-GAP activity, it is
important to investigate the role of RP2 in the cytoskeleton further.

As part of the investigation into RP2 function, I determined whether there were any
other proteins sharing putative homology with RP2 and cofactor C, particularly as new
genes may have been identified which were not available in the original sequence
homology searches for RP2. A combination of bioinformatic techniques were used to
analyse the amino acid sequences of RP2 and cofactor C. A hypothetical protein in the
GenBank database (http://www.ncbi.nlm.gov; accession number AK001422) had been
identified from random sequencing of neuronal precursor cell cDNA clones. The
protein, I have named C-like, consists of 557 amino acids with a predicted molecular
weight of approximately 64 kDa and shares homology with both RP2 and cofactor C.
(Figure 6.1). Examination of an alignment of the three proteins (Figure 6.1) revealed
that residues that are not conserved between RP2 and cofactor C are often conserved
between RP2 and C-like. Likewise, residues that are not conserved between RP2 and
C-like are often conserved between C-like and cofactor C. When the sequence
alignments were compared to identified missense mutations in RP2 (Chapter 1, Table
1.2), three of the amino acid substitutions conserved with cofactor C are not conserved
with C-like (C108G, R118H/L, E138G). However, three of the missense mutations that
are conserved between RP2 and C-like are not conserved between RP2 and cofactor
C (C67Y, C86Y, L188P). There is a single missense mutation at a residue conserved
between all three of the proteins (P95L).
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It has been reported that the tubulin-GAP activity in both RP2 and cofactor C is
abolished upon the mutation of a conserved arginine residue, suggesting that this
residue acts as an ‘arginine finger’ to trigger the tubulin-GAP activity (Bartolini et al.,
2002). This conserved arginine residue is mutated in RP2 in some XLRP patients
(Schwahn at a!., 1998; Hardcastle et a!., 1999; Rosenberg et a!., 1999; Sharon et a!.,
2000; Miano et a!., 2001), suggesting that the loss of RP2-mediated tubulin-GAP
activity may cause retinitis pigmentosa in these patients. The proposed arginine finger
motif in RP2 and cofactor C (Bartolini et a!., 2002) is not conserved in C-like, but there
is an arginine residue two amino acids upstream of the conserved arginine residue in
C-like. Collectively, these data suggest that C-like may share some properties with RP2
and/or cofactor C.

Yeast harbouring mutations in the S. cerevisiae cofactor C homologue CIN2, show
supersensitivity to cold and to the anti-microtubule drug benomyl, both of which
destabilise microtubules. Both RP2 and cofactor C can partially complement for this
phenotype resulting from the deletion of CIN2 (Bartolini et a!., 2002). Analysis of a
sequence alignment of CIN2 with cofactor C and RP2 reveals, however, that like C-like,
CIN2 does not appear to contain a conserved putative arginine finger motif (data not
shown), but does contain an adjacent upstream arginine residue. The apparent lack of
a conserved arginine finger in CIN2 suggests that the phenotype resulting from the
deletion of CIN2 may not merely reflect the loss of the tubulin-GAP activity, which can
be complemented by cofactor C or RP2, and the putative functional homology shared
by these proteins is likely to be complicated.

The amino acid sequence of RP2 was further analysed using bioinformatic tools in
order to detect any structural or functional domains that may be conserved with other
proteins. SMART (Simple Modular Architecture Research Tool) is a program that
allows the identification of genetically mobile domains and the analysis of the domain
architecture of proteins (http://smart.ox.ac.uk). The database contains over 500 domain
families and matches are made according to factors including functional class, tertiary
structure and functionally important residues. Using SMART, RP2, cofactor C and Clike were all found to share similarity with the actin binding domain of the CAP (cyclase
associated proteins) family of proteins, referred to as a CARP domain (Figure 6.2).
CAP proteins are involved in regulating the re-organisation of the actin cytoskeleton
and RP2, cofactor C and C-like all contain two adjacent repetitive domains (Figure 6.2).
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CIN2 was also identified to share similarity with the actin binding domain of CAP
proteins, but the similarity was restricted to only one CARP domain and did not contain
two repetitive domains as observed in RP2, cofactor C and C-like. The identification of
CARP domains in these putative homologous proteins suggested that they may also
potentially interact with actin as well as tubulin.

In this chapter I have investigated the relationship of RP2 with the cytoskeleton, in
particular, microtubules. I have also further examined the possibility of an interaction of
Arl3 with microtubules after data presented in Chapter 5 suggested a co-localisation of
Arl3 with microtubule structures in the human retina. I will also provide further evidence
supporting the putative homology of C-like to RP2 and cofactor C.
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RP2

FSGLKDETVGRLPGTVAGQQFLIQDCENCNIYIFDHSATVTIDDCTNCIIF

CCL

MSQVYKQTLAKSSDTLAGAHVKIHRCNESFIYLLSPLRSVTIEKCRNSIFV

CFC

CGPVSTSVFLEDCSDCVLAVACQQLRIHSTKDTRIFLQVTSRAIVEDCSG

RP2

LGPVKGSVFFRNCRDCKCTLACQQFRVRDCRKLEVFLCCATQPIlESSSN

CCL

LGPVGTTLHLHSCDNVKVIAVCHRLSISSTTGCIFHVLTPTRPLILSGNQ

CFC

-IQFAPYTWSYPEIDKDFESSGLDRSKNNWNDVDDF-NWLARDMASPNWSILPE

RP2

-IKFGCFQWYYPELAFQFKDAGLSIFDNTWSNIHDF-TPVSGEL---NWSLLPE

CCL

TVTFAPFHTHYPMLEDHMARTGLATVPNYWDNPMVVCRENSDTR---VFQLLPP

*

*

*

*

*

Figure 6.1 Sequence alignment of RP2, cofactor C and C-like
Schematic diagram illustrating the area of homology shared between the three proteins
(shaded blue) and the amino acid sequence of the three homologous domains. Amino
acid positions are numbered. Bold black text denotes residues conserved in all three
proteins and underlined residues highlight the conserved putative arginine finger.
Asterisks indicate the sites of human missense mutations in RP2. (CFC - cofactor C,
CCL - C-like). Blue residues conserved between cofactor C and RP2, Green residues
conserved between C-like and RP2 and Red residues conserved between cofactor C
and C-like.
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CARP DOM AIN 1

--------

LSNCTVRLYGNPNTLRLTKAHSCKLLCGPVSTSVFLED

CFC 211-248

CENCNIYIFDHSATVTIDDCTNCIIFLGPVKGSVFFRN

RP2 67-104

CNESFIYLLSPLRSVTIEKCRNSIFVLGPVGTTLHLHS

CCL 337-374

CNGVEIQVTGRVPSIAIDKTSGCQIYLSKDSLETEIVS

CAP1 382-419

Cpsshlp.tpssslslcpsc.psplbls.sssssplhs

Consensus 60%

CARP DOM AIN 2

--------

CSDCVLAVA— CQQLRIHSTKDTRIFLQ-VTSRAIVED

CFC 249-283

CRDCKCTLA— CQQFRVRDCRKLEVFLC-CATQPI lES

RP2 105-139

CDNVKVIAV— CHRLSISSTTGCIFHVL-TPTRPLILS

CCL 375-409

CVNSLYQIKGKVNAITLDGCKKTSIVFENAISSCEVVN

CAP1 344-381

Cpsshlp.tpssslslcpsc.psplbls.sssssplhs

Consensus 60%

Figure 6.2 CARP domains in RP2, cofactor C and C-like
The colour scheme is the same as in Figure 6.1. The three proteins were taken from an
alignment of proteins containing CARP domains to obtain a consensus sequence. The
sequences are aligned with CAP1 for comparison. Consensus sequence abbreviations
denoting conserved amino acid groups and are labelled as follows; (C) cysteine; (p)
polar; (s) small; (h) hydrophobic; (I) aliphatic; (t) turnlike; (c) charged; (.) any amino acid.
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6.2

RESULTS

6.2.1

Arl3 and cofactor C expression is unaffected in lymphoblastoid cells from
RP2 patients

There is a functional overlap between RP2 and cofactor C, and RP2 has been
demonstrated to interact with Ar!3 (Bartolini et al., 2002), but the relationship between
these three proteins has not yet been determined. The loss of RP2 protein expression
in a cell line was, therefore, investigated to determine if the expression of the other two
proteins was affected. Lymphoblastoid cells from males with the Arg120Stop mutation
in RP2 (Chapter 4)(Grayson at a!., 2002a) were used to examine the expression of Arl3
and cofactor 0. Total cell lysates from the lymphoblastoid cells of three male patients
and two male controls were analysed by western blotting and the relative expression
levels of the Arl3 and cofactor 0 were compared (Figure 6.3). The western blot analysis
was repeated four times to ensure accuracy and reproducibility of results.

As previously reported (Chapter 4)(Grayson at a!., 2002a), there was no RP2 protein
detectable in cells from patients with the Arg120Stop mutation (Figure 6.3), using RP2
antiserum S974 (Chapter 3)(Chapple at a!., 2000). To determine whether the
expression levels of cofactor C and Arl3 were affected by the absence of RP2 in these
cells, the lysates were blotted using the anti-cofactor C antiserum hCFC and the antiArl3 antiserum hArl3, and analysed by densitometry. A single band of the predicted
size for cofactor C (approximately 40 kDa) was observed in both patient and control
cells (Figure 6.3). There was no significant difference in expression levels of cofactor C
in the patient cells when compared to cells from control males, at any protein loading or
exposure time tested, as determined by densitometric analysis. Therefore, in
lymphoblastoid cells with no detectable RP2, cofactor C expression does not appear to
be upregulated to compensate for the lack of RP2.

A single band of the predicted size for Arl3 (approximately 21 kDa) was detected in the
patient and control cells and at similar intensities. There were no significant differences
in the expression levels of Arl3 in the cells at any protein loading or exposure time
tested (Figure 6.3), as determined by densitometric analysis. This indicates that the
expression levels of Arl3 were also unaffected by the absence of RP2 in the
lymphoblastoid cells.
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RP2

Arl3

Cofactor C

Tubulin

Figure 6.3 Expression of cofactor C and Arl3 in lymphoblastoid cells from
RP2 patients
Illustrative blot demonstrating expression of RP2 in a control male (lane 1) and two
patients with the Arg120Stop mutation in RP2 (lanes 2 and 3) detected using affinitypurified polyclonal antiserum S974. Expression levels of cofactor C and ArlS were
unchanged in the absence of any detectable RP2 in these cells. 5 pg of total protein was
loaded for each lane to ensure that saturation of the ECL signal did not occur, p-tubulin
was used as a marker to confirm equal loading of samples.
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6.2.2

Localisation of RP2 and p-tubuiin in ceiis

RP2 is predominantly localised at the plasma membrane in all cell lines examined,
mediated by dual-acylation of its N-terminus (Chapter 3)(Chapple et al., 2000; Chappie
et al., 2002a; Chappie et al., 2002b). A proportion of RP2 staining detected in cells
was, however, not plasma membrane associated. Given the presence of detectable
intracellular RP2 and the possible connection of RP2 to the microtubule cytoskeleton,
the localisation of RP2 and p-tubulin were examined in a range of cell types to
investigate any potential association within the cell.

ARPE19 cells were examined in double labelling experiments using Alexa Fluor 488
conjugated sheep antiserum S974 for RP2 and Cy3 conjugated TUB 2.1 antiserum for
p-tubulin (Figure 6.4). Cells demonstrating a high proportion of cytoplasmic RP2
staining were chosen to illustrate the figures. RP2 did not appear to co-localise with the
microtubule structures detected by p-tubulin staining, throughout the cell (Figure 6.4A,
Merge). Some isolated microtubule structures did, however, appear to be decorated
with RP2 (Figure 6.4A, arrows), although due to high background levels of RP2
staining, it was not always easy to identify them. Cells were treated with the anti-mitotic
drugs taxol and colchicine to alter the tubulin dynamics within the cells to further
investigate the localisation of RP2 and tubulin. Taxol causes free tubulin within cells to
assemble into microtubules and stabilises them, appearing as microtubule bundles
within the cell (Figure 6.4B, p tubulin). There was no obvious enrichment of RP2
staining observed within ARPE19 cells after treatment with 10 pM taxol for 2 hours
(Figure 6.4B, RP2), particularly corresponding to the localisation of the microtubule
bundles (Figure 6.4B, Merge). The cells were also treated with colchicine which binds
tightly to a single tubulin molecule and prevents its polymerisation into microtubules
(Figure 6.4C, p tubulin). The distribution of RP2 appeared to be unchanged after the
addition of 2 mg/ml colchicine for 2 hours (Figure 6.4C, RP2).

The RP2 staining in the confluent monolayer of ARPE19 cells was very pronounced at
the plasma membrane making it difficult to elucidate the intracellular RP2 staining. In
order to further define the localisation of RP2, HeLa cells, which spread out more as
they grow, were used to enable better visualisation of the microtubule network (Figure
6.5). RP2 was not observed to localise with any microtubule structures within HeLa
cells (Figure 6.5A). After taxol treatment, however, some RP2 was seen to partially colocalise with microtubule bundles in some cells (Figure 6.5B).
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B Tubulin

B Tubulin

B Tubulin

Figure 6.4 RP2 and p-tubulin in ARPE19 ceils
Double immunofluorescent confocal scanning microscopy of ARPE19 cells using RP2
sheep serum S974 and anti-p tubulin antiserum. (A) Untreated cells. Arrows highlight
microtubule structures which appear to be decorated by RP2. (B) Cells treated with 10
pM taxol for 2 hours prior to fixation and staining. Asterisks denote microtubule bundles.
(0) Cells treated with 2 mg/ml colchicine for 2 hours prior to fixation and staining. Scale
bar is 10 pm.
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Figure 6.5 RP2 and p-tubulin in HeLa cells
Double immunofluorescent confocal scanning microscopy of HeLa cells using RP2
sheep serum S974 and anti-p tubulin antiserum. (A) Untreated cells. (B) Cells treated
with 10 pM taxol for 2 hours prior to fixation and staining. Arrows indicate RP2 staining
that appears to co-localise with bundled microtubules. (C) Cells treated with 2 mg/ml
colchicine for 2 hours prior to fixation and staining. Scale bar is 10 pm.
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6.2.3

Localisation of cofactor C and P-tubuiin in ceils

The localisation of cofactor C has been cited in the literature as having a cytosolic
distribution (Bartolini et al., 2002) in cells, but no actual data has been published. The
co-localisation of (3-tubulin with cofactor C using hCFC antiserum was therefore
examined. In HeLa cells, cofactor C had a diffuse cytoplasmic and nuclear distribution
(Figure 6.6A), confirming both the unpublished observation (Bartolini at a!., 2002) and
the localisation of cofactor C seen in cells in the human retina (Chapter 5)(Grayson at
a!., 2002b). After taxol treatment (10 pM for 2 hours), the microtubules formed stable
bundles in the cells, but there was no enrichment of cofactor 0 staining observed to colocalise with these structures (Figure 6.6B). The colchicine treatment (2 mg/ml for 2
hours) of the HeLa cells resulted in the depolymerisation of microtubules into tubulin
subunits localised throughout the cytoplasm in a typical cytosolic staining pattern, as
observed for cofactor 0 (Figure 6.60).

6.2.4

Arl3 co-localises with microtubuies in ceils

ArlS appeared to be localised to microtubule structures within the retina (Chapter
5)(Grayson at a!., 2002b). The association of ArlS with microtubuies was, therefore,
investigated further by co-localisation studies using immunocytochemistry and confocal
microscopy in different cell lines. Immunofluorescence analyses of ArlS and (3-tubulin in
HeLa cells using hArlS antiserum detected an ArlS specific signal that co-localised with
microtubuies (Figure 6.7A). To verify the microtubule association of ArlS, the
localisations of ArlS and (3-tubulin were compared in the cells after treatment with taxol
and colchicine. After the microtubuies had been stabilised with taxol (10 pM for 2
hours), the ArlS staining increased in bundled microtubuies, as determined by co
localisation with p-tubulin (Figure 6.7B). When microtubule depolymerisation was
induced with colchicine (2 mg/ml for 2 hours), the ArlS-specific signal re-localised to the
cytoplasm in similar manner to p-tubulin (Figure 6.7C).

ArlS co-localisation was also examined in ARPE19 cells to offer a means of
comparison to the RP2 staining in ARPE19 cells (Figure 6.8). ArlS decorated the
microtubuies within ARPE19 cells (Figure 6.8A). The co-localisation of ArlS with ptubulin was enhanced when the microtubuies were stabilised with taxol (Figure 6.8B).
ArlS-GTP interacts with RP2 in vitro (Bartolini at ai., 2002), but no ArlS was observed to
localise to the plasma membrane in any cell type examined, in contrast to the plasma
membrane localisation of the majority of RP2.
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Figure 6.6 Cofactor C and P-tubulln in HeLa cells
Double immunofluorescent confocal scanning microscopy of HeLa cells using hCFC
antiserum and anti-3 tubulin antiserum. (A) Cofactor 0 had a diffuse cytoplasmic and
nuclear distribution in untreated cells. (B) Cofactor C did not co-localise with microtubule
bundles (asterisks) after treatment with taxol. (C) Cells treated with colchicine. Scale bar
is 10 pm.
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Figure 6.7 Arl3 decorates microtubules in HeLa cells
Double immunofluorescent confocal scanning microscopy of HeLa cells using hArl3 and
anti-(3 tubulin antisera. (A) Arl3 co-localises with (3-tubulin in untreated cells. (B) Arl3
localises to microtubule bundles (asterisks) after incubation with taxol. (C) Arl3 relocalises to the cytoplasm after incubation with colchicine. Scale bar is 10 pm.
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Figure 6.8 Arl3 co-localises with p-tubulin in ARPE19 cells
Double immunofluorescent confocal scanning microscopy of ARPE19 cells using hArl3
and anti-p tubulin antisera. (A) Untreated cells (B) Arl3 localises to microtubule bundles
after incubation with taxol (asterisks). (C) Arl3 relocalises to the cytoplasm after
incubation with colchicine. Scale bar is 10 pm.
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The specificity of Arl3 immunofluorescent staining in the cells was confirmed in control
experiments. Arl3 co-localisation with (3-tubulin was not observed when Arl3 preimmune antiserum was used or when the hArl3 antiserum was omitted. No cross
reaction was detected between the primary and secondary antisera used in the double
labelling experiments. The same pattern of Arl3 co-localisation with (3-tubulin was also
observed when the hArl3 antiserum was pre-absorbed with tubulin (personal
communication, Prof. N.J. Cowan, 2002), confirming the intracellular Arl3 staining was
specific.

6.2.5

Co-purification of RP2 with microtubules

In order to further examine the potential association of RP2 with microtubules, the
ability of RP2 to bind microtubules was investigated. Microtubules were purified from
bovine brain in presence of taxol (Figure 6.9A), as detailed in Chapter 2. Bovine brain
(BB) was homogenised in PME and separated into pellet (P1) and supernatant (S1)
fractions. Taxol was added to the supernatant (S1) and the microtubules were allowed
to assemble at 30°C. The microtubules were pelleted and the supernatant removed
(S2). The microtubules were washed by resuspending the pellet in PME+taxol and
collecting the microtubules by centrifugation. The supernatant was removed (S3) and
the microtubules were washed a final time yielding a supernatant (84) and the resulting
purified microtubule pellet (MT).

The purified microtubules were analysed with the purification supernatant fractions for
comparison. The hRP2-337-350 antiserum was used to detect the presence of RP2 in
the samples as the 8974 antiserum did not cross-react with bovine RP2. Analysis of
the fractions demonstrated that RP2 was present in BB, P1 and 81 and in the final
purified microtubule pellet (Figure 6.9B). These data suggest that although RP2 does
not appear to decorate microtubules throughout the cell in vivo, there may be an
association between some RP2 and microtubules prepared from bovine brain.

6.2.6

Arl3 co-purifles with microtubuies

Arl3 co-localised with p-tubulin in cells (Figures 6.7 and 6.8) and in human retina
(Chapter 5)(Grayson et al., 2002b) suggesting that Arl3 can act as a MAP. To further
investigate the association of Arl3 with the microtubule cytoskeleton, the microtubuies
purified from bovine brain were examined for Arl3 co-purification.
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Figure 6.9 RP2 and Arl3 co-purify with microtubuies from bovine brain
Microtubuies were purified from bovine brain (BB; 10 ^ig) and the purification fractions
analysed (2 pi). (P I) pellet and (S I) supernatant fractions from the
homogenisation. (82) supernatant containing unassembled tubulin and

initial
other

contaminants. (S3) and (S4) the subsequent wash fractions of the assembled
microtubuies (MT). The microtubule pellet was also analysed at a 5x higher
concentration on a separate gel in the absence of any other bovine samples to ensure
there was no cross-contamination of gel loading (MT II). RP2, detected using hRP2-337350, and Arl3, detected using hArl3, co-purified with microtubuies.
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Analysis of fractions obtained from the microtubule preparation demonstrated that Arl3
co-purified with microtubuies (Figure 6.9C).

Furthermore, work carried out in

collaboration with F. Bartolini demonstrated that a fraction of Arl3 also co-purified with
tubulin dimers that had been further purified by phosphocellulose chromatography. This
suggests a significant interaction between Arl3 and tubulin. However, Arl3 could be
biochemically resolved from tubulin by passage over a MonoQ anion exchange column
(Grayson et al., 2002b). Collectively, these data show that Arl3 is associated with
tubulin and microtubuies in vitro and in vivo.

6.2.7

C-like co-sediments with microtubuies in vitro

C-like was amplified from a human brain cDNA library and cloned into the pTrcHisA
expression vector in order to produce recombinant protein. 6x histidine-tagged C-like
was expressed in competent TOP10 E. co//and purified using affinity chromatography.
Cofactor C co-sediments with purified bovine microtubuies in vitro (personal
communication. Prof. N.J. Cowan, 2002) and RP2 has also been demonstrated to co
sediment with bovine microtubuies in vitro (personal communication. Dr M.E.
Cheetham, 1999) and in bovine brain (section 6.2.5). The ability of C-like to bind
microtubuies was, therefore, assessed in vitro. Purified bovine brain tubulin (> 99%
pure) was polymerised into microtubuies, and purified his-tagged C-like was added to
the polymerisation reaction. The microtubuies were sedimented by centrifugation, the
supernatant retained and the microtubule pellet washed twice (described in further
detail in Chapter 2). The supernatant and pellet fractions were resuspended in SDSPAGE sample buffer to equal volumes and analysed by western blotting.

The pellet and supernatant fractions were examined for the presence of (3-tubulin using
TUB 2.1 antiserum (Figure 6.10, (3-tubulin). No (3-tubulin was detectable in the
supernatant fractions, only in the pellet fractions, demonstrating that the purified tubulin
had efficiently polymerised into microtubuies. No p-tubulin was detectable in the control
C-like alone fractions, demonstrating that there was no non-specific cross reactivity
with the purified recombinant C-like sample (Figure 6.10, p-tubulin).

The fractions were then examined for the presence of histidine-tagged C-like using
anti-Xpress antiserum (Figure 6.10, C-like). Anti-Xpress antiserum is specific to a
region of the histidine tag motif fused to C-like in the pTrcHisA vector.
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Figure 6.10 Co-sedimentation of C-like with microtubuies in vitro
Recombinant 6 x histidine-tagged C-like was added to taxoi-stabiiised microtubuies and
incubated for 15 minutes at 30°C. The samples were centrifuged at 100000
and the
pellet and supernatant fractions were probed using anti-Xpress antiserum to detect the
histidine-tagged C-like protein and anti-p-tubulin antiserum TUB 2.1.
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A microtubule alone sample was probed for the presence of C-like to ensure that there
was no cross-contamination of samples during the procedure and to ensure there was
no non-specific cross-reactivity of the anti-Xpress antiserum (Figure 6.10, C-like). No
C-like was detected in either the pellet or supernatant fractions of the microtubule alone
sample confirming the specificity of the anti-Xpress antiserum to histidine-tagged Clike. In the absence of microtubuies, C-like was found exclusively in the supernatant
fraction, showing that the protein was entirely soluble under these conditions (Figure
6.10, C-like). In the presence of microtubuies however, a proportion of C-like was
detected in the pellet fraction, suggesting that C-like co-sediments with purified
assembled microtubuies in vitro (Figure 6.10, C-like).

6.2.8

RP2 co-localises with actin structures in ceils

As RP2 shares similarity with the actin binding domain of CAPs (Figure 6.2), the co
localisation of RP2 with actin was investigated in cultured HeLa cells. The double
labelling experiments used Alexa Fluor 488 conjugated sheep antiserum S974 for RP2
and Alexa Fluor 546 conjugated phalloidin for actin (Figure 6.11). RP2 was found to colocalise with actin-rich structures at the plasma membrane of the cell (Figure 6.11,
Merge). The co-localisation of RP2 with actin was observed at the top of cells when
optically sectioned using the confocal microscope, corresponding to sites of membrane
protrusions (Figure 6.11 A, Merge). The co-localisation of RP2 with actin was also
evident throughout the cells and at the bottom of the cells (Figure 6.1 IB, Merge). When
examined in close detail, the foci of RP2 staining at the bottom of the cells appeared to
co-localise with some of the focal contacts with actin in the cell (Figure 6.1 IB, Zoom).
The exact nature of the focal contacts_could not be determined i.e. whether the co
localisation was restricted to focal adhesions associated with the ends of stress fibres
or whether RP2 may also co-localise with focal complexes associated with lamellipodia
and filopodia, supporting protrusion and traction at the cell front. RP2 was not observed
to co-localise with actin stress fibres in cells (Figure 6.11C).

The co-localisation of RP2 with actin structures was compared to the co-localisation of
actin and wheat germ agglutinin (WGA), using WGA as a plasma membrane marker
(Figure 6.12). WGA co-localised with actin rich structures at the plasma membrane of
the cells (Figure 6.12, Merge), and was observed at both the top (Figure 6.12A, Merge)
and bottom (Figure 6.12B, Merge) of the cells.
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Figure 6.11 RP2 co-localises with actin structures in HeLa cells
(A) Z section (0.4 pm) through the top of cells demonstrating co-localisation of RP2 with
actin in some membranous structures. (B) Z section (0.4 pm) through the bottom of the
same cells demonstrating co-localisation of RP2 with some actin focal contacts. (C) RP2
does not appear to co-localise with actin stress fibres. Arrows highlight some of the
areas of co-localisation. Scale bar is 10 pm.
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Figure 6.12 Localisation of actin and wheat germ agglutinin in HeLa cells
(A) Co-localisation of actin with WGA in membranous structures at the top of the cells. Z
section (0.4 pm). (B) The bottom of the same cells demonstrating co-localisation of
WGA with actin focal contacts. Z section (0.4 pm). Arrows highlight focal contacts not
co-localising with WGA. Enlarged versions of the merged images are shown in the
bottom panel. Scale bar is 10 pm.
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The co-localisation of WGA with actin was very similar to the pattern of co-localisation
observed with actin and RP2 (Figure 6.12), confirming that the RP2 co-localisation with
actin was consistent with that of other plasma membrane proteins. The intense WGA
staining

observed

in a juxtanuclear position was

due to the

labelling of

oligosaccharides in the Golgi apparatus (Figure 6.11 B). Some focal contacts detected
by phalloidin were negative for WGA staining (Figure 6.1 IB, Zoom). This was not
entirely surprising as actin is located on the cytoplasmic face of the plasma membrane
whereas WGA binds to the extracellular matrix oligosaccharides, located on the lateral
face of the plasma membrane. As the lateral face of the plasma membrane is in
contact with the extracellular matrix at focal sites, it may not have been possible for the
WGA to have access to these oligosaccharides, as they may have been masked.

6.2.9

RP2 and actin localisation in agarose embedded human retina

To complement the staining in cells, the localisation of actin and RP2 were examined in
paraformaldehyde-fixed agarose embedded human retina. Immunofluorescent double
labelling with the hRP2-337-350 antiserum and phalloidin was carried out on the tissue
sections and optically sectioned using laser scanning confocal microscopy. RP2
immunolabelling was localised to the plasma membrane (Figure 6.13A, RP2), as
described in Chapter 5 (Grayson et al., 2002b). Actin immunolabelling was distributed
throughout the retina (Figure 6.13A, Actin) but the most intense staining was localised
to the region of the outer limiting membrane (OLM) and the connecting cilia. Intense
staining was also found in rod and cone inner and outer segments and the synapses of
the outer plexiform layer and inner plexiform layer (Figure 6.13). There was no obvious
enrichment of RP2 staining that co-localised with actin in the human retina. Indeed, the
region of the OLM was negative for RP2 staining (Figure 6.13A, RP2, arrow),
suggesting that the OLM is not a potential site for any putative interaction of RP2 with
actin.

RP2 co-localised with actin-rich structures, including cell-matrix focal contacts, at the
plasma membrane in cultured cells (section 6.2.8). The localisation of RP2 at actinbased cell-cell attachment sites, adherens junctions, was therefore examined in human
retina.

(3-catenin is a component of adherens junctions and was used in

immunofluorescent double labelling studies with RP2 (Figure 6.13B). The strongest
intensity of (3-catenin staining was observed in the region of the OLM, and possibly in
the Müller cell processes, although as no markers for Müller cells were used in this
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Study, they could only be identified by their distinct morphology (Figure 6.13B, pCatenin). Müller cells are the principle supporting glial cells of the retina. They have a
radial orientation extending from the inner limiting membrane throughout the retina to
the outer limiting membrane. The OLM of the retina is formed from adherens junctions
between Müller cells and photoreceptor inner segments. The p-catenin staining
appeared to be pronounced where the Müller cells formed junctions with the
photoreceptors (Figure 6.13B, p-Catenin, arrow). When the RP2 staining was
compared to the p-catenin localisation, RP2 was also present at the plasma membrane
of Müller cells (Figure 6.13B, RP2, arrow), suggesting that RP2 is expression in the
retina is not just confined to the neuronal cells (Chapter 5)(Grayson et al., 2002b).
There was significant co-localisation observed between RP2 and p-catenin in other
cells throughout the retina (Figure 6.13B), but does not necessarily mean that RP2 is
present at adherens junctions. Both proteins are plasma membrane associated and will
therefore have an overlapping distribution. It was not possible to further elucidate the
localisation of RP2 into specific domains of the plasma membrane at the resolution of
confocal scanning microscopy in the human retina.
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Figure 6.13 Localisation of actin, p-catenin and RP2 in human retina
Double immunofluorescent confocal scanning microscopy of peripheral human retina.
(A) Actin staining was particularly intense in the outer limiting membrane (OLM),
connecting cilia and inner (IS) and outer segments (OS) of rod and cone photoreceptors.
RP2 staining was clearly absent from the OLM (indicated by the arrow). (B) p-catenin
staining. Confocal z-sections, 0.4 pm thick. Scale bar is 10 pm.
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6.3

DISCUSSION

The tubulin-specific chaperone cofactor 0 was identified as a component of the tubulin
folding pathway (Tian et al., 1996) and shares functional as well as sequence
homology with RP2 (Bartolini et a!., 2002). There are functional differences between
the two proteins, however, suggesting that both proteins have specific functions that
cannot be substituted by the other. For example, cofactor 0 participates in the
heterodimerisation of newly formed tubulin subunits whereas RP2 does not (Bartolini et
a!., 2002). When RP2 is absent from patient lymphoblastoid cells, cofactor 0 was not
upregulated to compensate for the loss of RP2 function (Figure 6.3). RP2 localised
predominantly at the plasma membrane in cells (Chapter 3)(Chapple et a!., 2000) and
in human retina (Chapter 5)(Grayson et a!., 2002b), whereas cofactor C localised in the
cytoplasm and connecting cilium in human retina (Chapter 5)(Grayson et a!., 2002b)
and in the cytoplasm and nucleus in cells (Figure 6.6). There was very little cofactor C
staining detected in the nuclei of cells in the human retina (Chapter 5)(Grayson et a!.,
2002b) in contrast to the nuclear distribution seen in cultured cells (Figure 6.6). This
could represent a difference in the localisation or the expression levels of cofactor C in
cells in the retina compared to other tissues, or it could merely reflect a difference in
the sensitivity of detection in actual human tissue compared to cells in culture.

RP2 has also recently been demonstrated to interact with GTP-Arl3 in cell lysates and
with in vitro translated products (Bartolini et a!., 2002). In the null RP2 patient
lymphoblastoid cells, the levels of Arl3 were unaffected by the absence of RP2 (Figure
6.3), suggesting that there is no functional feedback mechanism relating to the
expression of Arl3 in response to reduced expression levels of RP2. Although there
were no detectable differences in the expression levels of Arl3 and cofactor C in the
RP2 patient cells, it still remains possible that the localisations of these proteins may be
altered

in the null cells.

Unfortunately,

immunofluorescent confocal scanning

microscopic analysis of the localisations of cofactor C and Arl3 in the lymphoblastoid
cells was uninformative due the lymphoid morphology of the cells which have a high
nucleus to cytoplasm ratio (data not shown). In order to ascertain whether there were
any obvious phenotypic differences between the patient lymphoblastoid cells and the
lymphoblastoid cells from control males, ultrastructural analysis of the cells was carried
out by transmission EM (data not shown). This approach was successfully applied in
the examination of fibroblasts from patients with mutations in cofactor E for the
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detection of subcellular abnormalities in these individuals (Parvari et al., 2002).The
ultrastructure of several cells from four patients and four controls were carefully
examined and compared, and were not found to have any significant differences in the
cellular ultrastructure. This was not entirely unexpected as the resulting phenotype
from the Arg120Stop mutation in RP2 patients is restricted to the eye and any obvious
effect on the ultrastructural architecture of lymphoblastoid cells could possibly result in
a more severe phenotype. The effects of hydrogen peroxide, an apoptosis-inducing
agent, were also investigated in RP2 patient lymphoblastoid cells (data not shown).
There were no significant differences in the sensitivity of the patient cells to the effects
of the hydrogen peroxide compared with the control cells. There was, therefore, no
obvious phenotype associated with the loss of RP2 in the patient lymphoblastoid cells,
detected using the methodologies described.

The relationship between RP2 and the microtubule cytoskeleton was examined by co
localisation studies of RP2 and p-tubulin (Figures 6.4 and 6.5). RP2 did not appear to
co-localise with microtubuies in cultured cells, but some cells were observed to contain
microtubuies which were partially decorated by RP2, particularly after the cells were
treated with the microtubule stabilising drug, taxol. This co-localisation was not always
detected and was sometimes more evident than others, so due to this inconsistency, it
was difficult to reach a conclusion about its significance. RP2 is known to exhibit
tubulin-GAP activity (Bartolini et a!., 2002) and, therefore, does have an interaction with
tubulin, however, cofactor C also interacts with tubulin and does not appear to decorate
microtubuies in cultured cells, although cofactor C is enriched in the connecting cilia in
the human retina (Chapter 5)(Grayson et a!., 2002b). Nonetheless a significant
proportion of RP2 is not found on the plasma membrane and whilst the function of RP2
is yet to be fully understood, the possible association of intracellular and membrane
associated RP2 with the cytoskeleton appears to be a good candidate for further
examination, particularly as the role the cytoskeleton plays in retinal pathology is
relatively unexplored. In order to further investigate the association of RP2 with
microtubuies, studies with purified bovine microtubuies were carried out.

Protocols for microtubule purification suggest using fresh brain tissue obtained as soon
as possible after slaughter to obtain the best possible yields. Unfortunately, due to
restrictions in the use of neuronal tissue from cows in the United Kingdom, I was
unable to use fresh bovine brain for microtubule purification and had to use imported
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frozen bovine brain. It is known, however, that the use of frozen tissue samples for
these purification protocols results in poor yields (Mitchison laboratory protocols,
http://mitchison.med.harvard.edu/index.html) so the application of the microtubuies
obtained was fairly restricted. Microtubuies were purified from bovine brain in the
presence of the microtubule stabilising drug taxol through cycles of polymerisation and
depolymerisation.

The

microtubuies

obtained

from

these

preparations

were

investigated for the presence of RP2 (Figure 6.9). RP2 was found to co-purify with
microtubuies from bovine brain (Figure 6.9) and co-sedimented with purified assembled
bovine microtubuies in vitro (personal communication. Dr M.E. Cheetham, 1999). This
strengthens the hypothesis that RP2 functions with the microtubule cytoskeleton,
although given the lack of an obvious co-localisation of RP2 with P-tubulin (Chapter
5)(Figures 6.4 and 6.5), it seems likely that the relationship between RP2 and tubulin
may not be easy to fully elucidate. It is possible that as cofactor C and RP2 are both
able to stimulate the conversion of GTP-tubulin to GDP-tubulin and as it is only GTPtubulin that can assemble into microtubuies, the tubulin-GAP activity of cofactor C and
RP2 may regulate microtubule assembly in vivo. Microtubuies are stabilised against
depolymerisation by a GTP-tubulin cap (Kirschner et al., 1986). If RP2 or cofactor C
were able to destroy the cap using their tubulin-GAP activity, this could lead to
microtubule depolymerisation and hence, both proteins could regulate microtubule
dynamics.

Arl3-GTP interacts with RP2 in cell lysates and with in vitro translated products
(Bartolini et a!., 2002). In the retina, Arl3 decorated microtubule structures (Chapter
5)(Grayson et al., 2002b). It was unknown, however, whether this represented a novel
distribution for Arl3 in the retina as there was no published description of Arl3
subcellular localisation. The expression of Arl3 was further examined in several cell
culture models (examples are presented in Figures 6.7 and 6.8) and was found to colocalise extensively with microtubuies in all cell types examined. Not all Arl3 co
localised with p-tubulin, but this was enhanced after incubation with taxol. Arl3 was not
observed on the plasma membrane in cultured cells, confirming the lack of plasma
membrane association of Arl3 in the retina (Chapter 5)(Grayson et a!., 2002b) and
supporting the hypothesis that RP2 and Arl3 may not interact at the plasma membrane
in the retina. The microtubule association of Arl3 was further reinforced by the
detection of Arl3 in the purified microtubule pellet fraction of bovine brain microtubuies
(Figure 6.9). The association of Arl3 with purified microtubuies was confirmed by
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complementary studies carried out in collaboration with F. Bartolini (Grayson et al.,
2002b). Collectively, the co-localisation of Arl3 with p-tubulin in cells (Figures 6.7 and
6.8) and in human retina (Chapter 5)(Grayson et a!., 2002b) and the co-purification of
Arl3 with microtubuies, suggests that Arl3 acts as a MAP.

The in vivo functions of the Arl family are relatively unexplored, but are generally
believed to be involved in intracellular transport. It has recently been shown, however,
that in contrast with other Arls, Arl2 modulated the tubulin-GAP activity of cofactors C
and D (Bhadimipati et ai., 2000) and was important for tubulin biogenesis (Steinborn et
ai., 2002; Antoshechkin et ai., 2002). Genetic studies in the putative yeast homologues
of Arl2 have also demonstrated that the lack of Arl2 in null cells affects microtubule
stability (Stearns et ai., 1990b; Radcliffe et ai., 2000b). These data suggest that Arl2
has an important role to play in microtubule formation and/or stability and may act as a
MAP. Combined with the data presented in this chapter, it seems possible that Arl2 and
Arl3 could be intimately involved with the microtubule cytoskeleton. Arl3 and Arl2 have
both been demonstrated to interact with PDE5 (Linari et ai., 1999b; Hanzal-Bayer et ai.,
2002) which is also known to associate with the XLRP protein RPGR (Linari et ai.,
1999a). The overlapping interactions of these proteins with causative RP proteins may
be suggestive of a role for Arl2 and Arl3 in photoreceptor function.

Using bioinformatics, I identified a novel protein that I named C-like. C-like shares
homology with RP2 and cofactor C. Examination of an alignment of the three proteins
(Figure 6.1) revealed that residues that are not conserved between RP2 and cofactor C
are often conserved between RP2 and C-like. The putative homology of C-like to RP2
was strengthened by the conservation of pathogenic missense mutations found in RP2
patients at residues in C-like. Interestingly, the mutations conserved between RP2 and
C-like are not conserved in cofactor C and likewise, mutations conserved between RP2
and cofactor C are not all conserved in C-like. There is a single missense mutation
conserved between all three of the proteins (P95L, Sharon et ai., 2000). There have
been no functional or localisation studies performed using RP2 mutated at this residue,
but a causative mutation at an amino acid conserved in all three proteins would
suggest that a mutation of this residue may have a profound effect on the structure
and/or function of all three proteins.
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The proposed arginine finger motif in RP2 and cofactor C (Bartolini et ai, 2002) is not
conserved in C-like, but there is an arginine residue two amino acids upstream of the
conserved arginine residue in RP2 and C-like. As the structure of all three of these
proteins is unknown and the alignment of the three proteins is not absolute, the
possibility that the arginine residue in C-like may act as an arginine finger for GTPase
activation, although unlikely, should not be ruled out without further investigation. This
may also be true for CIN2 which does not appear to contain the conserved arginine
finger motif, but does contain an arginine residue adjacent to the site of the conserved
putative arginine finger.

To further investigate a functional homology between C-like, RP2 and cofactor C, I
examined the ability of C-like to associate with microtubuies in an in vitro co
sedimentation assay. Both recombinant cofactor C (personal communication. Prof. N.J.
Cowan, 2002) and recombinant RP2 (personal communication. Dr M.E. Cheetham,
1999) have been demonstrated to co-sediment in vitro with microtubuies purified from
bovine brain. In this chapter, I have shown that C-like also co-sediments with purified
bovine microtubuies, suggesting that all three proteins may share a degree of
functional homology in addition to their sequence homology, through their binding to
microtubuies.

As a major part of this study I had intended to examine the co-sedimentation of RP2
and cofactor C with microtubuies myself. In addition to RP2 and missense RP2
mutants, I prepared a panel of RP2 deletion mutants in order to map the potential
microtubule binding domain in RP2 (Figure 6.14). Unfortunately, after constructing and
purifying all of the recombinant proteins I encountered problems with insolubility of the
proteins, particularly in the tubulin buffer (PME), which could not be overcome in time
to be included in this study. In addition to the co-sedimentation assays, I had intended
to investigate the effects the proteins had on the polymerisation of microtubuies and on
tubulin monomer binding. I was also planning to determine the stoichiometry of RP2,
cofactor C and C-like binding to microtubuies and/or tubulin, and investigate the effects
the mutant proteins had. Unfortunately, the buffers used for the purification of the
recombinant proteins resulted in their reduced solubility and so this work could not be
completed in time, however, I believe that the results obtained from these studies will
provide valuable information about the nature of the relationships RP2, cofactor C and
C-like may have with tubulin and about their possible shared homology.
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Figure 6.14 RP2 deletion mutants constructed for this study
A panel of deletion mutant fragments corresponding to different regions of RP2 were
constructed and cloned into the pTrcHisA vector to add a 6x histidine tag at the amino
terminus. The deletion constructs were expressed in E. coli and the resulting histidinetagged recombinant proteins were purified using metal affinity chromatography.
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Analyses of the localisation of RP2 in cultured cells showed an apparent stronger co
localisation of RP2 with the actin cytoskeleton than with microtubuies (Figure 6.11).
Bioinformatic analyses suggest that this co-localisation may be significant and not just
a consequence of the plasma membrane targeting of RP2. Cofactor 0, C-like and RP2
all share limited similarity with the CAP (cyclase associated protein) family of proteins
(Figure 6.2). CAPs are monomeric actin binding proteins believed to play a role in
regulating actin remodelling in response to intracellular and extracellular signals
(Stevenson et al., 2000). CAPs are multifunctional proteins with a highly conserved
domain structure consisting of an adenylate cyclase binding domain, a polyproline
domain, a verproplin homology domain, an actin binding domain and a dimérisation
domain (Hubberstey et a!., 2002). It is the actin binding domain (CARP domain) that
RP2, cofactor C and C-like share homology with and the presence of two adjacent
CARP domains in these proteins suggest that they may also interact with actin as well
as tubulin.

Studies in Drosophila and S. cerevisiae (Baum et al., 2000; Benali et al., 2000;
Kawamukai et al., 1992; Vojtek et al., 1991) have suggested that CAPs may be
developmentally important in regulating actin polymerisation and that they may be
involved in the actin cytoskeleton responding to intracellular signalling and signal
transduction (Stevenson et al., 2000). It is not yet known whether CAPs have
differential affinity for specific actin isoforms or how the interaction between actin and
CAPs is regulated (Hubberstey et al., 2002). Interestingly, further analysis of the list of
CARP domain proteins revealed that the yeast homologue of cofactor C, CIN2 also
contains a CARP domain, but did not contain the two repetitive domains identified in
RP2, cofactor C and C-like. These data suggest that an actin association for these
proteins is worth further investigation, particularly as very little is known about CAP
function or the overlapping association of the actin and microtubule cytoskeletons, in
the retina.

Dynamic interactions between microtubuies and filamentous actin are evident, but not
yet fully understood. Microtubuies and f-actin are thought to be able to associate with
one another and affect each other’s organisation and dynamics. A recent study has
shown that microtubuies interact with f-actin bundles and meshworks in cells that guide
the movement and organisation of microtubuies during cell mobility (Salmon et al.,
2002). Dynamic microscopic analysis has indicated that microtubule ends are often
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inserted into regions of leading lamella where focal contact formation occurs (Kaverina
et al., 1998; Kaverina et al., 1999). Targeted microtubuies may play a role in focal
contact formation. They, together with appropriate motor proteins, might direct the
delivery of specific components that are necessary for the development of focal
contacts and stress fibres (Ishizaki et al., 2001; Palazzo et al., 2001). The microtubule
system may also control cell contractility which, in turn, may modulate the forces
applied to focal contacts. Disruption of microtubuies increases tension and promotes
focal contact growth, whereas growth of microtubuies near to contact sites induces
local relaxation of tension and suppresses focal contact growth (Kaverina et al., 1999;
Bershadsky et al., 1996; Liu et al., 1998). Thus, the dynamic action of microtubuies in
concert with other factors may help to determine the orientation of stress fibres,
polarisation of cell shape and directional cell movement (Small et al., 1999). However,
the significance of these interactions in the retina and their possible relationship to
retinal disease pathogenesis are undetermined.

The data described in this chapter suggests that the interaction of RP2 with the
cytoskeleton is likely to be complicated and the extent of the interaction remains
unclear. The identification of an additional protein sharing homology with RP2 and
cofactor C may help to elucidate some of the overlapping and functions that these
proteins share and may provide additional insight into the significance of the functions
they don’t share. The major challenge now is to determine whether RP2 does indeed
link the plasma membrane with the cytoskeleton directly or through signalling pathways
and how the dysfunction of this putative mechanism ultimately leads to retinitis
pigmentosa.
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DISCUSSION

Inherited retinal dystrophies represent a major cause of blindness of which retinitis
pigmentosa is the most prevalent. Retinitis pigmentosa is both clinically and genetically
heterogeneous, and the pathogenesis of disease progression has not yet been clearly
defined. The ultimate goal of studies into disease-associated genes is the possibility of
developing therapeutic interventions for patients. Before that may be achieved,
however, the function of the causative gene needs to be established, and the role it
plays in disease progression needs to be understood. The broad aim of this thesis was
to study the function of a novel retinitis pigmentosa gene, RP2.

At the start of this thesis very little was known about the possible function of RP2, other
than a clue provided by sequence homology to the tubulin-specific chaperone, cofactor
0. The work described in this thesis, along with other studies, has begun to advance
our understanding of the possible roles of RP2.

RP2 was localised to the plasma membrane in a wide range of cultured cell types,
although levels of the protein were variable between cell types and increased during
epithelial cell differentiation (Chapter 3). RP2 was also defined at the plasma
membrane in cells throughout the retina, including rod and cone photoreceptors
(Chapter 5)(Grayson et al., 2002b). The plasma membrane targeting of RP2 was
mediated by N-acylation of the N-terminal glycine and palmitoylation of the adjacent Nterminal cysteine residue (Chapter 3)(Chapple et a!., 2000; Chappie et a!., 2002a).
Furthermore, a pathogenic mutation AS6 (Schwahn et a!., 1998; Rosenberg et a!.,
1999) in RP2 prevented the plasma membrane targeting of the protein (Chapter
3)(Chapple et a!., 2000; Chappie et a!., 2002a), suggesting that the plasma membrane
localisation is essential for RP2 function in the retina.
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N-terminal acylation has been demonstrated to be of functional significance for several
photoreceptor proteins including recoverin (Dizhoor et a/., 1993) and transducin
(Gta)(Neubert et al.,

1998), described in Chapter 1. N-acylated proteins are

predominantly fatty acylated by myristic acid, however, some photoreceptor proteins
have been shown to be heterogeneously acylated by fatty acids other than myristate, a
property that appears to be unique to proteins found within the retina (DeMar et a!.,
1999). Heterogeneous N-acylation has been demonstrated for several photoreceptor
proteins including recoverin (Dizhoor et a!., 1992), transducin (Gta)(Neubert et a!.,
1992) and GOAP (Palczewski et a!., 1994). It remains to be demonstrated what
proportion of RP2 is myristoylated and/or palmitoylated in vivo both in the retina and in
other tissues. If RP2 was acylated in the retina by different fatty acids

than in other

tissues, it is possible that RP2 may have a slightly different function in the retina. RP2
is a ubiquitously expressed protein yet the primary pathological deficit associated with
mutations in RP2 is confined to the retina. It would, therefore, be useful to investigate
the nature of N-acylation of RP2 in the retina compared to other tissues to determine
whether heterogeneous acylation of RP2 may contribute to the retina-specific
phenotype associated with mutations in RP2.

Further investigation of the plasma membrane association demonstrated that RP2 is
present in both the apical and basolateral domains of the plasma membrane in
polarised epithelial cells (Chapter 3)(Chapple et ai., 2002b). Furthermore, in a
collaborative study with Dr J. Paul Chappie, we have demonstrated that a proportion of
RP2 is associated with lipid microdomains at the plasma membrane, known as rafts or
detergent resistant membranes (DRMs)(Chapple et ai., 2002b). Lipid rafts are
proposed to have an important function in signal transduction (Simons et ai., 2000) and
the presence of RP2 in DRMs suggests that RP2 may also have a role in a signalling
cascade. Rod photoreceptor outer segments (ROS) contain DRMs (Seno et ai., 2001)
and a number of RP-associated phototransduction and structural photoreceptor
proteins are present in ROS DRMs (Seno et ai., 2001, Nair et ai., 2002, BoeszeBattaglia et ai., 2002), highlighting the functional importance of these microdomains in
the retina. Although the RP2 is predominantly on the plasma membrane when
visualised in fixed cells, and is present in DRMs, sub-cellular fractionation studies of
detergent extracted cells have also demonstrated that a significant proportion of RP2 is
not membrane-associated (Chapter 3)(Chapple et ai., 2000). Interestingly, RP2 does
not appear to interact with Arl3 in lipid rafts, as Arl3 was not present in DRMs (Chappie
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et al., 2002b). This is in agreement with the observation that the binding between Arl3
and RP2 is diminished when RP2 is myristoylated (Bartolini et a!., 2002), and supports
the hypothesis that the proteins may interact at a site not on the membrane.

Arl3 appeared to behave as a MAP: it co-localised with microtubuies in all cell types
examined and co-purified with bovine microtubuies (Chapters 5 and 6)(Grayson et a!.,
2002b). The functional significance of this co-localisation has not been explored, but
another member of the Arl family, Arl2, has been demonstrated to be of importance to
microtubule stability and dynamics (Bhamidipati et a!., 2000; Radcliffe et a!., 2000b;
Steinborn et a!., 2002). Both Arl3 and Arl2 have relationships with proteins implicated in
retinitis pigmentosa. Arl3 and Arl2 bind to BART and j PDE5 in a GTP-dependent
manner (Linari et a!., 1999b; Sharer et a!., 1999; van Valkenburgh et a!., 2001; HanzalBayer et a!., 2002). RPGR has also been identified as a binding partner of PDEô (Linari
et a!., 1999a) and RP2 interacts with Arl3 (Bartolini et a!., 2002) so it is tempting to
speculate that these proteins may function in a common pathway that is essential for
photoreceptor viability. Arl3 localised to the connecting cilia in photoreceptors (Chapter
5)(Grayson et a!., 2002b) suggesting that this may be a potential site of interaction with
RP2 and that Arl3 may be of importance for photoreceptor maintenance. Ultrastructural
analysis of the localisations of RP2 and Arl3 in the retina by immunoelectron
microscopy should help to determine possible sites of interaction and also provide
further information about the plasma membrane association of RP2.

Several other RP-associated proteins have been localised to the connecting cilia,
highlighting the functional importance of this structure within the retina and suggesting
a role for the microtubule cytoskeleton in the pathogenesis of RP. Both RPGR and its
interacting protein RPGRIP1

have been localised to the connecting cilia of

photoreceptor cells (Roepman et a!., 2000; Hong et a!., 2000; Hong et a!., 2001;
Mavlyutov et a!., 2002). Although these reports do not agree on the exact localisation of
these proteins in different species, it has been proposed that RPGR mediates vesicular
transport or maintains polarised protein distribution, across the connecting cilium (Hong
et a!., 2000; Hong et a!., 2001). RPGRIP1 is believed to be an important structural
component of the ciliary axoneme and may anchor RPGR to the cilium (Hong et a!.,
2001). It should also be noted that mutations in RPGRIP1 cause a severe form of
retinal degeneration, LCA (Dryja et a!., 2001). Mutations in RP1 cause a dominant form
of RP (discussed in Berson et a!., 2002) and although RP1 function is yet to be
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elucidated, it is localised to the connecting cilia (Liu et al., 2002; Gao et al., 2002) of
photoreceptors and shares homology with the MAP, doublecortin (DCX)(Gleeson et al.,
1999). Myosin Vila is also concentrated in the connecting cilia of photoreceptors (Liu et
al., 1997) where it is believed to participate in opsin transport (Liu et al., 1999).
Pathogenic mutations in myosin Vila cause Usher syndrome IB, a form of combined
RP and profound deafness (Weil et al., 1995). Myosin Vila is a common component of
cilia and microvilli (Wolfrum et al., 1998) and deafness in these patients is believed to
be due to the dysfunction of myosin Vila in the cilia of cochlear hair cells (Hasson et al.,
1995). Interestingly, there is also a report of potential syndrome involving hearing loss
in patients with a form of XLRP (Zito et al., 2002), suggesting that the phenotype in
these patients could be due to a ciliary abnormality.

The association of a putative actin-based motor protein, myosin Vila, with RP also
suggests a potential role for the actin cytoskeleton in retinal disease pathogenesis.
Actin filaments are also present in the connecting cilia of photoreceptors (Chapter
6)(Chaitin et al., 1989), although microtubuies are the main component. Other forms of
Usher syndrome are associated with mutations in genes encoding the cadherin-like
proteins CDH23 and PCDH15 (Bork et al., 2001; Alagramam et al., 2001). Cadherins
are components of dynamic actin-based cell-cell contacts, adherens junctions
(Reviewed in Jamora etal., 2002), important for cellular morphogenesis and motility.

Bioinformatic analysis of the amino acid sequence of RP2 also suggests a possible
interaction with the actin-based cytoskeleton via homology with the CAP family of actinbinding proteins (Chapter 6). Furthermore, this putative homology is shared with the
RP2 homologue cofactor C and the putative homologue C-like, identified as part of this
study (Chapter 6). RP2 does appear to co-localise with actin-rich structures at the
plasma membrane in cultured cells and with p-catenin in retina, but this data is very
preliminary and more detailed investigation is necessary to confirm any possible
interaction with the actin cytoskeleton for any of these homologous proteins. Indeed
RP2, cofactor C and C-like all appear to associate with the microtubule cytoskeleton.
Cofactor C is an important component of the mammalian tubulin folding pathway (Tian
et al., 1996) and co-sediments with microtubuies in vitro (personal communication.
Prof. N.J. Cowan, 2002), RP2, like cofactor C, stimulates tubulin GAP activity and co
sediments with microtubuies in vitro (Bartolini et al., 2002; personal communication. Dr
M.E. Cheetham, 1999) and C-like also co-sediments with microtubuies in vitro (Chapter
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6). Future studies on these proteins may be important not only for determining the
possible mechanism of disease pathogenesis in RP2 patients, but also in studying the
functions of the cytoskeleton in general.

Recent studies have identified pathogenic mutations in the tubulin folding cofactor E, in
humans and in mice (Bommel et al., 2002; Martin et al., 2002; Pavarti et al., 2002).
Mutations in both of the cofactor E orthologues cause severe disorders, but the
phenotypes are very different, for reasons yet to be determined. As there are disease
associations for cofactor E and for RP2 (a cofactor C homologue), it is possible that
there may also be pathogenic mutations associated with other tubulin folding cofactors
or for C-like.

Future work will hopefully provide further insight into the possible roles that RP2 fulfils
in the retina and in other tissues, and how mutations lead to RP in patients. From the
work described in this thesis, the cytoskeleton would appear to be a good candidate for
further study and suggests that RP2 may function to link the plasma membrane to the
cytoskeleton either through membrane traffic or cell signalling. A brief summary of the
known interactions and putative functions associated with RP2 can be found on the
next page.

Mutations in RP2 may cause retinitis pigmentosa by leading to the degradation of the
RP2 protein, by interfering with the normal targeting of the protein to the membrane, or
by disrupting the functional relationship with tubulin and other partner proteins, within
the retina. The next important steps will be to delineate the dynamics of RP2
membrane association, identify the interacting partners of RP2 at the plasma
membrane and within the cell, and to determine the cellular pathways associated with
these proteins in the retina.

175

POSSIBLE FUNCTIONAL ROLES FOR RP2
•

RP2 is targeted to the plasma membrane by N-terminal acylation and this localisation is
essential for RP2 function in the retina. RP2 is also present in lipid microdomains (lipid rafts)
at the plasma membrane. Lipid rafts are proposed to have an important function in signal
transduction, suggesting that RP2 may also have a role in a signalling cascade.

•

RP2 shares sequence and functional homology with cofactor C; both proteins can stimulate
the GTPase activity of tubulin in the presence of cofactor D, but only cofactor C can
participate in tubulin heterodimerisation. RP2 and cofactor C share sequence homology
with a novel protein, termed C-like. All three proteins have been demonstrated to co
sediment with taxol-stabilised microtubules in vitro and may therefore act as MAPs. RP2
may interact with microtubules in the incisures of the retina, suggesting a role in cell
signalling. RP2 may also interact with microtubules in the connecting cilium.

•

RP2, cofactor 0 and C-like all share similarity with the actin binding domain (CARP domain)
of cyclase-associated proteins (CAPs) which are believed to be involved in the regulation of
actin dynamics. All three proteins may therefore also have a role in actin regulation, in
addition to their interaction with the microtubule cytoskeleton. Dynamic interactions between
microtubules and filamentous actin are evident but not yet fully understood.

•

RP2 interacts with Arl3-GTP but their retinal localisations are quite distinct. RP2 is plasma
membrane associated but Arl3 decorates microtubule structures and may act as a MAP.
The in vitro binding of AM3-GTP binding to RP2 is enhanced if RP2 is not myristoylated,
suggesting that they may not interact at the plasma membrane in vivo. It remains to be
determined whether Arl3 is myristoylated.

•

AM3-GTP interacts with PDE5, an interaction which inhibits the dissociation of GTP from
Arl3. PDE5 also interacts with Arl2-GTP in a similar manner.

•

Arl2 has a role in regulating microtubule dynamics by modulating the tubulin-GAP activities
of cofactors C and D and may also be a MAP. Both Arl2-GTP and PDE5 also interact with
BART (binder of Arl2) but the physiological significance of these interactions are unknown.

•

RPGR is a putative GEF and may function in intracellular vesicular transport. RPGR
interacts with PDE5. The function of PDE5 is unresolved, but it has been suggested to
facilitate the extraction of prenylated proteins from membranes.

•

RPGR and RPGRIP1 are localised to the connecting cilia in human retina. Cofactor 0 and
Arl3 are enriched in the connecting cilia in human retina. Actin is also found within the
connecting cilia. Combined with the information described above, the connecting cilium may
therefore be a convergence of RPGR and RP2 pathways, essential for photoreceptor
viability.
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Buffers and Recipes

Affinity-purification

NaHCOa

0.2

M

coupling buffer

NaCI

0.5

M

Affinity-purification

Ethanolamine

0.5

M

buffer A

NaCI

0.5

M

Affinity-purification

Acetate

0.1

M

buffer B

NaCI

0.5

M

Affinity-purification

Tris-HCI

75

mM

pH 8.0

Affinity-purification

Glycine

100

mM

pH 2.7

elution buffer

NaCI

0.5

M

Cell breaking buffer

Sucrose

250

mM

Triethanolamine

10

mM

Acetic acid

10

mM

EDTA

1

mM

Methanol

40%

(v/v)

Acetic Acid

10%

(v/v)

0.1%

(w/v)

pH 8.3

pH 4.0

start buffer

Coomassie gel stain

Coomassie
brilliant blue r-250
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Coomassie gel

Methanol

40%

(v/v)

de-stain

Acetic Acid

10%

(v/v)

Freezing media for

PBS

90%

(v/v)

cell lines

DMSO

10%

(v/v)

Homogenisation buffer

Tris-HCI pH 7.5

20

mM

for cells and tissues

NaCI

500

mM

KCI

12.5

mM

EDTA

1

mM

Dithiothreitol

1

mM

NaCI

170

mM

Yeast Extract

5

g

Tryptone Peptone

10

9

Agar

15

9

ddH2 0 to

1000

ml

NaCI

170

mM

Yeast Extract

5

9

Tryptone Peptone

10

9

ddH2 0 to

1000

ml

Citric acid

5

mM

N a2H P04

130

mM

ZB media

100

ml

20x M9 salts

5.0

ml

20% (w/v) glucose

2.0

ml

1M MgS0 4

0.1

ml

NH4CI

375

mM

KH2PO4

440

mM

Na2HP04

1

M

LB Agar

LB Broth

Mcllvaines citrate buffer

M9ZB media

M9 salts (20x)
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Phosphate buffer

1 M Na2HP04

77.4

ml

0.1 M

1 M NaH2P04

22.6

ml

ddH2 0 to

1000

ml

Phosphate-buffered

NaCI

145

mM

saline

NaH2P04

3.6

mM

Na2HP04

10.5

mM

Pipes

0.1

M

MgS04

1

mM

EDTA

2

mM

DTT

1

mM

GTP

0.5

mM

Trichloroacetic acid

3%

(v/v)

Ponceau S

0.2%

(w/v)

Resolving gel for

1.5 M Tris-HCI pH 8.8

2.5

ml

SDS-PAGE (12%)

30% Acrylamide:Bis

4.0

ml

ddH20

3.3

ml

10% (w/v) SDS

0.1

ml

10% (w/v) APS

0.1

ml

TEMED

0.005 ml

Stacking gel for

0.5 M Tris-HCI pH 6.8

1.25

ml

SDS- PAGE (3%)

30% Acrylamide:Bis

0.65

ml

ddH20

3.00

ml

10% (w/v) SDS

0.05

ml

10% (w/v) APS

0.05

ml

TEMED

0.01

ml

SDS-PAGE

Tris-HCI

25

mM

running buffer (1x)

Glycine

190

mM

SDS

3.5

mM

PME Buffer

Ponceau S Stain
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SDS-PAGE

Tris-HCI

100

mM

sample buffer (1x)

Glycerol

2%

(v/v)

SDS

1%

(w/v)

2-p mercaptoetfianol

1%

(w/v)

Bromophenol blue

0.01% (w/v)

SI buffer

Tris-HCI

25

mM

Recombinant protein

KCI

150

mM

purification (TALON)

2-P mercaptoetfianol

5

mM

PMSF

1

mM

Aprotinin

2

jjg/nril

Glycerol

7.5%

(v/v)

Triton X-100

1%

(v/v)

Sll buffer

Tris-HCI

25

mM

Recombinant protein

KCI

150

mM

purification (TALON)

2-(3 mercaptoetfianol

5

mM

PMSF

1

mM

Aprotinin

2

pg/ml

Glycerol

7.5%

(v/v)

Triton X-100

0.05% (v/v)

CaCL

0.1%

(w/v)

Trypsin

0.1%

(w/v)

TBS-Trypsin

pH 6.8

pH 8.0

pH 8.0

TBS

Tris-acetate buffer

Tris-HCI

40

mM

(TAB)

Acetic Acid

40

mM

EDTA

1

mM

Tris-buffered saline

Tris-HCI

50

mM

(TBS)

NaCI

150

mM

Tris-Urea buffer

Tris-HCI

50

mM

Urea

5%

(w/v)
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Western blotting

Tris-HCI

25

mM

transfer buffer (1x)

Glycine

190

mM

Methanol

20%

(v/v)

Western blotting

“Marvel” milk powder

5%

(w/v)

blocking buffer

Tween-20

0.1%

(v/v)

0.1%

(v/v)

PBS

Western blotting

Tween-20

wash buffer

PBS

ZB media

NaCI

5

g

Tryptone

10

g
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PCR reaction conditions

All PCR reactions were carried out in 50 pi reaction volumes. An example of a standard
reaction is as follows :

Template DMA

1.0

M9

Forward primer

10

pmol

Reverse primer

10

pmol

10 X KlenTaq buffer

5

Ml

dNTPs

10

mM

KlenTaq polymerase

1

Ml

ddH2 0 to

50

Ml

RT-PGR of cDNA made from lymphoblastoid cells
Using exonic primers RP2-5 and RP2-1-199:
Dénaturation :

94°C for 5 minutes

40 cycles :

94°C for 30 seconds
60°C for 30 seconds
72°C for 1 minute

Final extension

72°C for 5 minutes

Amplification of cofactor 0 from human brain cDNA library
Using CFC-F and CFC-R
Dénaturation :

94°C for 5 minutes

30 cycles :

94°C for 30 seconds
63°C for 30 seconds
72°C for 1 minute 30 seconds

Final extension :

72°C for 10 minutes
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Amplification of C-like from human brain cDNA library
Using C-like-F and C-like-R
Dénaturation :

94°C for 5 minutes,

30 cycles :

94°C for 30 seconds
63°C for 30 seconds
72°C for 1 minute 30 seconds

Final extension

72°C for 10 minutes

Amplification of RP2 deietion mutants from fuil-iength RP2 cioned into pTrcHisA
Using RP2-5 and RP2-1-199
RP2 -5 and RP2-1-36
RP2-41-350 and RP2-3-2
RP2-182-350 and RP2-3-2

Dénaturation ;

94°C for 5 minutes

15 cycles :

94°C for 30 seconds
60°C for 30 seconds
72°C for 1 minute 30 seconds

Final extension

72°C for 3 minutes

Amplification of RP2 missense mutants from fuli-iength RP2 cioned into
pTrcHisA
Using RP2-5 and L253R-R
L253R-F and RP2-3-2
RP2-5 and RP2-3-2

Dénaturation :

94°C for 5 minutes

10 cycles :

94°C for 30 seconds
65°C for 30 seconds
72°C for 1 minute 30 seconds

Final extension

72°C for 3 minutes
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Publications arising from this study

Localisation in the human retina of the X-linked retinitis pigmentosa protein RP2, its
homologue cofactor C and the RP2 interacting protein ArlS.
Hum Mol Genet 2002;11(24):3065-3074.

Delineation of the plasma membrane targeting domain of the X-linked retinitis
pigmentosa protein, RP2.
Invest Ophthalmol Vis Sci. 2002;43(6):2015-2020.

In vitro analysis of aminoglycoside therapy for the Arg120stop nonsense mutation in
RP2 patients.
J Med Genet. 2002;39(1):62-67.

Unfolding retinal dystrophies: a role for molecular chaperones ?.
Trends Mol Med. 2001 ;7(9):414-421.

Mutations in the N-terminus of the X-linked retinitis pigmentosa protein RP2 interfere
with the normal targeting of the protein to the plasma membrane.
Hum Mol Genet. 2000;9(13):1919-26.
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Localization in the human retina of the X-iinked
retinitis pigmentosa protein RP2, its homoiogue
cofactor C and the RP2 interacting protein Arl3
Celene Grayson^ Francesca Bartoiini^ J. Paui Chapple\ Keith R. Willison^,
Arunashree Bhamidipati^ Saliy A. Lewis^ Philip J. Luthert\ Aiison J. Hardcastle^,
Nicholas J. Cowan^ and Michael E. Cheetham^ *
^Division of Pathology, Institute of Ophthalmology, UCL, London EC1V 9EL, UK, ^Department of Biochemistry,
New York University Medical Center, New York, NY 10016, USA, ^Institute of Cancer Research, Chester Beatty
Laboratories, London SW3 6JB, UK, ^Hughes Medical Institute, Department of Cellular and Molecular Pharmacology,
University of California, San Francisco, CA 94143, USA and ^Division of Molecular Genetics, Institute of
Opthalmology, UCL, London EC1V 9EL, UK
Received July 23, 2002; Revised and Accepted September 6, 2002

Mutations In the retinitis pigmentosa 2 (RP2) gene cause a severe form of X-llnked retinal degeneration. RP2
is a ubiquitous 350 amino acid plasma membrane-associated protein, which shares homology with the
tubulin-specific chaperone cofactor 0. RP2 protein, like cofactor C, stimuiates the GTPase activity of tubulin
in combination with cofactor D. RP2 has also been shown to Interact with ADP ribosylatlon factor-llke 3 (Arl3)
in a nucleotide and myrlstoylatlon-dependant manner. In this study we have examined the reiatlonship
between RP2, cofactor C and Arl3 in patient-derived cell lines and In the retina. Examination of
lymphoblastoid celis from patients with an Arg120stop nonsense mutation in RP2 revealed that the
expression levels of cofactor C and Arl3 were not affected by the absence of RP2. In human retina, RP2 was
localized to the plasma membrane of cells throughout the retina. RP2 was present at the piasma membrane In
both rod and cone photoreceptors, extending from the outer segment through the Inner segment to the
synaptic terminals. There was no enrichment of RP2 staining in any photoreceptor organelie. in contrast,
cofactor C and Ari3 locaiized predominantiy to the photoreceptor connecting cilium in rod and cone
photoreceptors. Cofactor C was cytoplasmic in distribution, whereas Arl3 iocaiized to other microtubuie
structures within all cells. Arl3 behaved as a microtubule-associated protein: it co-localized with
microtubules In HeLa cells and this was enhanced following microtubuie stabilization with taxol.
Furthermore, Arl3 co-purifled with microtubules from bovine brain. Following microtubuie depolymerlzatlon
with nocodazole, Arl3 relocallzed to the nuclear membrane. These data suggest that RP2 functions In concert
with Arl3 to link the cell membrane with the cytoskeleton in photoreceptors as part of the cell signaling or
vesicuiar transport machinery.

INTRODUCTION
X-linked retinitis pigmentosa (XLRP) is a heterogeneous
disease causing a severe form o f retinal degeneration.
Mutations in the retinitis pigmentosa 2 (R P2) gene have been
shown to account for up to 15% o f XLRP (1-3). The gene
product, RP2, is a ubiquitously expressed 350 amino acid
protein (1,4); however, the localization within tissues is
unknown. RP2 has sites for N-terminal acyl modification by
myristoylation and palmitoylation and is targeted to the plasma
membrane in cultured cells (4,5). Furthermore, a pathogenic

mutation AS6 (1,6) in RP2 prevents the plasma membrane
targeting o f RP2 (4,5), suggesting that the plasma membrane
localization is essential for RP2 function in the retina,
The oc/p tubulin heterodimer is assembled via interaction with
several tubulin-specific chaperones termed cofactors A -E (8,9)
in a reaction in which release o f the heterodimer from a
cofactor-containing supercomplex is accompanied by GTP
hydrolysis by P-tubulin. In addition, cofactors C and D together
with cofactor E have been demonstrated to stimulate the
GTPase activity o f native tubulin (10). RP2 shares homology
with the tubulin-specific chaperone cofactor C over 151 amino

*To whom correspondence should be addressed. Tel: +44 2076086944; Fax: +44 2076086862; Email: michael.cheetham@ucl.ac.uk

3066

Human Molecular Genetics, 2002, Vol. 11, No. 24

acids (1) and the existence of pathogenic mutations in RP2 at
conserved residues (1-3,7) is consistent with a functional
homology between the two proteins. A recent study has
demonstrated that, in the presence of cofactor D, RP2 also
stimulates the GTPase activity of tubulin, but cannot substitute
for cofactor C in the tubulin heterodimerization reaction (11).
Evidence for a shared structural element between the two
homologues comes from the observation that a pathogenic
mutation R118H in RP2 (1-3,7) at a residue conserved
in cofactor C abolishes die tubulin-GTPase stimulating
(tubulin-GAP) activity in both RP2 and cofactor C (11).
These data suggest that this residue acts as an ‘arginine finger’
to trigger the tubulin-GAP activity and that the R118H
mutation in RP2 may cause retinitis pigmentosa due to this loss
of tubulin-GAP activity.
The mammalian Arl [ADP ribosylation factor (Arf)-like]
proteins constitute a family of Ras-related small GTP-binding
proteins with at least eight members (12-15). They share
40-60% amino acid sequence identity w itii A rf proteins but do
not possess the biochemical activities that characterize A rf
proteins (16-18). The in vivo functions of members of the Arl
protein family are relatively unexplored, but it has recently been
shown that Arl2 is essential in tubulin biogenesis (19). In vitro,
Arl2 modulates the tubulin-GAP activity of cofactors C and
D (20) and mutations in its putative yeast homologues affect
microtubuie stability (21-23). In contrast, GTP-Arl3 binds
specifically to RP2 but does not affect the tubulin-GAP activity
of RP2 and cofactor D (11). Interestingly, Arl3 binding is
enhanced if RP2 is not myristoylated (11).
Here we demonstrate that RP2 is localized to the plasma
membrane in cells throughout the retina. In contrast, we find
that cofactor C resides predominantly in the cytoplasm and
also the photoreceptor connecting cilium, whilst Arl3 is
targeted to the connecting cilium and other microtubuie
structures within all cells. We also show that Arl3 associates
with microtubules, and suggest that RP2 functions to link the
cell membrane with the cytoskeleton in photoreceptors.

R ES U LTS

Arl3 and cofactor C expression is unaffected in
lymphoblastoid cells from RP2 patients
Given the functional overlap between RP2 and cofactor C and
the interaction of RP2 with Arl3 (11), we considered whether
the ablation of RP2 in a cell line might affect the expression
of the other two proteins. We therefore examined the
expression of Arl3 and cofactor C in lymphoblastoid cells
from males with the Argl20stop mutation in RP2 (24). Total
cell lysates from lymphoblastoid cells were analysed by
western blotting and relative expression levels were compared
(Fig. 1). As previously reported (24), there was no RP2
detectable in cells from patients with the Argl20stop mutation
(Fig. lA ), using RP2 antiserum S974 (4). To determine
whether die expression levels of cofactor C were affected by
the absence of RP2 in these cells, the lysates were blotted
using an anti-cofactor C antiserum. A single band of the
predicted size for cofactor C (~40kDa) was observed in both
patient and control cells (Fig. lA ). There was no significant
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Figure 1. (A) Expression of RP2 in lymphoblastoid cells from a control male
(lane 1) and two patients with the Argl20stop mutation in RP2 (lanes 2 and 3)
detected using affinity-purified polyclonal antiserum S974. Expression levels of
cofactor C and Arl3 were unchanged in the absence of any detectable RP2 in
these cells. Five micrograms of total protein were loaded for each lane to
ensure that saturation of the ECL signal did not occur. |3-Tubulin was used
as a marker to confirm equal loading of samples. (B) Characterization of
hRP2-337-350 using mouse retina (M; 50 pg) and SH-SY5Y cell lysate
(S; 50 pg). No reactivity was observed with the pre-immune serum or when
the antibody was preincubated with peptide.

difference in expression levels of cofactor C in the patient
cells when compared to cells from control males, at any
protein loading or exposure time tested (data not shown).
A single band of the predicted size for Arl3 (~21 kDa) was
found in all of the cells and at similar intensities when
using the anti-Arl3 antiserum (Fig. lA ). This indicates that
the expression levels of Arl3 were also unaffected by the
absence of RP2. Therefore, in lymphoblastoid cells with
no detectable RP2, cofactor C expression does not appear to
be upregulated to compensate for the lack of RP2. The level
o f Arl3 is similarly unaffected by the absence of RP2.
Characterization of an anti-peptide serum to RP2
A rabbit polyclonal antiserum to RP2 was developed by
immunization with a synthetic peptide to the C-terminus of
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human RP2 (residues 337-350) and was named hRP2-337-350.
This serum recognized RP2 in western blots of tissues and cell
lysates (Fig. IB) and was specific as determined by competition
of the ÉP2 reactivity following pre-incubation with the peptide
and a lack of reactivity in the pre-immune serum. In contrast
to S974, which only reacts well with human RP2 (4),
hRP2-337-350 recognized RP2 from other mammalian
species, including mouse (Fig. IB).
Immunohistochemistry of RP2 in human retina
The expression pattern of RP2 was investigated using adult
human retinal sections from paraffin-embedded, formalin-fixed
tissue. Specific immunolabelling with hRP2-337-350 (Fig. 2,
RP2) was detected in rod and cone photoreceptors extending
from the tips of the outer segments (OS), through the inner
segments (IS) and outer nuclear layer (ONL) and into the
synapses in the outer plexiform layer (GPL). Immunolabelling
was also observed in die bipolar, horizontal and amacrine cells
in the iimer nuclear layer (INL), extending to the iimer
plexiform layer (IPL) and finally though the ganglion cell layer
(GCL) and into the nerve fibre layer (NFL). RP2 immunolabel
ling was absent from nuclei and was localized predominantly
to the plasma membrane of rod and cone photoreceptors
extending from the OS and IS (Fig. 2, Zoom IS -f OS) and
throughout the ONL (Fig. 2, Zoom ONL). RP2 immunoreactivity could also be detected in the retinal pigment
epithelium (RPE), as a diffiise staining (data not shown), but
could not be localized to any particular region of the cell due to
their heavily pigmented nature. When the pre-immune serum
was used for immunolabelling only a faint, background level of
staining was detected (Fig. 2, Pre-Imm). This was also
observed when the primary antibody was omitted or when
immunolabelling was performed in the presence of the
competing peptide against which hRP2-337-350 was raised.
RP2 is present on the plasma membrane of
rod and cone photoreceptors
In order to define the precise localization of RP2 within the
photoreceptors, double immunofluorescence labelling was
performed with the hRP2-337-350 antiserum and a panel of
well-characterized retinal markers on Vibratome sections of
paraformaldehyde-fixed human retina. The lectin wheat germ
agglutinin (WGA) binds proteins with oligosaccharide chains in
the extracellular matrix and was used as a marker for the lateral
plasma membrane of the photoreceptor IS and OS (Fig. 3A,
WGA). RP2 immunolabelling was localized to the plasma
membrane in the IS and OS (Fig. 3A, RP2), as demonstrated by
double labelling with WGA (Fig. 3A, Merge). RP2 staining did
not extend into the extracellular space but was more concen
trated on the intracellular face of the membrane, as would be
expected from the previous localization of RP2 in cultured cells
to the cytosolic face of the plasma membrane (4,5).
Immunofluorescent labelling with the monoclonal antibody
1D4 detected rhodopsin in the rod photoreceptor OS (Fig. 3B,
1D4). RP2 staining was evident at the plasma membrane of
the IS and extended to the very tips of the OS (Fig. 3B, RP2).
The signals for RP2 and 1D4 overlapped at the plasma
membrane (Fig. 3B, Merge), demonstrating the presence of
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Figure 2. Immunohistochemistry in peripheral human retina using hRP2337-350. NFL, nerve fibre layer; GCL, ganglion cell layer; IPL, inner
plexiform layer; INL, iimer nuclear layer; OPL, outer plexiform layer; ONL,
outer nuclear layer; IS, inner segments; OS, outer segments. Immunolabelling
was found in ceil types throughout the retina. Arrowheads highlight the plasma
membrane localization in the enlarged images. The immunoreaction was not
observed when using pre-immune serum or in the presence of competing pep
tide (data not shown). Scale bar is 10 pm.

RP2 in the rod photoreceptor outer segment plasma membrane.
The RP2 staining pattern did not, however, co-localize with
rhodopsin within the OS, suggesting that RP2 is not a
component of rod OS disks.
The monoclonal antibody 7G6 was used as a marker for cone
photoreceptors (Fig. 3C, 7G6). RP2 localized to the plasma
membrane of cells in the ONL (Fig. 3C, RP2). When double
labelled with 7G6 (Fig. 3C, Merge), RP2 was observed to stain
the plasma membrane o f cone cells in the ONL, extending from
the cell body and along the cone inner fibre to the cone
pedicles. RP2 staining was absent from the nuclei and only
very faint staining could be observed in the cytoplasm of rod
and cone photoreceptors.
To complement the staining obtained using hRP2-337-350,
the sheep anti-RP2 antiserum S974 was used in doublelabelling experiments (Fig. 3D, RP2 + RP2). In order to
circumvent problems of non-specific cross-reactivity with
commercially available anti-sheep sera (24), affinity-purified
antiserum S974 was directly labelled with Alexa 488. In the
ONL (Fig. 3D, RP2 -|- RP2) double labelling of RP2 by the
S974 and hRP2-337-350 antisera was observed at the plasma
membrane. The RP2 staining was clearly absent from the nuclei
but weak cytoplasmic staining could be seen in some cells.
Co-localization of the two RP2 antisera was also observed in
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Figure 3. Double immunofluorescent confocal scanning microscopy of peripheral human retina using hRP2-337-350 (RP2). RP2 is present in both rod and cone
photoreceptors in human retina. (A) RP2 and wheat germ agglutinin (WGA). (B) RP2 labelling and the monoclonal antibody 1D4 directed against rhodopsin
(1D4). (C) RP2 labelling and the monoclonal cone-specific 7G6 antibody (7G^. (D) RP2 (red) and RP2 sheep sera S974 (green) labelling colocalizes at the plasma
membrane in photoreceptors. In the ONL nuclei are stained with DAPI ^lue). Arrowheads indicate plasma membrane localization. RP2 labelling was absent in the
presence of excess competing peptide. The labelling in the RPE was due to autofluorescent lipofuscin granules. Scale bar is 10pm.

the IS and OS of the photoreceptors (Fig. 3D, RP2 + RP2) and
in places this was punctuate in appearance. A third anti-RP2
antiserum (11) was also used to confirm the plasma membrane
localization of the protein (data not shown). The specificity of
hRP2-337-350 in immunofluorescent staining was confirmed

in control experiments as follows. When immunolabelling was
performed in the presence of excess competing peptide, the
staining was greatly diminished (Fig. 3, RP2 + Peptide). There
was also no staining observed when the primary antibody was
omitted or when pre-immune serum was used. No cross-reaction

Human Molecular Genetics, 2002, Vol. 11, No. 24

was detected between the primary and secondary antisera used
in the double-labelling experiments. Therefore, the distribution
o f RP2 in the retina determined by confocal immunofluores
cence microscopy confirmed the immunolabelling observed in
the paraffin embedded sections (Fig, 2) and was consistent with
three different specific antibodies.
Distribution of cofactor C in the human retina
RP2 shares sequence homology with human cofactor C (1)
and both proteins possess tubulin-GAP activity (11),
Immunofluorescent labelling o f paraformaldehyde-fixed human
retina using anti-cofactor C antiserum demonstrated that
cofactor C was distributed throughout the retina (Fig, 4,
Cofactor C). The signal was most intense in the rod and cone
photoreceptors, extending from the IS, through the ONL and
into the OPL. The strongest cofactor C signal was localized
to the photoreceptor connecting cilium as demonstrated by
co-localization with P-tubulin (Fig, 4, P Tubulin) at the tips o f
the inner segments. Moderate staining was also detected in the
OS, INL and IPL. Apart from the region o f the connecting
cilium, there was only limited co-localization between tubulin
and cofactor C. Cofactor C appeared to have a diffiise
cytoplasmic staining pattern in most cells. The cofactor C
staining was specific as it could be prevented by preincubation
competition with a molar excess o f recombinant cofactor C.
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cells using affinity-purified anti-Arl3 antiserum detected an
Arl3-specific signal that co-localized with microtubules, in
interphase cells (Fig, 6Aa and b). The authenticity o f this signal
was confirmed in several ways, A strong coincident microtubuie
stain was observed in the mitotic spindle o f dividing cells
(Fig, 6Ac and d). This strong signal may correspond either to a
higher level o f Arl3 binding to spindle microtubules or to the
greater density o f microtubules in spindles. Stabilization of
microtubules with taxol led to an increase in Arl3 staining o f
bundled microtubules similar to the a-tubulin staining pattern
(Fig, 6Ag and h). Moreover, following microtubuie depolymer
ization with nocodazole, the Arl3-specific signal was dramati
cally re-localized to the nuclear envelope in a staining pattern
that did not correspond to the diffiise a-tubulin localization
(Fig, 6Ae and f). To test if Arl3 was in a stable association with
microtubules and tubulin we investigated the co-purification o f
Arl3 with microtubules and tubulin from bovine brain. Arl3 co
purified with microtubules that had been purified by cycles of
polymerization and depolymerization (Fig. 6B), suggesting that
Arl3 is a microtubule-associated protein (MAP). Furthermore, a
Auction o f Arl3 also co-purified with tubulin dimers that had
been further purified by phosphocellulose chromatography,
suggesting a significant interaction between Arl3 and tubulin.
However, Arl3 could be biochemically resolved from tubulin by
passage over a MonoQ anion exchange column. Collectively,
these data show that Arl3 associates with tubulin and
microtubules in vitro and in vivo.

Arl3 localizes to the connecting cilium and microtubuie
structures in the human retina
Because human RP2 has been shown to interact with OTPbound Arl3 (11), immunofluorescent labelling o f Arl3 was
performed with anti-Arl3 antiserum on Vibratome sections o f
paraformaldehyde-fixed human retina. The Arl3 antibody
labelled cells throughout the retina (Fig. 5A, Arl3), but
file most intense staining was seen in the connecting cilium,
the myoid region o f the IS and in cone photoreceptors.
Moderate staining was observed in the OS and in the INL and
IPL. Arl3 co-localized with P-tubulin (Fig. 5A, Merge),
particularly in the outer retinal layers, suggesting that Arl3 is
localized to microtubuie structures in the retina. Further
evidence for the co-localization o f Arl3 with the connecting
cilium was provided by double labelling retinal sections with
anti-Arl3 and an antibody to acetylated a-tubulin (Fig, 5B),
To further investigate the intense Arl3 staining in cone
photoreceptors, the cone-specific 7G6 antiserum was used as a
marker (Fig. 5C). Arl3 intensely labelled 7G6 positive cells,
staining from the cone inner segment, along the inner fibre and
into the cone pedicle confirming localization o f Arl3 in cone
photoreceptors. No staining was detected in any layer o f the
retina when immunolabelling was performed using Arl3
pre-immune sera,
Arl3 is a microtubule-associated protein
As Arl3 appeared to be localized to microtubuie structures
within the retina, the association o f Arl3 with microtubules was investigated further by immunocytochemistry and
by biochemical association with microtubules in vitro.
Immunofluorescence analyses o f Arl3 and a-tubulin in HeLa

DISCUSSION
We have demonstrated that RP2 is localized to the plasma
membrane o f all cells in the adult human retina. This finding is
not unexpected as, although the primary pathology for retinitis
pigmentosa is thought to lie in the rod photoreceptors, RP2 is
ubiquitously expressed (1,4), In addition, in cultured cells, RP2
is targeted to the plasma membrane by a dual acylation m otif
for myristoylation and palmitoylation (4,25). This dual
acylation o f RP2 appears to mediate the targeting to the
plasma membrane in all flie cells o f die retina. The significance
o f the plasma membrane targeting o f RP2 had already been
suggested by studies that showed the disease-causing AS6
mutation in RP2 prevented dual acylation o f the protein and its
targeting to the membrane (4,5), The localization o f RP2 on the
plasma membrane o f photoreceptors and other cells in the
retina would, therefore, be expected. Three independent,
specific antibodies to RP2 under different fixation conditions
confirmed this staining pattern in the plasma membrane o f
photoreceptors and other cells in the retina.
No sorting o f RP2 to macro-domains o f the membrane within
the neuronal cells (e,g, axons or dendrites) o f the retina was
observed. In contrast to cultured cells, where RP2 is predo
minantly but not exclusively on the plasma membrane (4), only
weak RP2 cytoplasmic staining was observed and the nucleus
was negative in all the cells in the retina. This discrepancy is
likely to reflect differences in sensitivity o f immunolabelling
between cells and tissue, RP2 is a low-abundance protein in
tissues, while cells in culture express much higher levels o f the
protein (4,25), Therefore, it is probable that in retina it is only
possible to clearly detect the strongest signal, which is on the
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Figure 4, Double immunofluorescent confocal scanning microscopy of peripheral human retina using anti-cofactor C antibody and anti-P tubulin antiserum.
Cofactor C was found in both rod and cone photoreceptors. Intense staining was found in the region of the connecting cilium (cc). Scale bar is 10 pm.

plasma membrane. Thus, while RP2 may also be present
in the cytoplasm and other intracellular organelles at low levels,
it is not possible to resolve the localization of these
components.
There is a functional overlap in vitro between RP2 and its
homologue cofactor C (11): both proteins stimulate the GTPase
activity o f native tubulin in the presence of cofactor D, and both
proteins can complement for their putative yeast homologue
CIN2. The two proteins, however, are only similar over part of
their sequence and may not share full functional equivalence.
Cofactor C functions in the heterodimerization o f newly formed
tubulin subunits, whereas RP2 does not. Similarly, RP2 may
have functions that cannot be substituted by cofactor C. This
would appear to be the case as cofactor C is present in both rod
and cone photoreceptors and does not appear to be able to
compensate for the loss of RP2 function in patients.
Furthermore, when RP2 is absent from lymphoblastoid cells
cofactor C is not upregulated to compensate for the loss of RP2
function. Cofactor C is localized in the cytoplasm and the
connecting cilium of photoreceptors, in contrast to RP2 which
localizes to the plasma membrane.
Arl3-GTP interacts with RP2 in cell lysates and with in vitro
translated products (11). The localization o f Arl3 and RP2 in
the retina, however, is quite distinct. Arl3 behaves as a MAP,
decorating microtubule structures and was not observed on the
plasma membrane either in the retina or in cell culture. The
binding of Arl3 to RP2 is enhanced when RP2 is unmyristoylated (11). Therefore, Arl3 may not interact with acylated
RP2 on the plasma membrane in vivo but in another cellular
locale, possibly on or close to the microtubule network.

Arl3 is a member of the ADP-ribosylation factor (Arf)-like
family. A rf proteins are molecular switches that mediate
multiple steps in membrane traffic, amongst other cellular
functions. A rf proteins are characterized by N-myristoylation at
glycine 2 and this N-terminal acyl moiety is only accessible to
the membrane in the GTP bound state of the protein (26). It has
not been possible to myristoylate Arl3 in vitro but the structure
o f Arl3-GDP (27) suggests that, similar to A rf proteins, Arl3
w ill undergo a conformational transition upon GTP binding
that w ill expose an N-terminal a helix. I f Arl3 is myristoylated
in vivo, it is possible that RP2 would bind GTP-Arl3 on a
membrane. No guanine nucleotide exchange factor (GEF) for
Arl3 has been identified and the proportion o f Arl3 that exists in
the GTP-bound state is undetermined. Nevertheless, we did not
observe Arl3 on the plasma membrane under any conditions,
suggesting that the plasma membrane is not the site of the
interaction between RP2 and Arl3. Arl3 relocalized to the
nuclear envelope of HeLa cells following microtubule depoly
merization and a small proportion o f Arl3 was seen on the
nuclear envelope in some cells under normal growth conditions.
It was not possible to determine whether Arl3 was localized to
the nuclear envelope in photoreceptors at the resolution of light
microscopy. The significance of this nuclear envelope localiza
tion of Arl3 is unclear at present, but it w ill be important to
determine if this is a site for the interaction of RP2 and Arl3.
The identification o f an Arl3 GEF and the characterization of
the N-myristoylation state o f Arl3 w ill help clarify the role of
these modifications on the interaction with RP2.
Arl3 localized to microtubule structures within the retina,
particularly within cone photoreceptors. The connecting cilium

Human Molecular Genetics, 2002, Vol. 11, No. 24

3071

(iA
f

i Ai

Figure 5. Double immunofluorescent confocal scanning microscopy of peripheral human retina. (A) Arl3 co-localizes with P tubulin in the microtubule structures
of the retina. Intense staining was found in the region of the connecting cilium (cc). (B) Arl3 co-localizes with acetylated a tubulin in the connecting cilium in rod
and cone photoreceptors. (C) Intense labelling of Arl3 in the cone photoreceptors, labelled with 7G6 antiserum, extends to the pedicles in the outer plexiform layer
(OPL). Scale bar is 10 pm.

of rod and cone photoreceptors was strongly labelled and this
would suggest a role for Arl3 in the maintenance and function
of the photoreceptor cytoskeleton. These data, combined with
the ability of RP2 to act, with cofactor D, as a GTPase-

activating protein (GAP) for tubulin, indicate that RP2 is likely
to be involved in modulating the function of the cytoskeleton.
Photoreceptors have a specialized microtubule architecture
with several unique properties, most prominent of which is the
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connecting cilium. The connecting cilium is a key player in the
vectorial transport of proteins to the OS and mutations in
several connecting cilium-associated proteins have been shown
to cause retinal degeneration (28-30). The localization o f Arl3
to the connecting cilium suggests that this is another potential
site for an interaction with RP2, which could be important
for photoreceptor maintenance. In addition to binding RP2,
Arl3 interacts with PDE5 (31). RPGR, which is a major cause
o f RP (3), also interacts with PDEÔ (32). RPGR is targeted to
the connecting cilium by RPGRIP (29), suggesting that the
connecting cilium is a possible site for a convergence of
pathways involving RP2 and RPGR, perhaps involving
vectorial vesicular transport.
Alternatively, RP2 may interact with microtubules near the
plasma membrane of the OS in the incisures that are
characteristic of some photoreceptors (33). Rod photoreceptors
have a specific set of glutamic-acid-rich proteins (GARPs) that
are localized to these incisures and organize a dynamic protein
signalling complex on the plasma membrane near the disc rim
(34). As RP2 is associated with lipid rafts (Chappie et a l,
submitted), which are also rich in signalling components, it is
tempting to speculate that RP2 could link the cytoskeleton to
these signalling complexes and a functional deficit is only
observed in rods because the GARPs are rod-specific. The
localization of RP2 to the plasma membrane and its interacting
protein to microtubules further strengthens the hypothesis that
RP2 functions to link the membrane to the cytoskeleton either
through membrane traffic or cell signalling.

%

MATERIALS AND METHODS
Antibody generation
Rabbit polyclonal antiserum, hRP2-337-350, was raised against
peptide VDSFYNFADIQMGI, which corresponds to amino acid
residues 337-350 at the C-terminus o f human RP2, conjugated to
keyhole limpet haemocyanin (KLH; Genosys Biotechnologies
Ltd, Cambridge, UK). To confirm the specificity of immunolabelling, western blots on tissue and cell extracts were also probed
with no primary antibody, pre-immune serum and hRP2-337-350
preabsorbed with excess peptide as previously described (35).
Production and characterization of affinity-purified sheep
polyclonal RP2 antiserum S974, rabbit anti-Arl3 and rabbit
anti-cofactor C have been described previously (4,11).
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Figure 6. Arl3 is a MAP. (A) Subcellular localization of Arl3 in HeLa cells
using the affinity-purified anti-Arl3 antibody (a, c, e and g). The right hand
panels (b, d, f and h) shows the same cells labelled with anti-a tubulin, a
and b show the localization of Arl3 to microtubules in interphase; c and d
in mitosis; e and f show the localization of Arl3 in the perinuclear region after
incubation with nocodazole; g and h show the localization of Arl3 to micro
tubule bundles after incubation with taxol. (B) Arl3 co-purifies with microtu
bules ftom bovine brain. The blot is labelled as follows: crude microtubule
pellet purified from bovine brain (4pg; MT); tubulin dimer purified using a
phosphocellulose column (4pg; PC); PC tubulin further purified by anion
exchange chromatography (4pg; Q); and HeLa cell lysate (50 pg; HeLa).
Scale bar is 10 pm.

SDS-PAGE and western blotting
Human lymphoblastoid cell lines from RP2 patients with pre
mature truncation mutations and male controls were maintained
in suspension culture in RPMI 1640 Glutamax-I (Life
Technologies, Paisley, UK) supplemented with 10% fetal calf
serum (Sigma, Poole, UK). For western blot analysis the cells
were Dounce homogenized on ice in 20 mM Tris-HCl, pH 7.5,
500 mM NaCl, 12.5 mM KCl, 1mM EDTA, 1mM dithiothreitol,
containing a protease inhibitor cocktail and added to sample
buffer (100 mM Tris-HCl, pH 6.8, 2% glycerol, 1% SDS,
1% 2-P mercaptoethanol, 0.01% bromophenol blue, final
concentration). The concentration of protein in the homogenates was determined using the BCA protein assay (Pierce,
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Tattenhall, UK), to ensure even loading on the gels. Protein
samples were resolved on 12% SDS-polyacrylamide gels and
electroblotted onto nitrocellulose membrane (Schleicher and
Schuell, Dassel, Germany). Non-specific binding sites on the
nitrocellulose were blocked by incubation with 5% marvel, 1 x
phosphate-bufiered saline (PBS), 0.1% Tween-20, ovem i^t at
4°C. The blots were hybridized with affinity-purified sheep
anti-RP2 polyclonal antiserum S974 (1:1000), rabbit anti-Arl3
crude polyclonal antiserum (1:1000), rabbit anti-cofactor C
crude polyclonal antiserum (1:2000) or mouse anti-p tubulin
monoclonal antiserum (1:2000; Clone TUB2.1, Sigma) for
1h. Subsequently, the membranes were incubated with
peroxidase conjugated anti-sheep (Sigma), anti-rabbit (Pierce)
or anti-mouse (Sigma) antibodies for Ih . Immunoreactive
bands were visualized using enhanced chemiluminescence
(Amersham Pharmacia, Little Chalfont, UK).
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(Molecular Probes, Cambridge, UK) was used as a second
antiserum for RP2 staining. Primary antibodies were detected
with Cy3-conjugated donkey anti-rabbit (1:100), Cy2 conju
gated donkey anti-mouse (1:100) or Cy2-conjugated streptavidin (1:100; all Jackson Immunoresearch). A ll antibody
incubations were performed in blocking buffer overnight at
4°C, with extensive washes in PBS in between. Nuclei were
labelled with DAPI in the final PBS wash and sections were
mounted in mounting media containing 15mM sodium azide
(Dako, Ely, UK). To verify the specificity o f the immuno
staining, sections were also stained with no primary antiserum,
pre-immune serum, and hRP2-337-350 pre-absorbed with the
peptide epitope (20 pg/pl). In addition, rabbit primary antibodies
were incubated with mouse secondaries and vice versa to ensure
there was no cross-reactivity between antisera in the double
labelling procedures. Labelled retinal sections were visualized
with a Zeiss LSM 510 laser scanning confocal microscope.

Immunohistochemlstiy
Adult human retinae were fixed with 10% neutral-buffered
fonnahn within 2min o f enucleation. After at least 24 h o f
fixation, the samples were dehydrated with increasing concen
trations o f industrial methylated spirits (IMS), equilibrated in
xylene and embedded in paraffin wax. Cross-sections, 8 pm in
tMckness were floated out onto 20% methanol, expanded on
water preheated to 40°C and mounted onto electrostatically
charged glass slides (VWR International Ltd, Poole, UK). After
dewaxing successively in xylene, 100 and 95% IMS, the
samples were stained using the streptavidin-biotin method, as
described previously (36) using h^2-337-350 (1:100). To
verify the specificity o f the immunostaining, sections were also
stained w itli no primary antiserum, pre-immune serum, and
hRP2-337-350 preabsorbed with the peptide epitope (20 p,g/pl).
The immunolabelled retinal sections were visualized with an
Olympus BX50 light microscope using bright field optics.

Immunocytochemistry
HeLa cells were maintained in modified Eagle’s medium
supplemented with 10% fetal calf serum. For immunocyto
chemistry, cells were grown on coverslips and fixed in 4%
parafonnaldehyde in PBS followed by detergent permeabilization in 0.2% Triton X-100. Drug-treated cells were incubated
with 10 pM o f either taxol or nocodazole for 2h prior to
fixation. Affinity-purified anti-Arl3 antibody was used at a
dilution o f 1:20 and a monoclonal anti-a tubulin antibody
(Sigma clone B-5-1-2) was used at a dilution o f 1:2000. Cells
were subsequently incubated with FITC-conjugated anti-rabbit
and rhodainine-conjugated anti-mouse antibodies (Jackson
ImmunoResearch) at dilutions o f 1:50 for the detection of
Arl3 and tubulin respectively. Fluorescence images were
captured using a Zeiss Axiophot microscope.
Microtubule purification

Immunofluorescence labelling and
confocal scanning microscopy
Adult human retinae were fixed with 4% paraformaldehyde in
PBS pH 7.3, within 2 min o f enucleation for at least 2 h. After
thorough rinsing in PBS, the retina tissue was embedded in 5%
low melting point agarose and cut into 80 pm sections using a
Vibratome. Hie sections were blocked with 5% normal donkey
serum (Jackson Immunoresearch, Luton, UK) and 2% BSA
overnight at 4°C prior to antibody incubations. The hRP2337-350 antiserum (1:100), anti-Arl3 antiserum (1:200) and
anti-cofactor C antiserum (1:300) were used in double-labelling
experiments with other antisera. Rhodopsin-specific antiserum,
1D4 (1:200; National Cell Culture Center, USA), was used as a
marker for rod photoreceptor outer segments. Rod and cone
photoreceptor inner and outer segment extracellular matrix
oligosaccharides were detected using WGA (1:200; Vector
Laboratories, Burlingame, USA). Cone photoreceptors were
detected with the cone-specific antiserum, 7G6 (1:100; kindly
provided by Dr P. MacLeish, Morehouse School o f Medicine
Neuroscience Institute, USA). P-Tubulin was detected using
clone TUB2.1 antiserum (1:500; Sigma) and acetylated
a-tubulin was labelled using clone 6-1 lB-1 antiserum (1:400;
Sigma). Sheep anti-RP2 S974 directly conjugated to Alexa 488

A microtubule pellet was purified from bovine brain using
established protocols (37). Tubulin was further purified from
microtubule-associated proteins by passage th ro u ^ a phospho
cellulose column (38) and application to an anion exchange
column (MonoQ, Amersham Pharmacia), which was developed
with a linear gradient o f NaCl. To demonstrate the presence of
Arl3 in the tubulin samples, 4 pg o f each firaction and 50 pg o f
HeLa cell lysate were loaded on an SDS-polyacrylamide
gel and subjected to western blot analysis, hnmunolabelling
was detected using affinity-purified anti-Arl3 (1:20) and
a peroxidase-conjugated anti-rabbit secondary antibody
(Amersham Pharmacia). Immunoreactive bands were visualized
using enhanced chemiluminescence (Amersham Pharmacia).
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Delineation of the Plasma Membrane Targeting Domain
of the X Linked Retinitis Pigmentosa Protein RP2
J. Paul Chappie,^ Alison J. Hardcastle,^ Celene Grayson,^ Keith R. Willison,^ and
Michael E. Cheetham^
Purpose. The X-linked retinitis pigmentosa protein RP2 is pre

dominantly targeted to the plasma membrane. This study de
lineates the exact amino acid sequence requirements for tar
geting of RP2 through dual N-terminal acyl modification.
e t h o d s . Inhibition o f acyl modification w ith a palmitate ana
logue was used to confirm the mechanism o f intracellular
taigeting. Mutagenesis o f the first 15 residues in a synthetic
RP2-green fluorescent protein (GFP) chimera was used to
probe the precise requirements for plasma membrane target
ing in Chinese hamster ovary (CHO) cells by confocal micros
copy and subcellular fractionation.

M

e s u l t s . The N-terminal Met-Gly-Cys-X-Phe-Ser-Lys m otif of hu
man RP2 is necessary and sufficient for the protein’s plasma
membrane localization. This m otif includes the accepted con
sensus sequence for 7V-myristoyl transferase (NM T) and a site
for attachment of a palmitoyl moiety. An interesting feature of
the m otif is an essential phenylalanine at position 5. This is the
first report of the requirement o f a specific residue at position
5 w ithin the N-terminal acyl modification m otif for normal
intracellular targeting. Arginine at position 8 is not essential for
plasma membrane localization of the protein, but it improves
taigeting. The m otif is highly conserved and is found in all
vertebrate orthologues o f human RP2, except mouse. In
mouse, however, the Ser6Thr change is concordant w ith the
accepted NMT consensus sequence.

R

C o n c l u s io n s . Conserved residues mediate the intracellular tar
geting of RP2, further highlighting the potential significance of
the protein’s plasma membrane localization. The delineation of
this m otif identifies residues in which mutations disrupt the
dual acylation o f RP2 and almost certainly result in disease.
(Invest Opbtbcdmol Vis Sci. 2002;43:2015-2020)

etinitis pigmentosa (RP) is the most common form of
inherited blindness. The disorder is characterized by n i^ t
blindness and a loss of peripheral vision, which is followed by
a loss of central vision. X-linked RP (XLRP) is a severe form of
this retinal degeneration that accounts for 3% to 20% of all
familial cases.
Mutations in the RP2 gene have been shown
to account for between 15% and 20% of XLRP."* The ubiqui
tously expressed 350-amino-acid RP2 protein has similarity
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(30.4% identity over 151 amino acids) to the tubulin-specific
chaperone cofactor
Cofactor C functions in assembling native tubuiin het
erodimers w ith other cofactors (A -E). The release o f tubulin
from cofactor complexes occurs w ith the hydrolysis of
guanosine triphosphate (GTP) by the bound tubulin.^ Cofac
tors C, D, and E act together as a guanosine triphosphatase
(GTPase)-activating protein (GAP) for tubulin, .stimulating the
hydrolysis o f tubulin-GTP to tubulin-guanosine diphosphate
(GDP).^’® Pathogenic amino-acid substitutions in RP2, at resi
dues conserved w ith cofactor C, suggest a functional homology
between the proteins^’^ ‘ ®; however, the function of RP2 is
currently unknown.
W e have demonstrated that the RP2 protein has a predom
inantly plasma membrane localization and have identified sites
for myristoylation and palmitoylation.^ Lipid modifications are
an important mechanism for targeting proteins to cellular
membranes and can act as signals that sort proteins to domains
w ithin the plasma membranes of some cells. Myristate (myr)
is cotranslationally attached through an amide bond to die
N-terminal glycine residue o f the protein by an A^-myristoyl
transferase (N M T) after cleavage o f the initiating methionine.‘ ^~‘ ^ The consensus sequence for NMT protein substrates
is Met-Gly-X-X-X-Ser/Thr-, The glycine at position 2 is essential,
serine or threonine is preferred at position 6, and lysine or
arginine is preferred at position 7 and/or
Myristoylation
of the N-terminal glycine residue of a protein facilitates the
attachment o f the fatty acid palmitate through a thioester
linkage to adjacent cysteine residues, normally at position 3. It
has been suggested that proteins containing myr-Gly-Cys tran
siently interact w ith diverse intracellular membranes until they
are retained in the plasma membrane after palmitoylation by a
plasma membrane bound palmitoyl acyl transferase (PAT).‘ ^
For example, myristoylation o f N-acylated green fluorescent
protein (GFP) is sufficient to exclude it from the nucleus and
induce association w ith intracellular membranes, but plasma
membrane localization requires a second signal: either palmi
toylation or a polybasic d o m a in .T h e targeting of RP2 to the
plasma membrane appears to be dependent on dual acylation,
because glycine 2 is necessary for membrane association, and
cysteine 3 is necessary for plasma membrane localization.^
The pathogenic mutation AS6 in RP2^ ‘ ^ disrupts the acylmediated taigeting o f RP2 to the plasma membrane, su^esting
that membrane localization is essential for the protein’s func
tion in the retina.’ In this study, we delineated the precise
plasma membrane targeting requirements for RP2. These data
demonstrate that the cellular taigeting o f the protein is con
served, supporting the hypothesis that RP2 plasma membrane
localization is essential to its function in vertebrates.

M ethods
Treatm ent of Cells w ith 2-Bromopalmitate
The neuroblastoma cell line SH-SY5Y was maintained in Dulbecco’s
modified Eagle’s medium-F12 with 10% fetal calf serum. Cells were
seeded at 1 X 10^ cells/mL onto chamber slides. After 24 hours, cells
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been confirmed by the fractionation of a range of marker proteins.
Affinity-purified anti-RP2 was used at 1:500 and the anti-GFP (Clontech)
was used at the manufacturer’s recommended titer. Immune com
plexes were visualized by enhanced chemiluminescence detection.
R esu lts

Effects of 2-Bromopalmitate on RP2 Plasma
Membrane Localization
Æ-Bromopalmitat€t
Effects of 2-bromopaimitate on localization of RP2 in SHSY5Y cells. Confocal immunofluorescence of control cells and cells
treated with 50 /xM 2-bromopalmitate for 16 hours. Images are 50 fim^.

Figure 1.

were transferred to media containing 2.5% fetal calf serum, with or
without 50 /xM 2-bromopalmitate (Aldrich, Poole, UK). After a further
16 hours, cells were fixed in ice-cold methanol and processed for
immunofluorescence with affinity-purified antisera S974, as we have
described previously.’ Fluorescence was detected with a laser scan
ning confocal microscope (Carl Zeiss, Oberkochen, Germany).

Database Searching and Sequence Alignment
Using a combination of bioinformatic applications for data mining, the
predicted amino acid sequences corresponding to RP2 in a variety of
species were identified. NIX and FIX analysis identified RP2 ortho
logues (provided in the public domain by the Human Genome Map
ping Project Resource Center, Cambridge UK and available at http://
www.hgmp.mrc.ac.uk/) and Seqman 11 (DNAStar, Inc, Madison, Wl)
was used to construct a consensus cDNA sequence. Protein sequences
were then aligned using the Clustal algorithm with Megalign software
(DNAStar).

Construction of Plasmids
Full length RP2 cDNA was amplified by PCR from a human brain cDNA
library (Clontech, Palo Alto, CA) and cloned into the pGEM-T vector,
using oligonucleotide primers based on the untranslated region of the
mRNA. Restriction endonuclease recognition sites appropriate for sub
cloning were introduced by using modified primers for PCR from
pGEMT RP2 and were subsequently used to clone RP2 into the BamVlAgel site of pEGFP-Nl. Cloning into the BamYB-Age\ site of pEGFP-Nl
also generated the N-terminal amino acid RP2-GFP chimeras. Oligonu
cleotides with a BamYB site in the 5' end and an Agel site at the 3' end
were annealed, phosphorylated, and cloned into the GFP vector. This
strategy was also used to introduce mutations at the N terminus of RP2.

Confocal Microscopy and Subcellular
Fractionation of Cells Expressing
RP2-GFP Chimeras
Chinese hamster ovary (CHO) cells were maintained under the same
conditions as the SH-SY5Y cells. Transfections were performed 24
hours after seeding using a eukaryotic cell transformation agent (Lipofectamine Plus; Life Technologies, Paisley, UK) according to the man
ufacturer’s instructions. After a further 48 hours, cells were fixed with
3.7% (vol/vol) formaldehyde and fluorescence imaged as described for
the SH-SY5Y cells. For subcellular fractionation, cells were seeded into
T25 flasks before transfection. After 48 hours, cells were washed twice
and scraped into phosphate-buffered saline (PBS) containing a protease
inhibitor cocktail (Aldrich). Cells were then broken by passing them 16
times through a ball-bearing cell homogenizer with a clearance of 12
pm (HGM, Heidelberg, Germany). After cell breakage, homogenates
were centrifuged at 12,0(X)g for 20 minutes. Pellets were then resus
pended in PBS, and aliquots of pellet and supernatant prepared for
Western blot analysis. This procedure efficiently fractionates most of
the membranes into the pellet and cytosol into the supernatant, as has

The palmitate analogue 2-bromopalmitate has been reported to
block both the myristoylation and palmitoylation of proteins,
inhibiting membrane binding and correct cellular localiza
tion.^® Because our previous data had indicated that the mech
anism of RP2 membrane targeting is through dual acylation, we
investigated the effects of 2-bromopalmitate on the plasma
membrane localization of RP2. SH-SY5Y cells were cultured
w ith 2-bromoplamitate and the localization of RP2 observed by
immunofluorescent staining w ith 5974, followed by confocal
microscopy (Fig. 1). Cells treated w ith 2-bromopalmitate
showed redistribution of RP2 away from the plasma membrane
to intracellular organelles and the cytoplasm.

Sequence Alignment of RP2 Protein Orthologues
Because human RP2 is targeted to the plasma membrane
through dual acylation, we examined orthologues of the pro
tein for dual acylation motifs to assess the likely functional
importance of RP2 subcellular localization in a range of ani
mals. Several vertebrate RP2 orthologues were identified by
using a combination of bioinformatic applications. Sequence
alignments of the N-terminal domains of these proteins showed
that they all contain a putative dual N-acylation domain (Fig. 2).
All the RP2 orthologues contain a glycine residue at amino acid
position 2, which is the site of myristic acid attachment and a
cysteine at amino acid position 3, the site of palmitic acid
attachment. The preferred consensus sequence for NMT pro
tein substrates is a serine or threonine at position 6 and a lysine
or arginine at position 7 and/or 8. Human RP2 has a serine at
position 6, a lysine at position 7, and an arginine at position 8.
It is interesting that the mouse RP2 sequence has threonine at
position 6, whereas all the other proteins have a serine. The
mouse protein also differs at residue 4 where it has a cysteine,
whereas the other RP2 orthologues have a phenylalanine. The
phenylalanine residue at position 5 occurs in all the RP2 pro
teins, suggesting this may also represent an important residue
for the plasma membrane localization of RP2.

Subcellular Localization of RP2 N-Acylation
Domain Mutants
To delineate the precise amino acid sequence requirements for
RP2 plasma membrane targeting we examined the localization
of human RP2-GFP chimeric proteins containing full-length
RP2 and the N-terminal domain of the protein. We have dem
onstrated that the N-terminal 15 amino acids of RP2 are suffi
cient for plasma membrane localization.^ In this study, we
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The N terminus of the RP2 protein is conserved and con
tains sites for dual N-acylation (bold). The full-length predicted protein
sequence of RP2 from Homo sapiens (H.sap) and orthologues from
Mus musculus (M.mus), Galus gains (G.galus), Xenopus laevis
(X laev), and Danio rerio (D.rerio) were aligned. The N termini of the
aligned proteins is shown.
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Figure 3. RP2 wild-type and mutated sequences appended to the
amino terminus of GFP used in this study. Mutated residues are shown
in bold. Residues are numbered from the N-terminal methionine of RP2
1-15.

mutated all the residues w ithin this region, as shown in Figure
3, to elucidate the primary sequence requirements for RP2
targeting.
Wild-type and mutant RP2 constructs were cloned into the
GFP expression vector pEGFP-Nl, so that peptides were
tagged at the C terminus w ith GFP. CHO cells were transfected
w ith these constructs and analyzed by confocal fluorescence
microscopy. Consistent w ith our previous results using un
tagged protein,’ full-length, wild-type RP2-GFP localized pre

RP2-GFP

dominantly to the plasma membrane (Fig. 4A). The N-terminal
15 amino acids of wild-type protein also localized mainly to the
plasma membrane (Fig. 4A), demonstrating that this region of
the protein is sufficient for efficient targeting to the plasma
membrane. As expected, N-terminal RP2-GFP constructs con
taining mutations at residues where fatty acids are attached in
myristoylated and palmitoylated proteins (G2 and C3, respec
tively) did not localize to the plasma membrane (Fig. 4B). The
G2A and G2A/C3S mutant proteins localized throughout the
cell w ith strong staining in the nucleus. This staining pattern is
similar to that of GFP alone. The C3S mutant protein showed a
different localization pattern and appeared to be associated
w ith intracellular membranes. A cytoplasmic staining pattern
w ith a strong nuclear component was seen in cells expressing
N-terminal RP2-GFP proteins w ith F5A, S6A substitutions and
the clinically occurring AS6 mutations (Fig. 4B), suggesting
that these residues are essential for dual acylation of RP2.
W ithin the first six residues, F4 was the only amino acid at
which mutagenesis (F4A) appeared to have no effect on the
localization of RP2, suggesting that this is not an essential part
of the consensus sequence for plasma membrane targeting.
To test whether residues after the N-terminal six amino
acids of RP2 were required for plasma membrane taigeting,
chimeric proteins were generated in which residues between
7 and 15 were mutated to glycine (Fig. 3). The first six amino
acids of RP2 were not sufficient to localize the fusion protein
to the plasma membrane (Fig. 4 Q . However, the first seven
amino acids of RP2 were sufficient to localize the majority of

N-term RP2-GFP

B

C

G2A/C3S
Confocal localization of
N-terminal RP2-GFP chimeras in
CHO cells. (A) Full-length, wild-type
RP2-GFP and the N-terminal 15
amino acids of RP2 appended to GFP
(N-term RP2-GFP). (B) N-terminal 15amino-acid RP2-GFP chimeras con
taining G2A, C3S, G2A/C3S, F4A,
F5A, S6A, and AS6 mutations. The
localization of GFP alone is also
shown. (O RP2-GFP chimeras con
taining the first seven (1-7) and the
first six (1-6) amino acids of RP2
separated from GFP by a 10-glycine
linker and the first eight amino acids
of RP2 fused directly to GFP (1-8).
Forty-eight hours after transfection,
cells were formaldehyde fixed and
processed for confocal microscopy.
All images are 95 fim^.
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protein to the plasma membrane (Fig. 4Q , although there was
more cytoplasmic staining observed compared w ith the Nterminal 15-amino-acid construct (Fig. 4A). Previous reports
have suggested that when putatively acylated N-terminal se
quences are appended to GFP without a linker, plasma mem
brane localization can be p r e v e n t e d . A chimera of the first
eight amino acids of RP2 fused directly to GFP imexpectedly
also localized predominantly to the plasma membrane (Fig.
4Q .

Membrane Association of RP2 N-Acylation
Domain Mutants
To complement the morphologic data, we analyzed wild-type
and mutant RP2 partitioning by subcellular fractionation. CHO
cells were transiently transfected w ith RP2-GFP constructs.
After cell breakage and fractionation of cytosolic and membra
nous fractions by centrifugation, the presence of RP2-GFP
proteins in the supernatant and membrane-containing pellet
fractions were determined by Western blot analysis w ith RP2

Figure 5. Effects of mutagenesis
within the N-acylation domain of RP2
on membrane association. CHO cells
were transiently transfected with
RP2-GFP chimeras. (A) Western blot
analysis showing levels of full-length
wild-type RP2-GFP in total cell lysate
CD, supernatant (S) and pellet frac
tions Ô*). as detected by antisera
raised against RP2 and GFP. (B) West
ern blot showing the expression of
the N-terminal 15-amino-acid RP2GFP chimeras. Also shown is the
RP2-GFP chimeras containing the
first seven and first six amino acids of
RP2, the first eight amino acids of
RP2 fused directly to GFP, and GFP
alone, as detected by antisera raised
against RP2 and GFP. (Q Western
blot showing comparison of levels of
N-terminal 15-amino-acid RP2-GFP
chimeras in supernatant and pellet
fractions as detected by anti-RP2. (D)
Western blot showing comparison of
levels of RP2-GFP chimeras contain
ing the first seven and the first six
amino acids of RP2, the first eight
amino acids of RP2 fused directly to
GFP, and GFP alone in supernatant
and pellet fractions, as detected by
antisera raised against GFP.

and GFP antibodies. Consistent w ith our previous results using
untagged protein,’ full-length, wild-type RP2-GFP partitioned
to the pellet fraction (Fig. 5A). The presence of the C-terminal
GFP tag did not appear to affect detection of RP2 by affinitypurified sera (S974). The antisera also detected RP2-GFP chi
meric proteins containing just the N-terminal 15 amino acids of
RP2 (Fig. 5B). However, chimeric proteins consisting of the
first eight residues or less were not detected (Fig. 5B). This
suggests that residues 8 to 15 of RP2 contain an epitope for the
polyclonal antisera used in this study. All the RP2-GFP Nterminal mutant proteins were expressed efficiently by tran
siently transfected CHO cells, although protein levels were
variable (Fig. 5B). The N-terminal 15-amino-acid w ild type, C3S,
and F4A RP2-GFP proteins were more abundant in pellet than
supernatant fractions (Fig. 5C), suggesting that these proteins
are membrane associated. In contrast, the G2A, G2A/C3S, F5A,
S6A, and AS6 mutant proteins fractionated principally to the
supernatant (Fig. 5C), indicating they are not attached to cel
lular membranes. Chimeric protein containing the first seven
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amino acids o f RP2 was detected entirely in the pellet fraction
by using a GFP antibody, whereas the hrst six amino acids of
RP2 localized in both the pellet and supernatant fraction. This
suggests that the first six RP2 amino acids are not sufficient for
complete membrane association (Fig. 5D), when residue 7 is
mutated from a lysine to a glycine. The first eight amino acids
of RP2 coupled (Urectly to GFP separated in the pellet fraction
(Fig. 5D). GFP alone partitioned predominantly to the super
natant fraction, as would be expected o f a cytosolic protein
(Fig. 5D).

D iscussion
To provide further evidence that the plasma membrane target
ing of RP2 is dependent on dual N-terminal acylation of the
protein, we have demonstrated that RP2 localiâtion can be
disrupted by treatment w ith a palmitate analogue. 2-Bromopalmitate is an inhibitor of protein fatty acylation w ith some
specificity for palmitoylation.^® It has been reported to block
Fyn fatty acylation in general and palmitoylation in particular.^®
It has also been shown to inhibit the palmitoylation o f the
chemokine-HIV receptor CCR5.^^
Sequence alignment of RP2 orthologues from a range o f
vertebrate species showed that the dual-acyl modification do
main is highly conserved. This supports the hypothesis that the
plasma membrane localization o f the protein is probably nec
essary for its function in vertebrates. Thus, it is unlikely that
RP2 functions exclusively in tubulin folding. It may, however,
still interact w ith tubulin and/or microtubules and could pro
vide a link between membranes and the cytoskeleton, perhaps
as part o f the cellular protein traffic machinery or a signaling
cascade.^^ The recent identification o f adenosine diphosphate
(ADP) ribosylation factor (ABF>like proteins and src as inter
acting partners o f RP2 (a function that appears to be conserved
vtith cofactor C and D ) supports this hypothesis.^^
All the RP2 orthologues identified contained the NM T MetGly-X-X-X-Ser/Thr- consensus sequence. Additional residues
w ithin the N terminus of the protein were also conserved
between species. W e have previously shown the signal for
plasma membrane localization of RP2 is w ithin the N-terminal
15 amino acids of the protein.^ To pinpoint the amino acid
sequence o f RP2 responsible for its localization, w e mutated all
the N-terminal 15-amino-acid residues. These data confirm our
previous findings^ that glycine 2, where a myristoyl moiety
attaches, and cysteine 3, where a palmitoyl attaches, are essen
tial residues for the plasma membrane localization o f RP2.
The substitution F5A resulted in the unexpected finding
that RP2 localized throughout the cell. These data suggest that
phenylalanine 5 also represents an essential residue for the
plasma membrane targeting of RP2. Because RP2(F5A) is local
ized throughout the cell and does not appear to be associated
w ith internal membranes, as for the C3S mutation, it would
appear that the F5A mutation is disrupting myristoylation of
the protein and is not dependent on palmitoylation alone. This
is the first report suggesting a residue at position 5 of a myris
toylated protein is essential for NM T activity. This finding is
particulariy suipiising, because the F5A substitution represents
the exchange o f one residue w ith a nonpolar side chain for
another, also alanine at position 5 is found in several other
myristoylated proteins.^^'^^ However, because this residue is
conserved in all RP2 protein orthologues, it appears to be a
particular requirement o f the RP2 intracellular targeting motif.
The clinically occurring AS6 mutation changes the N-terminal
RP2 sequence to Met-Gly-Cys-Phe-Phe-Lys-Arg-Aig-. It has been
reported that the majority o f (70%), but not all, myristoylated
proteins have a serine or threonine at position 6.^^ Other
residues that have been reported at position 6 do not include
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lysine; however, myristoylated proteins have been reported
w ith alanine at position 6 }^ Our data show that RP2(S6A) does
not localize to the plasma membrane, therefore confirming
that serine/threonine at position 6 is essential for RP2 myris
toylation. The first seven amino acids of KP2 are sufficient to
target the majority o f the protein to the plasma membrane and
contain the reported NM T consensus sequence w ith the pre
ferred lysine at position
The arginine at position 8, which
has also been reported to be a NMT-preferred residue,^^ was
not essential for RP2 plasma membrane localization but in
creased the amount of RP2 that was targeted to the plasma
membrane.
It has been suggested that RP2 may not be targeted to the
plasma membrane in all cell types. A study using full length
RP2 tagged at the C terminus w ith GFP reported the protein
was targeted to the plasma membrane in HeLa cells, similar
to our previous observations.^ In two human fibroblast cell
lines and COS-7 cells, however, the protein was observed to be
predominantly in the cytoplasm. It was su^ested that such a
cell type- dependent plasma membrane taigeting o f RP2 could
be the result of specific trafficking factors in some types of
cell.^^ Because the acyl modification machinery is ubiquitously
expressed in human tissues, however, w e anticipate that RP2
would be acylated in most cell types and that this would lead
to its membrane association. Indeed, w e have observed the
efficient plasma membrane targeting o f RP2 in all the diverse
cell types w e have examined, including COS-7 tells (Chappie
JP, Cheetham ME, unpublished observations, 2001). The ob
served differences in membrane targeting could therefore re
flect differences in experimental conditions that may have
important implications for the regulation o f RP2 localization, as
opposed to cell-type differences in NMT or PAT. Future studies
o f the dynamics of RP2 membrane targeting and the definition
o f RP2 localization in cells in vivo, particularly in the retina, are
essential to better understanding o f the role o f the protein’s
membrane localization.
In conclusion, the N-terminal Met-Gly-Cys-X-Phe-Ser-Lys mo
tif o f RP2 was sufficient for efficient plasma membrane target
ing o f the protein. The identification of this m otif as solely
responsible for intracellular targeting of RP2 indicates that
noncovalent interactions w ith other membrane proteins are
not playing a role in intracellular localization. The m otif is
conserved in all the RP2 orthologues that have been identified,
except for mouse, where there is a threonine at position 6.
However, because the previously published consensus se
quence for NM T allows a threonine at position 6 it is highly
likely that mouse RP2 is also localized to the plasma mem
brane. Mutation of any of these residues is likely to disrupt the
dual acylation of RP2 and result in disease. The next challenge
w ill be to determine the function of RP2 on the plasma mem
brane o f retina-specific cell types and to study the functional
relationship w ith cofactor C.
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In vitro analysis of aminoglycoside therapy for the
Arg120stop nonsense mutation in RP2 patients
C Grayson, J P Chappie, K R Willison, A R Webster, A J Hardcastle, M E Cheetham
J M ed Genet 2002;39:62-67

linked retinitis pigmentosa (XLRP) is a heterogeneous
disease causing a severe form of retinal degeneration.
Patients typically present w ith night blindness and con
stricted visual fields within the first two decades of life owing
to peripheral photoreceptor degeneration. As the disease
progresses, impairment of central vision occurs resulting in
loss of visual acuity and complete functional blindness often
by the age of 40-50 years.' The gene that causes one form of
tMs disease, RP2, has recently been positionally cloned and
has been shown to account for between 15-20% of XLRP' The
RP2 gene consists of five exons encoding a polypeptide of 350
amino adds and is ubiquitously expressed. There are currently
few functional data available about this protein. One
functional clue is a similarity to cofactor C w ith the predicted
RP2 amino add sequence having 30.4% identity over 151
amino adds.' Cofactor C was initially thought to play a role in
the folding of P-tubulin,' * suggesting that RP2 could also be
involved in tubulin biogenesis. A recent study has shown,
however, that RP2 undergoes N-terminal acyl modification
and thus has a predominantly plasma membrane localisation
in cultured cells.’ For this reason it seems unlikely that RP2
functions exdusively in tubulin folding and its predse
function and any spedfic role in the retina are at present
unknown. Mutation screening in XLRP patients has identified
over 20 different pathogenic mutations in the RP2 gene,
induding missense, frameshift, insertion, and deletion
changes.' """ There are also three different identified nonsense
mutations causing a premature stop within the first two exons
of the gene.' ^
In this study, we have investigated a potential drug
mediated therapy to restore RP2 function in patients w ith
nonsense mutations, in particular the opal nonsense mutation
converting CGA (arginine 120) to TGA (termination codon) at
nudeotide position 358 in exon 2, which is present in a large
pedigree from Moorfields Eye Hospital.' The aminoglycoside
antibiotics, such as gentamidn, have been shown to suppress
premature stop codons both in transcription/translation reac
tions, cultured cells, and whole anim^s."^" This interesting
and potentially clinically benefidal phenomenon is believed to
be caused by aminoglycoside antibiotics interacting with
ribosomes during translation, reducing the usual stringency of
codon-anticodon pairing." " This sometimes results in the
insertion of alternative amino acids at the site of the internal
stop codon of the mutated gene, thus permitting the
ribosomes to continue reading through to the end of the gene
and make the full length polypeptide. It has been suggested,
therefore, that aminoglycoside antibiotics could be used to
treat almost any genetic disease caused by nonsense
mutations. As there are several large pedigrees of subjects with
this particular type of mutation in SP2, we have investigated
the therapeutic potential of aminoglycosides for the RP2
mutation Argl20stop as the first therapy for X linked retinitis
pigmentosa. This type of treatment would have several poten
tial advantages over a traditional gene replacement approach.
There is already a large amount of pharmacological data avail
able on the use of aminoglycoside antibiotics and the
approach requires httle information on the function or
expression profile of RP2, so this potential therapy could be
taken into the clinic relatively quickly.
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In this study, we investigated whether treatment w ith gentam idn could restore full length protein production in an in
vitro model. As RP2 appears to be ubiquitously expressed,' ’
we used human lymphoblastoid cells from affected males,
w ith the Argl20stop mutation, as a model to assess the effect
of gentamidn on RP2 protein expression. These cells harbour
the actual patient mutation in context, not engineered muta
tions constructed for the experiments which may not have
had the same significance for the treatment of our patient
group. Demonstration of effective stop codon read through in
this clinically relevant mutation would have promised a new
potential therapy for the clinic; however, our results suggest
that aminoglycoside therapy is not a practical treatment at
this stage for the Argl20stop nonsense mutation in RP2.

METHODS
Cell culture
Human lymphoblastoid cell fines corresponding to a large
Moorfields pedigree w ith the Argl20stop nonsense mutation
in RP2' and randomly selected control males were obtained
from the European Collection of Cell Cultures (ECACC, Salis
bury, UK). Cells were maintained in suspension culture in
RPMI 1640 Glutamax-I (life Technologies, Paisley, UK)
supplemented w ith 10% fetal bovine serum (Sigma, Poole,
UK) with media changes every two to three days. For
aminoglycoside antibiotic treatment, cells were cultured for 12
hours, tke e days, and 10 days in the presence of 0-500 pg/ml
gentamidn (Sigma), with media changes, where appropriate,
every three days.

Transfections and dual luclferase reporter assay
Chinese hamster ovary cells were maintained in Dulbecco's
modified Eagle's medium/F12 supplemented w ith 10% fetal
bovine serum. Transfections were performed using lipofectamine reagents (Life ’fechnologies). The reporter plasmid
p2luc constructs were a gift from Professor Johin Atkins (Uni
versity of Utah). Briefly, 1 x 10’ Chinese hamster ovary cells
were plated on to 12 well plates and grown for 48 hours. Cells
were transfected w ith 300 ng of plasmid DNA for 15 hours in
serum free media. Fresh media containing serum and varying
levels of gentamidn were added for 24 hours before being
assayed. Cells were lysed and luclferase activity was deter
mined using the dual ludferase reporter assay (Promega,
Southampton, UK) according to the manufacturer's protocols.
Stop codon readthrough was calculated by comparing the
ratio of firefly to renfila luclferase activity in cells transfected
w ith p21uc stop codon constructs, relative to the ratio of ludferase activity in cells transfected w ith p21uc control
constructs.*’ '*

Preparation of cell lysates
Lymphoblastoid cells were Dounce homogenised on ice in 20
mmol/1 Tris-HCL, pH 7.5,500 mmol/1 NaCl, 12.5 mmol/1 KCl, 1
mmol/1 EDTA, 1 mmol/1 dithiothreitol containing a protease
inhibitor cocktail ( Sigma). The concentration of protein in the
homogenates was determined using the Bio-Rad (Hemel
Hempstead, UK) DC assay, following manufacturer's proto
cols.

63

Letters

Immunoblotting
The cell lysates were prepared for electrophoresis by the addi
tion of sample buffer (100 mmol/1 Tris-HCl, pH 6.8, 2%
glycerol, 0.4% SDS, 1% 2-P mercaptoethanol, 0.01%
bromophenol blue, final concentration) and heating to 96°C
for five minutes. A total of 50 pg or 100 pg of total protein were
loaded on a 12% SDS-polyacrylamide gel and after electro
phoresis were electroblotted onto nitrocellulose membrane
(Schleicher and Schuell, Dassel, Germany). Non-specific
binding sites on the nitrocellulose were blocked by incubation
with 5% marvel, 1 x PBS, 0.05% TVveen 20 overnight at 4°C. The
blots were hybridised with sheep polyclonal antisera S974,
raised against full length recombinant His tagged RP2, and
affinity purified’ at a titre of 1:1000 for one hour at room tem
perature. Anti-sheep polyclonal secondary antibody conju
gated to peroxidase (Sigma) was used at a titre of 1:2000.
Immunoreactive bands were visualised using enhanced
chemiluminescence (Amersham Pharmacia, Little Chalfont,
UK). Standards containing known amounts of the recom
binant His tagged RP2 were included to ensure sufficient
minimum detection levels of protein. The immunoreactive
bands were quantified and compared using imaging software
(Kodak Digital Science™ ID image analysis software, East
man Kodak Company, Rochester, NY).

RT-PCR
RNA was extracted from patient and control lymphoblastoid
cells using the RNeasy kit from Qiagen (Crawley, UK) follow
ing the manufacturer's protocols. RT-PCR was performed
using the reverse transcription system from Promega (South
ampton, UK) to obtain the first strand cDNA using oligo(dT)
primers as per the manufacturer's protocol. PCR was
performed using exonic primers RP2-5 (GCGGATCCGCCATGGGCTGCTTCTTCTCCAAGAG) and RP2-1-199 (GGATCCTCTAGATCAAACATAGTCCTGAACCACAGC ). The following
conditions were used: 94°C for five minutes, then 40 cycles of
94°C for 30 seconds, 60°C for 30 seconds, 72°C for one minute,
then a final extension of 72°C for five minutes.

Confocal microscopy of cells
Lymphoblastoid cells from RP2 patients and male controls
were washed with PBS and trypsinised to reduce clumping of
the cells. After further PBS washes, the cells were fixed in 3.7%
formaldehyde followed by detergent permeabUisation in
0.05% Triton X-100. Non-specific binding sites were blocked
by incubation with 3% bovine serum albumin, 10% normal
rabbit serum, and PBS for one hour at room temperature.
Affinity purified S974 was used at a titre of 1:250 for one hour
at 20°C. Cy™3 conjugated anti-sheep secondary antibody
(Jackson ImmunoResearch, West Grove, USA) was used at a
titre of 1:150 for one hour at 20°C. The stained lymphoblastoid
cells were fixed to glass slides by cytospin centrifugation and
analysed using a Zeiss laser scanning confocal microscope.

RESULTS
RP2 expression in control and patient lymphoblastoid
cells
The expression of RP2 was investigated in lymphoblastoid
cells from an unaffected control male and compared with RP2
expression in human SH-SY5Y neuroblastoma cells and
human retina by western blotting using antisera S974, as pre
viously characterised’ (fig 1). The predicted molecular weight
of the 350 amino acid RP2 is 39.6 kDa. A band of
approximately this size was observed in all of the samples. The
expression levels of RP2 in the lymphoblastoid cells were
much higher than in human retina but lower than in the
SH-SY5Y cells; these differences agree with previously
estimated RP2 expression levels in human retina and
SH-SY5Y cells.’ Interestingly, sera S974 appeared to cross react
with another protein of 68 kDa that was present only in the
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Figure 1 Detection of RP2 in control mole lymphoblastoid cells (50
pg) compared with SH-SY5Y cells (50 pg) and human retina (50 pg).
Ten ng of 9 X histidine tagged recombinant RP2 was loaded as a
standard. Western blotting was performed with affinity purified
polyclonal antisera S974.' The positions of molecular weight mark
ers are indicated by arrows on the right.

human lymphoblastoid cells and not in retina, SH-SY5Y cells,
or any other tissues examined. The reactivity of S974 with this
68 kDa protein and RP2 could be removed by blocking S974
with 100 fig of recombinant RP2 protein during the antibody
incubations (data not shown), suggesting that this lympho
blastoid protein may share epitopes with RP2.
RP2 mRNA expression in the lymphoblastoid cells from
males affected with the Argl20stop mutation and cells from
control males was also investigated. A full length RP2
transcript was detected in both the male patient and the con
trol male lymphoblastoid cells (data not shown). The expres
sion levels of RP2 mRNA, however, were greatly reduced in the
male patient cells compared to the male control cells, suggest
ing that RP2 containing the ArgI20stop mutation may
undergo nonsense mediated decay.“
RP2 protein expression in males affected with the
ArgI20stop mutation and control males was investigated in
lymphoblastoid cells (fig 2A). The expression levels of RP2
protein were compared between the cells from five male RP2
patients and five control males. A band of the predicted size for
RP2 was observed consistently in all of the control cells, but no
band of the expected size for full length RP2 or the predicted
119 amino acid truncated protein product was detectable in
any of the patient cells. We have recently shown that sera S974
is immunoreactive with the first 15 amino acids of RP2 (data
not shown), indicating that any truncated protein produced is
rapidly degraded. The immunoreactive band corresponding to
the 68 kDa protein was observed in both the patient and the
control lymphoblastoid cells, suggesting that, although the
protein may share epitopes with RP2, it does not correspond to
a post-translational modification of RP2 and is not a product
of the RP2 gene (fig 2B). Although the basis for the cross reac
tivity between S974 and this 68 kDa protein remains to be
resolved, it did provide a useful internal loading and transfer
control for the western blot assays.

Determining the minimum detection levels of RP2
It was necessary to determine the minimum detection level of
the RP2 protein before analysing the effects of aminoglycoside
therapy on RP2 expression. From comparison to recombinant
RP2 standards, we estimate that RP2 protein represents
approximately 0.085% of the total protein in lymphoblastoid
cells. This figure is higher than in other human tissues where
RP2 protein has been estimated to represent approximately
0.01% of the total protein.’ A standard curve of recombinant
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Figure 2 (A) Expression of RP2 in lymphobiostoid cells from RP2 potients witfi the Argl 20stop mutotion (50 pg) ond control moles (50 pg).
(B) Minimum detection levels of RP2. Control lymphobiostoid cell lysotes were mixed with RP2 potient lymphobiostoid cell lysotes in o voriety of
rotios. The percentoges of control cell Ivsote loaded into eoch lone were 100, 50, 25, 10, 5, 1, 0.5, 0.1, ond 0 %; 100 pg of totol protein
wos loaded into eooi lone. Western blotting wos performed with affinity purified polyclonol antisero S974.’

His tagged RP2 protein of known concentration was used for
immunoblotting (data not shown). Using our methodology,
we could easily detect below 0.5 ng of recombinant RP2, or
approximately 0.4% of the total RP2 expressed in control
lymphoblastoid cells. This detection lim it was confirmed by
mixing RP2 patient lymphoblastoid cell lysates and control
lymphoblastoid cell lysates in different fixed ratios and
loading the same amount of total protein into each well. This
confirmed that the western assay could detect at least 0.5% of
control RP2 levels (fig 2B).

Subcellular localisation of RP2
The subcellular localisation of RP2 in lymphoblastoid cells
from control males and RP2 Argl20stop patients was investi
gated by immunofluorescent staining and confocal micros
copy. RP2 protein localisation in the lymphoblastoid cells from
control males was predominantly on the plasma membrane of
the cells (fig 3A). The intensity of plasma membrane staining
was variable within each individual cell and also between
cells. This observation is in agreement with recently published
data on the subcellular localisation of RP2 in other cultured
cell types.* In addition to the plasma membrane staining, a
diffuse stain was also observed throughout the cells but at a
much lower intensity. The plasma membrane staining was not
seen in lymphoblastoid ceUs from patients (fig 3B). The stain
ing pattern in the cells from the patients was much more dif
fuse and did not appear to have a specific subcellular localisa
tion. A similar staining pattern was seen in lymphoblastoid
cells from the control males and RP2 patients probed with the
Cy™3 conjugated anti-sheep antibody alone, without a previ
ous S974 primary antibody incubation (fig 3C, D). Cross reac
tivity with human tissues appears to be a problem in many
commercially available anti-sheep antibodies. Therefore, the
diffuse intracellular staining pattern may in some part corres
pond to cross reactivity between the human lymphoblastoid
cells and the secondary antibody and the reactivity between
S974 and the 68 kDa protein.

Gentamidn treatment of cells
lb determine whether gentamicin could lead to suppression of
the premature stop codon in RP2 patients, lymphoblastoid
cells from male patients with the ArgI20stop mutation were
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cultured in the presence of various gentamicin doses ranging
from 0-500 pg/ml for 12 hours, three days, and 10 days. At
doses above 500 pg/ml, significant cytotoxicity was observed
within the 12 hour period. Even with sensitive, calibrated
western blots with detection levels down to below 0.4% of
control RP2 levels, we could not detect any increase in full
length or truncated RP2 protein expression in these cells after
treatment with gentamicin at all of the tested doses and time
points (fig 4).
The efficacy of the gentamicin used in this study was
confirmed using a dual luclferase reporter system, which uses
firefly and renilla luclferase coding sequences separated by
stop codons or control codons in different sequence
contexts." " We examined the effect of gentamicin on two
constructs encoding the opal stop codon UGA. We compared
the intervening sequence that contained the sequence UGAG,
the stop codon context in the RP2 Argl20stop mutation, with
the intervening sequence UGAG, the opal stop codon context
found to achieve the greatest levels of aminoglycoside induced
readthrough." Using the same methodology used in these
earlier studies, we achieved gentamicin induced stop codon
read through of between 1.5% and 5% for the sequence UGAG,
similar to readthrough levels achieved in previous studies,
using gentamicin at concentrations of up to 500 pg/ml. How
ever, the base immediately after the stop codon had a
profound effect on the efficiency of gentamicin induced trans
lation. By substituting the cytosine base for a guanine base, as
found in the Argl20stop mutation, readthrough levels were
reduced by over 75%.

DISCUSSION
Aminoglycoside antibiotics have been shown to suppress non
sense mutations both in vitro and in vivo.‘“ “The primary aim
of this study was to investigate whether this phenomenon
could be used as a potential treatment for RP2 patients with
the Argl20stop nonsense mutation.^ We have shown that, at
present, aminoglycoside antibiotic therapy does not appear to
be a viable therapy for RP2 patients with this mutation. No
RP2 protein could be detected in cells from affected males
treated with a wide range of doses and treatment time points
of the aminoglycoside antibiotic, gentamicin.
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Contro RP2

Patient RP2

Control RP2-No 1

Patient RP2-No 1

Figure 3 Subcellular localisation of RP2 in lymphoblastoid cells. Confocal immunofluorescence showing localisation of RP2 in control male
lymphoblastoid cells (A) and in RP2 patient lympnoblastoid cells (B). Control staining with the Cy™3 labelled anti-sheep antibody alone in the
control mole and patient lymphoblastoid cells are shown in (C) and (D) respectively. Arrows hignlight plasma membrane staining. All images
are 72 pm x 72 pm.

12 hours
50 100 200 300 400 500 C

3 days

10 days

50 100 200 300 400 500

0 50 100 200 300 400 500 C

Figure 4 Gentamicin treatment of cells. Representative western blot showing RP2 expression in lymphoblastoid cells of five RP2 patients with
the Argl 20stop mutation. The patient cells were treated with gentamicin at the three different time points shown. The concentrations of
gentamicin used to treat the cells were 0, 50, 100, 200, 300, 400, and 5 0 0 pg/ml. Control RP2 expression in lymphoblastoid cells (C) from a
control mole is also shown; 100 pg of total protein was loaded into each lane. No RP2 expression could be detected in the patient cells at any
exposure; recombinant standards (not shown) were loaded to ensure sensitivity of RP2 detection of less than 0.4% of RP2 in control cells.

Studies on the cystic fibrosis transmembrane conductance
regulator (CFTR) suggested that full length CFTR protein pro
duction in transfected HeLa cells and bronchial epithelial cells
expressing an opal (UGA) nonsense mutation could be
restored to levels of 20-35% of that in wild type cells after
treatment with aminoglycoside antibiotics at doses of 100-200
/ig/ml.‘^” Furthermore, the CFTR produced appeared to be
functional by investigating cyclic AMP-activated chloride
channel activity in the cells. Similar observations were made

in an in vivo model for Ducherme muscular dystrophy, the mdx
mouse,'" where, before aminoglycoside antibiotic treatment,
muscle expressed no full length dystrophin protein. After
treatment with gentamicin, however, dystrophin levels were
detectable at up to 10-20% of that in muscle of control mice
expressing the wild type dystrophin protein, and the mice dis
played a significant degree of protection against contractile
induced damage, suggesting some functional recovery. Recent
studies, however, have brought into question the accuracy of
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these high levels of protein restoration and suggest that the
true level of readthrough may be much lower, possibly less
than 5%, while highlighting the importance of the context of
the stop mutation." ” This lower level of protein restoration
may still have clinical applications. A study of premature stop
codons in the Hurler syndrome gene, IDUA, has suggested that
restoration of activity to 3%, mediated by readthrough, may be
sufficient to mediate some cellular recovery." In our study,
however, we observed no restoration of full length RP2 protein
production to less than 0.5% by western blotting in our opal
mutation cell lines on gentamicin treatment at the doses and
times that have been shown to be effective in these paradigms.
As the fimction of RP2 is unknown at present, it was not pos
sible to investigate the restoration of any function in the cells
or to know what levels of RP2 expression would be necessary
for some fimction to be restored. Once the function of RP2 has
been elucidated, a more sensitive assay may be used to test the
effectiveness of aminoglycoside antibiotic treatment for the
ArgI20stop nonsense mutation.
The data in this study have shown a clear difference in RP2
subcellular localisation between the RP2 patient and control
lymphoblastoid cells and this could have been used to
determine if any full length protein produced was correctly
targeted. However, owing to the background cross reactivity of
the secondary antibody and the potential problems caused by
the cross reacting 68 kDa protein, immunoblotting repre
sented a more sensitive detection method for RP2. By immu
noblotting we were able to detect full length protein down to
levels of less than 0.4% of wild type protein.
Although the potential use of aminoglycoside therapy for
nonsense mutations is very attractive, our observations that
full length protein production was not restored in cells w ith
the Argl20stop nonsense mutation show that there may be
severe limitations to their application. A major consideration
is that mRNAs w ith premature stop codons may be subject to
their own quality control via nonsense mediated decay
(NM D )." We have observed that although the patient cell lines
do express the RP2 mRNA, it appears to be present at much
lower levels in the patient cells than in controls. This level of
RNA surveillance reduces the amount of mutant mRNA avail
able for translation and readthrough assistance from the
aminoglycoside. Furthermore, the type of nonsense mutation
and composition of the RNA sequence flanking the stop codon
may also have a major effect on the efficiency of aminoglyco
side mediated readüurough." " " " " " Although the opal pre
mature stop mutation, UGA, which was investigated in our
study, appears to show greatest translational readthrough, the
nucleotide in the position immediately downstream from the
stop codon appears to be a major modifier (in the order O U
> A > G )." " The presence of a G immediately after the stop
codon, as in the Argl20stop patients, reduced readthrough
levels by up to 75%. On the basis of the type of mutation and
its immediate context, it could be predicted that readthrough
of up to 3% could occur in our model." However, the effects of
other context characteristics in the mRNA on readthrough are
unknown, such that the combination of mutation context and
the lower levels of RP2 mRNA caused by NMD result in levels
of readthrough below the sensitivity of our western assay.
It should also be noted than in the in vivo model of mdx, not
all animals w ith the same nonsense mutation responded to
the gentamicin treatment." This raises the possibility that
even if the "context" of the mutation is conducive for the
aminoglycoside treatment to be effective, other factors may
modulate the beneficial effect of the drug. As variation w ithin
different people may be important, we investigated the effect
of gentamicin on the Argl20stop mutation covering all of the
previously tested doses and time points in lymphoblastoid
cells from five male RP2 patients. It should be noted that doses
of gentamicin higher than 500 pg/ml were not used in this
study as there was evident toxicity to the lymphoblastoid cells
at 500 pg/ml and higher doses. It is possible, however, that the
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lymphoblastoid cells have cell line specific differences in RP2
expression, NMD, and aminoglycoside mediated readthrough
distinct from retina. Nevertheless, it must be taken into
consideration that these patient derived cell lines possess the
stop mutation w ithin the actual context of the RP2 gene and
w ithin the context of the patients' genetic background. There
fore, they represent a much better in vitro model system in
which to study these compounds' therapeutic potential than
cell free transcription/translation or transfection of standard
cell fines.
Even if aminoglycoside therapy had proven to be a potential
treatment for RP2 patients, it would still have been important
to consider their possible toxicity. Barton-Davies et a/" have
suggested that administration of gentamicin below the maxi
mum recommended human dosage (for antibiotic use) could
prove effective in restoring protein function. There are,
however, no data available on the consequences of the long
term use of this drug, particularly at the high doses that may
be required for effective readthrough therapy. Retinal toxicity
of gentamidn should also be given careful consideration
before any treatment of patients w ith ocular disease. The toxidty of gentamicin in the retina is well documented, the
majority of cases being reported after its prophylactic use in
vitrectomy or routine ocular surgery, at doses considered to be
safe." There is also evidence of gentamidn toxidty in primates
after intravitreous injection, leading to damage w ithin the
inner retinal layers." Aminoglycoside antibiotics cause full
length polypeptides to be made as they interfere w ith the usu
ally stringent codon-anticodon pairing during translation,
causing alternative amino adds to be inserted in the place of
the premature stop codon. This means that as well as inserting
the correct amino add to produce functional full length
protein, it may also introduce erroneous insertions of other
inconect amino adds leading to the possible production of
aberrant proteins w ith unknown toxidty. Such proteins may
not fold correctly and form aggregates, or may exhibit gain of
function effects.
Another possible treatment for diseases caused by prema
ture stop mutations could be the use of suppressor tRNA gene
therapy,” as opposed to conventional gene replacement
therapy. This is enabled by engineering mutant tRNAs that
can read premature stop codons as sense codons and hence
restore full length polypeptide production." This may repre
sent a more focused approach to the treatment of diseases
caused by nonsense mutations, but may be unsuitable for the
treatment of RP2 at present. As the function and localisation
of the protein are at present unknown, it would be difficult to
direct this treatment towards the necessary spedfic target cell,
and similar problems of erroneous protein production would
need to be considered as a possible side effect. However, as
more information becomes available about the function of
RP2, this may be a viable therapy, as there are a large number
of patients w ith nonsense mutations in RP2.
An extremely useful finding of this study is that it should be
possible to use immunoblotting or immunocytochemistry as a
diagnostic test for mutations in RP2. As the majority of RP2
mutations are protein truncating, most patient mutations
could be detected by using immunoblotting for the presence of
full length protein. Alternatively, immunocytochemistry could
be used to detect mutations that also affect correct protein
targeting.’ Immunoblotting and/or immunocytochemistry
with a suitable antibody, such as the sheep sera S974, as a pri
mary screen would be relatively inexpensive and less time
consuming than sequencing the whole of the RP2 and/or the
phenotypically indistinguishable RP3 gene for every potential
XLRP patient. The RP2 protein appears to be ubiquitously
expressed^ ’ and we were able to show that protein truncations
can be detected in lymphoblastoid cells. Therefore, a diagnos
tic test could be carried out using lymphocytes from blood
samples that would usually be taken for DNA analysis.
Choroideremia, another X finked retmal dystrophy, already
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Key points

• The clinical potential of using aminoglycoside antibiot
ics to suppress premature stop mutations has been
heightened by recent results showing their effectiveness
both in vitro and in vivo. The purpose of this study was
to determine whether aminoglycoside therapy could be
a viable treatment for X linked retinitis pigmentosa
patients with the Argl 20stop nonsense mutation in RP2.
• The expression of RP2 mRNA and protein in
Argl20stop patient lymphoblastoid cells were com
pared to control cells from unaffected males. Lympho
blastoid cells from mole patients with this mutation were
treated with a range of gentamicin doses in on in vitro
system and expression levels of RP2 protein were com
pared to those in control lymphoblastoid cells from
moles unaffected by RP2 mutations using immunoblot
ting. Differences in expression levels of RP2 were deter
mined by densitometry. RP2 mRNA was detectable in
both patients and controls, although expression levels
were reduced in the patient cells. The RP2 protein was
only detectable in control lymphoblastoid cells and not
in patient cells by both western blotting and immunocy
tochemistry. When cells containing the premature stop
mutation were treated with gentamicin, under o wide
range of conditions, no induced expression of full length
RP2 protein could be detected down to 0.4% of control
levels.
• Aminoglycoside antibiotic therapy does not appear to
be 0 viable treatment for RP2 patients with the
Argl20stop nonsense mutation at the present time. The
use of immunoblotting or immunocytochemistry of
peripheral blood cells could, however, be a useful tool
for the rapid diagnosis of new patients with protein
truncating or targeting defect mutations in RP2.

has a protein based diagnostic test” and, as more genes are
cloned, many other diseases may be diagnosed using this type
of method.
This study has shown that, unfortunately, aminoglycoside
therapy does not appear to be a viable treatment for
Argl20stop RP2 patients at this time. We propose, however,
that immunoblotting or immunocytochemistry for RP2 may
be a potentially useful diagnostic tool. As more becomes
known about the function of RP2, and more specifically its
fimction in the retina, more potential therapies may be inves
tigated.

ACKNOWLEDGEMENTS
Wfe thank Professor John Atkins for providing the p21uc vector
constructs. This work was supported by The Wellcome Trust and Fight
For Sight. CG is a Fight Fbr Sight Prize Student.

Authors' affiliations
C Grayson, J P Chappie, M E Cheetham, Department of Pathology,
Institute of Ophthalmology, UCL, London, UK
K R Willison, Institute off C(
Cancer Research, Chester Beatty Laboratories,
London, UK
A R Webster, A J Hardcastle, Department of Molecular Genetics,
Institute of Ophthalmology, UCL, London, UK
Correspondence to: Dr M Cheetham, Department of Pathology, Institute
of Ophthalmology, UCL, 1143 Bath Street, London EC! V 9EL, UK;
michael.cheetham@ucl.ac.uk

REFERENCES
1 Bird AC. X-linked retinitis pigmentosa. BrJ Ophthalmol
1975;59:177-99.

67
2 Schwahn U, Lenzner S, Dong J, Feil S, Hinzmann B, von Duijnhoven G,
Kirschner R, Hemberger M, Bergen AA, Rosenberg T, Pinchers AJ,
Fundele R, Rosenthal A, Cremers FP, Ropers HH, Berger W. Positional
cloning of the gene For X-linked retinitis pigmentosa 2. Not Genet
1998,19:327-32.
3 Tian G, Huong Y, Rommeloere H, VondekerckhoveJ, Ampe C, Cowon
Ml. Pothwoy leoding to correctly folded betotubulin. Cell
1996;86:287-96.
4 Tian G, Lewis SA, Feierboch B, Steoms I, Rommeloere H, Ampe C,
Cowon NU. Tubulin subunits exist in on octivoted conformotionol state
generoted ond mointoined by protein cofoctors. J Cell Biol
1997;138:821-32.
5 Chappie JP, Hordcostle Al, Groyson C, Spockmon LA, Willison KR,
Cheethom ME. Mutotions in the tO-terminus of the X-linked retinitis
pigmentoso protein RP2 interfere with the normal torgeting of the protein
to the plosmo membrane. Hum Mol Genet 2000;9:1919-26.
6 Mears AJ, Gieser L, Yon D, Chen C, Fohmer S, Hiriyonno 5, Fujito R,
Jocobson SG, Sieving PA, Sworoop A. Protein-truncotion mutations in the
RP2 gene in o North Americon cohort of families with X-linked retinitis
pigmentosa. Am J Hum Genet 1999;64:897-900.
7 Hardcastle AJ, Thiselton DL, Von Maldergem L, Soho BK, Joy M, Plont
C, Toylor R, Bird AC, Bhottochoryo S. Mutotions in the RP2 gene couse
diseose in 10% of families with X-linked retinitis pigmentosa ossessed in
this study. Am J Hum Gerrot 1999;64:1210-15.
8 Rosenberg T, Schwohn U, Feil S, Berger W. Genotype-phenotype
correlation in X-linked retinitis pigmentoso 2 (RP2). Ophtnal Genet
1999;20:161-72.
9 Wodo Y, Nokozowo M, Abe T, Tomoi M. A new Leu253Arg mutotion in
0 Joponese fomily with X-linked retinitis pigmentoso. Invest Ophthalmol
Vrs Set 2000;41:290-3.
10 Thiselton DL, Zito I, Plont C, joy M, Hodgson SV, Bird AC,
Bhottochoryo SS, Hordcostle Al. Novel fromeshift mutotions in the RP2
gene ond polymorphic vorionts. Hum Mutat (Online) 2000;15:580.
11 Vigo I, Testo F, Miono MG, Conte I, Cennomo G, D'Urso M, Ayuso C,
Broncoto R, Simonelli F, Ciccodicolo A. Novel RP2 mutotions in
Europeon families with X-linked retinitis pigmentoso (XLRP). (ARVO
poster.) Invest Ophéalmol Vis Sci 2000;41 :B372. Poster No 997.
12 Singh A, Ursic D, Dovies J. Phenotypic suppression ond misreoding in
Soccharomyces cerevisiae. Nature 1979;277:146-8.
13 Palmer E, Wilhelm JM, Shermon F. Phenotypic suppression of nonsense
mutants in yeost by ominoglycoside ontibiotics. Nature
1979;277:148-50.
14 Howard M, Frizzell RA, Bedwell DM. Aminoglycoside ontibiotics restore
CFTR function by overcoming premoture stop mutotions. Nat Med
1996;2:467-9.
15 Bedwell DM, Koenjok A, Benos DJ, Bebok Z, Bubien JK, Hong j,
Tousson A, CloncyJP, Sorscher El. Suppression of o CFTR premoture stop
mutotion in o bronchiol epitheliol cell line. Not Med 1997;3:12805.
16 Borton-Davis ER, Cordier L, Shoturmo Dl, Lelond SE, Sweeney HL.
Aminoglycoside ontibiotics restore dystrophin function to skeletal muscles
of mdx mice. J Clin Invest 1999;104:375-81.
17 Wllschanski M, Fomini C, Blau H, Rivlin j, Augorten A, Avitol A, Kerem
B, Kerem E. A pilot study of the effect of gentamicin on nosol potentiol
difference meosurements in cystic fibrosis potients corrying stop
mutotions. Am J Respir Crit Care Med 2000;161:8605.
18 Manuvokhova M, Keeling K, Bedwell DM. Aminoglycoside ontibiotics
mediote contextdependent suppression of termination codons in o
mommolion translotion system. RNA 2000;6:104455.
19 Howard MT, Shirts BH, Petros IM, Flonigon KM, Gesteslond F, Atkins JF.
Sequence specificity of ominoglycoside-induced stop codon reodthrough:
potentiol implicotions far treatment of Duchenne musculor dystrophy. Ann
Neurol 2000;48:164-9.
20 Keeling KM, Brooks D, Hopwood il, Peining L, Thompson JN, Bedwell
DM. Gentomicin-medioted suppression of Hurler syndrome stop mutations
restores o low level of a-L-iduronidose activity and reduces lysosomol
glycosaminoglycan accumulation. Hum Mol Genet 2001 ;10:291-9.
21 Grentzmonn G, Ingram JA, Kelly PJ, Gestelond RF, Atkins JF. A
duol-luciferose reporter system far studying recoding signols. RNA
1998;4:479-86.
22 Henke MW, Kulozik AE. A perfect message: RNA surveillance ond
nonsense-medioted decoy. Cell 1999;96:307-l 0.
23 Philips-Jones MK, Hill LSJ, Atkinson J, Mortin R. Context effects on
misreoding ond suppression ot UAG codons in humon cells. Mol Cell Biol
1995;15:6593-600.
24 Mottogui-Tobar S, Tuite MF, Isoksson LA. The influence of 5' codon
context on tronslotionol terminotion in Soccharomyces cerevisiae. EurJ
Biochem 1998;257:249-54.
25 Compochioro PA, Conway BP. Aminoglycoside toxicity - o survey of
retinol specialists. Arch Opntholmol 1991 ;109:94650.
26 Conway BP, Tabataboy CA, Compochioro PA, D'Amico DJ, Honninen
LA, Kenyon KR. Genlomicin toxicity in the primate retino. Arch
Ophéalmol 1989,107:107-12.
27 Temple GF, Dozy AM, Roy KL, Kan YW. Construction of a functional
human suppressor tRNA gene: an opprooch to gene therapy far
^holossaemio. Nature 1982;296:53740.
28 Murgola EJ. Translationol suppression: when two wrongs do moke o
right. In: Soli D, RojBhondory iJL, eds. tRNA: structure, biosynthesis, and
function. Woshington DC: American Society for Microbiology, 1995:
491-509.
29 MacDonald IM, Moh DY, Ho YK, Lewis RA, Seabra MC. A procticol
diognostic test for choroideremio. Ophthalmology 1998;105:163740.

WWW.jmedgenef.com

414

Review

TRENDS kl Molecular Medicine Vol.7 No.9 September 2001

Unfolding retinal dystrophies: a role
for molecular chaperones?
J. Paul Chappie, Celene Grayson, Alison J. Hardcastle, Richard S. Saliba,
Jacqueline van der Spuy and Michael E. Cheetham
Inherited retinal dystrophy is a major cause of blindness worldwide. Recent
molecular studies have suggested that protein folding and molecular
chaperones might play a major role in the pathogenesis of these degenerations.
Inconect protein folding could be a common consequence of causative
mutations in retinal degeneration disease genes, particularly mutations in the
visual pigment rhodopsin. Furthermore, several retinal degeneration disease
genes have recently been identified as putative bcilitators of correct protein
folding, molecular chaperones, on the basis of sequence homology. We also
consider whether manipulation of chaperone levels or chaperone function
might offer potential novel therapies for retinal degeneration.

Diseases affecting the function of the retina leading to
visual impairment and blindness display remarkable
genetic and clinical heterogeneity ^ Indeed, Online
Mendelian Inheritance in Man (OMIM,
www3.ncbi.nlm.nih.gov/Gmim/) and the online
retinal information network RetNet
(www.sph.uth.tmc.edu/RetNet/) list over 120 distinct
disorders that include some form of retinal
degeneration, which can be inherited as autosomal
dominant, autosomal recessive, X-linked,
mitochondrial, digenic, polygenic and syndromal
diseases affecting over 1 in 2000 people (Fig. i. Box 1).
Here, we w ill review recent developments in the
molecular and cellular understanding of these
diseases to examine the potential role of protein
folding and molecular chaperones, and whether
molecular chaperones might represent novel targets
for therapeutic intervention.
Protein misfolding and retinal disease
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Correct protein folding is an essential biological
process. To ensure this happens in the intracellular
milieu many proteins interact with molecular
chaperones (Box 2). The importance of correct protein
folding and the potential involvement of molecular
chaperones in retinal degeneration are emphasized by
the most common and studied form of inherited retinal
degeneration, retinitis pigmentosa (RP) caused by
mutations in rhodopsin - the molecular sensor for light.
Rhodopsin and misfolding in RP

Mutations in the gene encoding rhodopsin were the first
identified in 199(F, and over 100 mutations have now
been described that account for approximately 15%of
all inherited human retinal degenerations (see OMIM).
Many studies have suggested that the vast majority of
these mutations cause disease through the misfolding
or mislocalisation of the protein^. Wild-type rhodopsin is

almost entirely restricted to the specialized rod
photo-sensing organelle, the outer segment. In
contrast, mutant rhodopsin is localized within the cell
body of photoreceptors in animal models^ ^ In
transfected cells, rhodopsin with mutations in the
intradiscal, transmembrane and cytoplasmic domains
fails to translocate to the plasma membrane, and
accumulates in the endoplasmic reticulum (ER) and
Golgi (Fig. 1). These mutant proteins trapped within
the cell cannot form the visual pigment with
11-c/s-retinal and are found in complex with the
molecular chaperones BiP and Grp94 (members of the
Hsp70 and Hsp90 families, respectively), supporting
the notion that they are incorrectly folded® (Fig. 2b).
It appears, therefore, that these mutant proteins fail
to translocate because of protein misfolding.
The failure ofrhodopsin to translocate to the outer
segment, perse, does not appear to be enough to cause
RP, as hetero2ygous rhodopsin knockout mice display
little photoreceptor cell death^. Rather, it would appear
that misfolded rhodopsin acquires a ‘gain of function’
that leads to cell death. The nature ofthis gain of
function is unclear at present, but could be related to a
saturation of the normal protein processing, transport
and degradation machinery in such a highly-specialized
cell. Defining the cellular consequences ofincorrect
rhodopsin folding and targeting might help bring to light
the pathogenetic mechanisms that link rhodopsin
misfolding with photoreceptor apoptosis. Given the
importance ofcorrect rhodopsin folding for
photoreceptor survival, it is perhaps not surprising that
specialized chaperones ofopsin biogenesis have been
identified, such as the Drosophila protein NinaA (Ref. 8).
Specialized opsin chaperones

NinaA is a photoreceptor-specific integral membrane
glycoprotein with a central cyclophilin (CyP) homology
domain (Box 2) that extends into the ER lumen®. The
major visual pigment in Drosophila, rhodopsin 1
(Rhl), is expressed in photoreceptor cells Rl-6 and is
synthesized in the ER, and then transported through
the secretory pathway to the rhabdomere (a light
transducing organelle similar to the mammalian rod
outer segment). NinaA and Rh I colocalize in the ER
and transport vesicles within photoreceptor cells
(Fig. 2e). Mutations in NinaA lead to the accumulation
of immature, misfolded Rhl in the ER that is
prevented from reaching the rhabdomere. The
misfolded Rhl is degraded, resulting in reduced levels
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Box 1. Retinal dystrophies
Retinitis pigmentosa (RP)

affect primarily cone photoreceptors (cone and

RP (OMIM 180380 for rhodopsin RP and 312600 for

cone-rod dystrophies).

RP2 RP) is the most common cause of inherited

Leber congenital amaurosis (LCA)

blindness with over 25 genetic loci identified
(see RetNet). Clinically, the disorder is characterized
by night-blindness, loss of peripheral vision, followed

LCA (OMIM 604393 for AIPL1 LCA) accounts for
approximately 10% of inherited retinal disease and is

by loss of central vision. Examination typically shows

the most common cause of congenital visual

pigmentation in a 'bone-spicule' pattern in the retina,

impairment in infants and children. Five distinct genetic

pallor of the optic nerve and narrowing of retinal

loci have been reported. This severe form of inherited

blood vessels. There is much variability in the

retinal dystrophy presents within a few months of birth

severity of symptoms and signs between different
families as well as between different individuals of

when a non-seeing infant has a normal appearing

the same family, and although total blindness can

appear to resemble that seen in RR and a subset of the

fundus but a flat electroretinogram. Later, the retina can

occur, this is rare. Electroretinography, which

disease can present with an area of deficient retinal

involves the detection and characterization of the

tissue at the macula (macular coloboma).

microvoltage potentials that occur on light stimulation
of the retina, reveal a reduced response from rod
photoreceptors and later cone photoreceptors, and

Bardet- BiedI syndrome (BBS)
BBS [OMIM 605231 for McKusick-Kaufman syndrome

confirm that the primary pathology involves the

(MKKS)-BBS] has an ocular component, which is

maintenance of rod photoreceptor function. Fig. I
shows a fundus photograph of normal retina

characterized by pigmentary retinopathy similarto that

alongside a patient fundus with RP. Genetically,

seen in RP as a result of rod-cone disease. Associated
symptoms of BBS include obesity, polydactyly,

there is considerable overlap between RP and other
retinal dystrophies such as those that affect the

hypogonadism, learning difficulties and renal failure.
Six loci have been described to date, with MKKS

macula (macular dystrophies) and those that

representing the first cloned gene for this disorder.

Healthy retina

RP retina
Abnormal
n in m p n t

Chorioretinal
atrophy

Attenuated
vessels

Pale optic disc

Fig. I. A comparison of normal and RP fundus. Retinal dystrophies are classified by (I) ophthalmoscopic findings (fundus examination),
(II) psychophysics and electrophysiology, (III) age of onset, and (Iv) genetics or family history.

of Rhl found in NinaA mutant flies^°. Furthermore,
NinaA forms a stable and highly specific complex with
Rhl and the amount of functional NinaA directly
reflects the production of mature rhodopsin®.
Mutations in the CyP homology domain are thought to
compromise the peptidyl-prolyl as-£rans isomerase
(PPIase) activity of NinaA, preventing proline
isomerization within Rhl that might be required for
its proper folding®. Collectively, these observations
suggest that processing and transport of Rhl are
dependent on NinaA, and that NinaA acts as a specific
molecular chaperone for Rhl.
http://tmm.trends.com

A mammalian orthologue of NinaA has not yet
been identified. Ferreira etaJ}^ identified a putative
retina-specific cyclophilin from a bovine retina cDNA
library with two splice variants encoding isoform
types I and II, which were predominately expressed in
cone photoreceptors. The type II isoform is identical to
RanBP2 (Ran-binding protein 2), a large protein that
was identified as a component of the nuclear
transport m a c h i n e r y ^ ^ RanBP2 might also play a role
in opsin processing. Two adjacent domains in
RanBP2, the Ran-binding domain 4 (RBD4) and the
cyclophilin domain, form a complex with the bovine
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Box 2. What are molecular chaperones?
By the simplest definition, molecular chaperones are

The different families of chaperone proteins recognise various

facilitators of protein conformational change that, in

intermediates of non-native polypeptides and interact through

themselves, provide no information as to the final protein

different modes of binding. Hsp70 proteins bind short regions of

structure. Several more precise definitions exist but these
seldom cover the breadth of molecular chaperone action.
Molecular chaperones are a group of functionally related but

peptides with a certain position and pattern of hydrophobic
residues in a substrate-binding pocket^°. By contrast, chaperonins
can facilitate folding by enclosing non-native polypeptides in the

otherwise diverse protein families. They bind to and stabilize

central cavity of a double ring structure formed from identical or

conformera of other proteins and, through cycles of regulated

closely related rotationally symmetrical subunits^®-^°. Another

binding and release, are able to facilitate the correct fate of

example of chaperone activity is the peptidyl-prolyl cis-trans

their client. Via this mechanism, molecular chaperones, in

isomerase (PPIase) activity found inthecyclophilins (e.g. NinaA)

conjunction with their cochaperones, play an essential role in
many cellular processes (Fig. 2a-f). They have a principal role

that overcomes a rate-limiting step in protein folding, the correct

in protein folding, where they are involved in the de novo

orientation of proline residues®®.
For many chaperones, cycles of client protein binding and

synthesis of polypeptides (Fig. 2a), transport across

release are coupled to conformational changes in the chaperone

membranes (Fig. 2b and e) and the refolding of proteins
denatured by adverse environmental conditions (Fig. 2f).

protein, which are dependent on the hydrolysis and exchange of
ATP that is regulated by cochaperones^®. Cochaperones function

Chaperones also function in oligomeric assembly and
disassembly of protein complexes, controlled switching

synergistically with the major chaperones in protein folding and
often have independent chaperone activity, but their major role

between active and inactive conformations of client proteins,
intracellular transport and proteolytic degradation

might be to provide these folding machines with specificity. For
example, the Hsp70 protein machinery achieves its multiple

(Fig. 2c,d and e)^°“ .

cellular functions because of various cochaperone proteins, such

More than 20 different families of proteins have been shown to
have chaperone activity. Principal chaperone families include the

as the DnaJ family, which stimulate Hsp70 ATP hydrolysis
through their conserved J domain®®. Several other cochaperones

HspGO, Hsp70, chaperonins (e.g. Hsp60), DnaJ (e.g. Hsp40) and

(e.g. Hip, Hop, Chip and some immunophilins including AIPLl)

small heat-shock proteins (e.g. Hsp27, a-crystallin). The

utilise a degenerate 34-amino-acid repeat motif, the

best-studied and mechanistically understood chaperone

tetratricopeptide repeat (TPR), in tandem arrays to promote

machines are Hsp70 and the chaperonins. These chaperones
recognize and bind to unfolded or partially folded polypeptides
by binding to exposed hydrophobic regions preventing them
from aggregating and maintaining them in a folding competent

chaperone-cochaperone interactions®’ and modify chaperone
function. In addition, there is functional cooperation between the
individual chaperone machines. For example, HspGO and Hsc70

state until release. This is particularly important as the nascent

factor complexes (Fig. 2c), and the Hsp70 chaperone machine

polypeptide emerges from the ribosome, where efficient folding

might pass nascent chains onto chaperonins to complete folding

of the newly synthesized chain is achieved by a transient

(Fig. 2a). Through these complementary but distinct roles in

interaction with the chaperone that prevents aggregation due to

protein folding, molecular chaperones can facilitate changes in

unwanted interactions with hydrophobic regions of other
proteins or within the extending polypeptide (Fig. 2a).

protein conformation from initial folding through function and

cooperate in the assembly of steroid receptor and transcription

ultimately to degradation.

long- and medium-wavelength (red/green) sensitive
opsin’3. Similar to NinaA, the cyclophilin domain
might function to induce a ds->£rans isomerization of
one or more peptidyl-prolyl bonds in the
long-wavelength (red) opsin’^.
A specific molecular chaperone for mammalian
rhodopsin biogenesis and transport has yet to be
identified, but other, less specialized, molecular
chaperones might participate in rhodopsin
biogenesis. For example, BiP and Grp94 might
interact transiently with wild-type opsin as part of
normal protein folding and quality control in the ER.
In addition, the small heat shock protein family
member a-crystallin has been found to be enriched in
post-golgi membranes in the inner segment of frog rod
cells along with newly synthesized rhodopsin’®,
suggesting that a-crystallin might associate with
rhodopsin and be involved in its processing (Fig. 2e).
Rhodopsin is not the only example of a retinal
disease protein that can cause disease through
http://tmm.trends.com

misfolding. Point mutations in other essential
photoreceptor proteins might destabilize the protein
structure and lead to misfolding. It is also possible
that retinal degeneration can result from a
dysfunction in the specialized chaperone machinery
of the retina, and in the following sections we w ill
examine some recently identified retinal disease
genes as putative chaperones.
Putative chaperones as causes of retinal degeneration
RP2andRP

Mutations in RP2 account for 15-20% of X-linked
retinitis pigmentosa (XLRP)’®. RP2 was identified as
a putative chaperone on the basis of its sim ilarity
(30.4% identity over 151 amino acids) to cofactor C, a
component of the tubulin folding pathway’^’®. The
significance of this sim ilarity is supported by
pathogenic amino-acid substitutions in RP2 at
conserved residues’®’®^®, suggesting that RP2 has
functional homology with cofactor C.

Review

Wild-type rhodopsin
Fig. 1. Comparison of the
cellular localization of
wild-type and mutant
rhodopsin in transfected
COS-7 cells. Wild-type
protein translocates to the
plasma membrane
(arrowhead), whereas
protein with a P23H
mutation accumulates
within the ER/Golgi (star)
and fails to reach the
plasma membrane.
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P23H rhodopsin

Molecular chaperones, in particular the cytosolic
chaperonin containing TCP 1 (COT), play an essential
role in the biogenesis of several components of the
cytoskeleton, including actin (microfilaments) and
tubulin (microtubules)2i. The production of native a-P
tubulin heterodimers before their assembly into
microtubules depends on the action of several cofactors
(A-E), including cofactor C, following the release of near
native folded subunits from GOT (Fig. 2d)
These
cofactors might also play a role in sequestering tubulin
or modifying microtubule function and dynamics, for
example, by acting as a GTPase activating protein
(GAP) for the tubulin heterodimer^^-z^. However, the
precise role of cofactor C in tubulin and microtubule
dynamics remains unclear.
RP2 is ubiquitously expressed (i.e. it is not retina
specific) and is post-translationally modified at its
N-terminus by the addition of two acyl moieties that
target the protein to the plasma membrane^®. This
acyl-mediated membrane targeting is disrupted by a
pathogenic mutation in RP2 (AS6), suggesting that the
membrane localization is essential for protein function
in the retina (Fig. 3)^®. Therefore, it seems unlikely
that RP2 functions exclusively in tubulin folding. It is
possible that RP2 does still interact with tubulin
and/or microtubules and might provide a link between
membranes and the cytoskeleton, potentially as part
of the cellular protein traffic machinery or a signalling
cascade. This hypothesis is supported by the
identification ofADP ribosylation factor (ARF)-like
proteins and src as interacting partners of RP2
(Ref. 26), a function that appears to be conserved with
cofactors C and D (Refs 23,24). As more functional
information on RP2 and cofactor C is ascertained,
their putative chaperone function can be evaluated.
Two other proteins homologous to known chaperones
have more recently been identified as causes of
non-syndromic and syndromic retinal degenerations.
AIPL1 and Leber congenital amaurosis

Mutations in the gene encoding a novel
photoreceptor-pineal-specific protein, AIPL 1, cause
approximately 10% of recessive Leber congenital
amauroses (LCA)^^. This protein shares 49% amino
acid identity with the human aryl hydrocarbon
receptor-interacting protein (AIP), and was
http://tmm.trends.com
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subsequently designated the aryl hydrocarbon
receptor-interacting protein-like (AIPL) 1. AIP
facilitates the signalling of a transcription factor, aryl
hydrocarbon receptor (AhR) (Fig. 2c)^^. In the
absence of ligands, inactivated AhR exists in a cytosolic
multiprotein complex, which includes AIP and the
molecular chaperone Hsp90. In the presence of ligands,
AhR translocates to the nucleus where it dissociates
from Hsp90 and AIP, and subsequently heterodimerizes
with a structurally related protein termed the aryl
hydrocarbon receptor nuclear translocator (Amt).
Importantly, both the transactivation activity and
subcellular compartmentalization ofAhR are
modulated by AIP (Refs 30-32). AIP is able to protect
the inactivated AhR from ubiquitination, thereby
stabilizing the cytosolic AhR from degradation and
enhancing the levels of total and functional AhR in the
cytosoP^”®^. Furthermore, an AlP-dependent delay in
the nuclear accumulation of the AhR is observed in the
presence of ligand. AhR-mediated transactivation is
thus significantly enhanced in the presence ofAIP
through an increased availability ofAhR ligand-binding
sites. AIP can also help prevent AhR aggregation by
thermal dénaturation. These data, in addition to
sequence similarities between AIP and the
immunophilin FKBP52 (see below), support a function
for AIP as a molecular chaperone and suggests that
AIPL 1also acts as a chaperone or cochaperone.
FKBP52 is a high-molecular-weight member of
the family of immunophilins. Analogous to the AhR
signalling system, a direct interaction of the
high-molecular-weight immunophilins with the
molecular chaperone Hsp90 mediates their
association w ith cytosolic steroid hormone receptor
complexes. These immunophilins are thought to
assist the targeted translocation of the associated
activated steroid receptor to the nucleus.
Furthermore, these immunophilins might function
as molecular chaperones in their own right, as they
can both inhibit the aggregation of thermally
denatured substrates and maintain them in a
folding-competent conformation®®.
Although there are no obvious structural
similarities, AhR and members of the steroid receptor
superfamily exhibit similarities in their signalling
mechanism. Both the AIP and immunophilin
containing complexes represent the penultimate stage
of a procedure that involves the maturation of the
receptor to a high-affinity ligand-binding conformation.
This procedure is tightly regulated by the molecular
chaperones Hsp90 and Hsp70 and their associated
cochaperones, which collectively comprise a cytosolic
heterocomplex chaperoning machine®®. Similarly, a
retina-specific system of interacting chaperones and
cochaperones might exist and fulfil an essential
chaperone function in the retina. \Mthin this system,
AIPL 1could fulfil a molecular chaperone function in
retinal protein folding, or assist receptor nuclear
translocation in a manner analogous to that ofAIP and
FKBP52 in their respective signalling systems.
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MKKS and Bardet-BiedI

Mutations in MKKShawe recently been identified as
the cause of the developmental diseases,
McKusick-Kaufman syndrome (MKKS)^^, and a rare
form of the more severe disease Bardet-Biedl syndrome
(BBS6), which also has a characteristic retinal
dystrophy (Box 1)^. Amino acid sequence homology
http://tmm.vends.com

strongly suggests that MKKS is a member ofthe family
of type n chaperonins (Fig. 4)^^. Chaperonins can been
classified into two families: type I (or GroEL subclass)
chaperonins found in eubacteria and in organelles of
eubacterial descent, and; type II (or TCP-1subclass)
chaperonins found in archaea and the eukaryotic
cytosoP®. Chaperonins are large homo- or
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Fig. 2. Schematic of chaperone-facilitated events in a photoreceptor cell, including putative specialized
pathways in the outer segment (OS), the cilium (C), mitochondria (M), the golgi (G), the endoplasmic
reticulum (ER), the nucleus (N) and the synapse (S). (a) Folding in the cytosol; nascent chains emerging
from the ribosome are bound by the Hsp70 chaperone machine, in particular the constitutive Hsp70,
Hsc70, and members of the DnaJ family including Hsp40. The nascent polypeptides can then be passed
onto the cytosolic chaperonin CCT, or putatively MKKS, to complete folding, (b) Folding in the ER:
proteins can be cotranslationally inserted into the ERwith the help of the translocon (including Sec63)
or post-translationally with the assistance of Hsc70. Once within the ER, the unfolded proteins are
bound by the ERresident Hsp70, BiP, and the glycan-binding chaperones calnexin and calreticulin that
promote and monitor correct folding, (c) Signalling: nuclear receptors, such as the glucocorticoid
receptor, form a complex with HspSOand Hsc70 and several other cochaperones (Hop, DnaJ proteins).
This complex 'matures', through the exchange of several components (e.g. Hop and Hsc70 exchange
for immunophilins and p23), to a complex that facilitates the binding of ligand. Upon ligand binding the
complex changes conformation again and the activated receptor is transported to the nucleus where
the chaperones are released, (d) Cytoskeleton: actin and tubulin require CCT for correct folding.
Near-native a and p tubulin subunits are released from CCT and bound by cofactors that facilitate
formation of the heterodimer and stimulate GTP hydrolysis. Small heat shock proteins (sHsps) also
interact with components of the cytoskeleton. (e) Vesicular transport: immature, unfolded rhodopsin is
bound by NinaA in the ER. The NinaA remains associated with the rhodopsin through the secretory
pathway and is recycled to the ER upon release of the mature folded opsin, a crystallin associates with
post-golgi rhodopsin vesicles, (f) Stress response: proteotoxic stress (e.g. heat) leads to the partial
unfolding of proteins. The unfolded proteins are bound by the stress-induced Hsp70 (Hsp70) or sHsp
oligomers. sHsps can hold the protein until Hsp70 is ready to refold" them with the assistance of other
chaperones and cochaperones (e.g. Hsp90 and Hsp40).

hetero-oligomeric complexes that promote the folding of
proteins to native states in an ATP-dependent cycle of
binding and release^^ (Fig. 2a and d). The subunits
are arranged in two rings stacked together back-to-back
such that they form a toroidal structure, with a central
cavity in each ring where it is believed protein folding
can occur in isolation from the rest ofthe cell.
In type II chaperonins, the rings consist of eight or
nine subunits and, although some thermosomes
(chaperonins from high temperature living archaea) are
homo-oligomeric, the majority are hetero-oligomeric
consisting of at least two different homologous subunits
(Fig. 4). The eukaryotic cytosolic chaperonin (CCT or
TriC) has eight unique subunits per ring, with each
subunit occupying a well-defined position^^. Currently, it
is not known whether the MKKS protein is a subunit in a
homo- or hetero-oligomeric ring. The thermosomes from
Thermoplasma acidophilum, whose fold best resembles
the MKKS protein (Fig. 4)^^, are hexadecamers composed
of alternating a and Ps u b u n i t s ^ ^ if
MKKS protein
is one subunit of a hetero-oligomeric type II
chaperonin, then other as yet unidentified subunits
could represent candidate genes for other BBS loci.
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Two of the mutations found in MKKS patients (Y37C
and H84Y) are predicted to lie in the highly conserved
equatorial domain ofthe ring structure. The structure of
this domain of the MKKS protein can be efficiently
modelled on the thermosome structure (Fig. 4). The
Y37C mutation is in a region of the protein involved in
making intra-ring contacts in the thermosome, whereas
the H84Y mutation lies in a region that is responsible
for ATP hydrolysis in type II chaperonins. It seems
likely, therefore, that the correct assembly of the
toroidal structure and the hydrolysis ofATP are
essential for the function of MKKS. The putative
identity of MKKS as a type II chaperonin strongly
suggests a function in the cellular protein folding
machinery in the retina and other tissues (Fig. 2a).
Chaperonins are thought to assist the folding of
their client proteins’ in the central cavity of their
toroidal structure (Fig. 2a and d. Fig. 4 and Box 2). If
MKKS is indeed a component of a novel chaperonin it
w ill be important to identify its client proteins, as they
could also represent BBS causative genes. It has been
estimated th a t-15% of newly synthesised eukaryotic
proteins interact with CCT (Fig. 2a)^^, although other
studies suggest that CCT predominantly has the
cytoskeletal proteins actin and tubulin as client
proteins (Fig. 2d)^^. Therefore, it is difficult to predict
whether MKKS w ill facilitate the folding of a wide
range of proteins or only a few specialised clients.
Recently, two other BBS genes (BB52and BBS4^ have
been identified^^-^®. Neither protein has homology to
MKKS, suggesting that they are not other subunits of
a hetero-olgomeric complex, however, BBS4 contains a
putative tetratricopeptide repeat (TPR) domain
(Box 2). BBS4, therefore, could also be a chaperone or
cochaperone involved in the same folding pathway,
whereas BBS2 could represent a putative client.
The diseases MKKS and BBS both show variable
penetrance and expressivity^^. The underlying
genetic fault might result in compromised cellular
chaperone machinery, and this in turn could
compromise the stress handling capacity (Fig. 2f).
The variation in disease penetrance and expression
could, therefore, reflect differences in stress during
embryonic development that expose the inability of
the developing embryo to compensate for protein
damaging insults, such as elevated temperatures
caused by maternal illness.
The therapeutic potential of manipulating molecular
chaperones in retinal degeneration

Wild-type RP2

S6 a RP2

Fig. 3. Targeting of the N-terminus of RP2-GFP in CHO cells. Wild-type protein localizes to the plasma
membrane (arrowhead), whereas RP2, which hartx>urs the SerSdeletion mutation, is localized to the
cytoplasm and nucleus, as a result of the disruption of N-terminal acylation of the protein».

http://tmm.trends.com

The upregulation of many molecular chaperones as part
of the cellular response to stress is one of their
characteristic features, and led to their initial
identification as heat shock proteins (Fig. 2f). This is
not only a reactive but also an adaptive response and
can protect the cell against future stress, a phenomenon
known as thermotolerance. Even before the
identification ofthe first rhodopsin mutations, it had
been demonstrated that thermotolerance could be
exploited to protect the retina from damage. Barbe etal.*'^
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MKKS equatorial domain model

a-subunit of thermosome

Outstanding questions
How does the misfolding of rhodopsin iead to
photoreceptor cell death by apoptosis?
Does the retina contain specialized molecular
chaperone machines and what are their client
proteins?
Can molecular chaperone manipulation be used
as a générai treatment for misfolded proteins in
retinal degeneration; in particular, can the
folding of rhodopsin be manipulated to
improve photoreceptor survival (by molecular
chaperones or ligand, such as vitamin A)?
Can the anti-apoptotic effects of molecular
chaperones be used to promote
photoreceptor viability?

Thermosome homo-oligomer

.

Fig. 4 The McKusick-Kaufman syndrome-causing protein (MKKS) shares structural homology with
type II chaperonins. A three-dimensional ribbon model of the equatorial domain of the MKKS protein
(red), which Includes residues mutated In MKKS and BBS, was based on the crystal structure of the
o-subunit of the thermosome from Thermoplasma acidophikjm (blue) and modelled using
SwIssModel (http://www.expasy.ch/swlss-mod/SWISS-MODEL.html). Note the Importance of this
domain for Inter-subunIt and Inter ring contacts. These subunits are then arranged Into a
hexadecamer. The arrangement of the a-subunlts In the thermosome homo-ollgomer in Its 'open
conformation' Is shown in side and top view (reproduced, with permission, from Ref. 43). Client
proteins are bound in the central cavity.
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showed that a prior mild heat shock could protect the
retina from light-induced damage. Although the
mechanisms of this protection are not known, the
overexpression of individual or combinations of
molecular chaperones can mimic many of the protective
properties engendered by heat shock. Next, we w ill
discuss the potential of manipulating the chaperone
machinery for treatment of retinal degeneration.
The fate of misfolded protein in retinal
degenerations is not known, and the accumulation of
misfolded protein could be a slow process - RP
sometimes does not develop until midlife. Granular
aggregates, immunoreactive for rhodopsin, form in
human^ and animal models of RP (Ref. 49), a
phenomenon that begs parallels with other
neurodegenerations in which intracellular protein
aggregates form and have been linked to cell death. The
mechanism by which misfolded proteins lead to
apoptosis is not known and could differ between
proteins. Photoreceptors in rhodopsin RP, however, are
more sensitive to stress such as light damage^.
Manipulating molecular chaperones, therefore, could
http://tmm.trends.com

have two modes ofaction, preventing protein aggregate
formation and protection from environmental stress.
The balance and potential synergy between these
two modes of action are perhaps best exemplified by
the effect that molecular chaperones have on
neurodegenerations mediated by polyglutamine
expansions®^ In mammals, only SCA7 polyglutamine
expansions cause retinal degeneration, in addition to
central nervous system or peripheral neuropathy®^,
but in Drosophila, polyglutamine expansions result
primarily in retinal degeneration. This model organism
has been used in several elegant studies to show the
protective effects of chaperones. Overexpression of
Hsp70 in transgenic flies resulted in a reduction of
polyglutamine induced retinal degeneration®®.
Furthermore, complementary studies using P-element
insertional mutagenesis in DrosopMa identified two
cochaperones, Hsp40/Hdj 1and TPR2/Hcp, as
suppressors ofpolyglutamine mediated degeneration in
the eye®^. In these studies, the incidence of the hallmark
intranuclear inclusions, which are thought to be a
response to misfolded protein, was not reduced. Many
other studies, however, have shown that the
formation of these inclusions can be modulated by
chaperone overexpression®* and it is unclear which
chaperone mechanisms are important for protection
from polyglutamine mediated retinal degeneration.
There are now several pharmacological agents that
can manipulate chaperone expression and/or function,
so that gene transfer mediated overexpression might
not be necessary to develop therapeutic strategies
involving chaperones®®. In particular, bimoclomol can
potentiate the endogenous stress response and increase
chaperone levels®®, and has been shown to protect
photoreceptor cells in an experimental model of diabetic
retinopathy®^. The potential ofchaperone-modulating
compounds in treating acquired and inherited retinal
degenerations needs to be further explored, but the
developing basic science suggests that manipulating
protein folding through molecular chaperones should be
widely applicable in the treatment of retinal
degenerations.
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The X-iinked retinitis pigmentosa (XLRP) gene, RP2, codes for a novei 350 amino acid protein of unknown
function. We have identified putative sites for N-terminai acyi modification by myristoyiation and paimitoyiation in the RP2 protein. The RP2 protein is expressed ubiquitousiy in human tissues at reiativeiy iow ieveis
(0.01% of totai protein) and has a predominantiy piasma membrane iocalization in cuitured ceiis, as wouid be
expected if the protein was subject to duai N-terminai acyiation. Furthermore, mutagenesis of residues potentiaiiy required for N-terminai acyiation prevents targeting of RP2 to the piasma membrane and the N-terminai
15 amino acids of the protein appear to be sufficient for this targeting. Our data suggest that the protein is
duaiiy acyiated and that the paimitoyi moiety is responsible for targeting of the myristoyiated protein from
intraceiiuiar membranes to the piasma membrane. The effect of two mutations, which have been reported as
causes of XLRP, R118H and AS6, were investigated. The R118H mutation does not affect the normai piasma
membrane iocaiization of RP2; in contrast, the AS6 mutation interferes with the targeting of the protein to the
piasma membrane. Therefore, the AS6 mutation may cause XLRP because it prevents normai amounts of RP2
reaching the correct ceiiuiar iocaie, whereas the R118H mutation is in a region of the protein that is vitai for
another aspect of RP2 function in the retina.

iNTRODUCTION

similarity to a previously identified protein, cofactor C, with

X -lh*ed retinitis p i^ ^ to s a OŒRP) is s e v e re fonn o f
rew al degeneration. Patients in the early stages o f disease
suffer fo m m ^ t blindness and eonstneted visitai fie i^ as a
result of peripheral photoreceptor degeneration. As the disease
progresses impairment of central vision occurs resulting in loss
of visual acuity and blindness (1). The gene that causes one
form of this heterogeneous X-linked disease, RP2, has recently
been identified and shown to account for between 15 and 20%
of XLRP (2). Screens o f 5ŒRP patients have identified >20
different pathogenic mutations in the RP2 gene including
nonsense, missense, frameshift, insertion and deletion
changes, with a prevalence towards protein truncation mutations (2-7).
The RP2 gene encodes a novel protein o f 350 amino acids
and its mRNA appears to be ubiquitously expressed (2). There
are no functional data on this novel protein, and so far the only
clues to its possible function are based on sequence analysis.
The predicted amino acid sequence o f RP2 was noted to have

ilf^ e
*atR P2 may also have a tole in tubulin biogenesis. The poten
^ significance o f this similarity is supported by the identifio f pathogenic point mutations in RP2 at residues that are
conserved with cofactor C (2,3). However, in addition to this
reported similarity to cofactor C, we have identified potential
sites for N-terminal acyiation in the RP2 sequence and in this
article we explore their functional significance (Fig, 1).
Myristoyiation and palmitoylation are fatty acid modifications found at the N-termini of some proteins (reviewed in ref.
lO). Myristate is a 14 carbon fatty acid that is covalently
attached through an amide bond to the N-terminal glycine
residue of proteins by N-myristoyl transferase (NMT) after
cleavage o f the initiating methionine. In addition to the essential glycine residue at amino acid position 2, RP2 has serine at
position 6, lysine at position 7 and arginine at position 8, repre
seating a potential recognition sequence for NMT (10). Myristoylation o f the N-terminal glycine residue of a protein
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Figure 1. RP2 possesses potential sites for N-terminal acyiation. Sequence
comparison of the first 15 amino acids of RP2, with the N-terminally acyiated
human proteins transducin a-subunit, p59^" and lymphocyte tyrosine kinase
(LCK). Src family tyrosine kinases and G protein a-subunits are myristoyiated
at glycine 2 and palmitoylated at cysteine 3 (underlined).

facilitates the attachment of the 16 carbon fatty acid palmitate
through a thioester linkage to adjacent cysteine residues,
normally at position 3. RP2 is therefore a candidate for both Nterminal myristoyiation and palmitoylation.
Both myristoyiation and palmitoylation are involved in the
membrane association of proteins, including Src tyrosine
kinases and G protein a-subunits (10). Myristic and palmitic
acid can insert hydrophobically into lipid bilayers attaching Nacylated proteins to the cytoplasmic face of the plasma
membrane or other intracellular membranes. The dual acyia
tion of Src tyrosine kinases and G protein a-subunits has been
shown to be essential in directing these proteins to the plasma
membrane (11-13). It has been hypothesized that proteins with
an N-terminal myristic acid transiently interact with multiple
cellular membranes until they are palmitoylated by a plasma
membrane-bound paimitoyi acyl transferase (PAT) and remain
stably attached to the plasma membrane due to the dual fatty
acid anchor (14). Experimental evidence has shown that muta
tions of the cysteine 3 palmitoylation site reduce the rate of
membrane binding and redirect proteins to intracellular
membranes (11,13).
Our major findings reported here are that RP2 is a ubiquitous
protein that is predominantly localized to the plasma
membrane of cultured cells, and mutagenesis of putative acyia
tion sites prevents this targeting. In addition, we have exam
ined the cellular localization of a deletion at serine 6 (AS6)
mutant, which has previously been reported in RP2 patients
(2,5). The sequence requirement for the plasma membrane
localization of RP2 is investigated and we consider the hypoth
esis that mutations in this region of the protein may cause retin
itis pigmentosa due to aberrant protein localization and discuss
the implications of our findings for the potential mechanisms
of RP2 disease pathogenesis.
RESULTS

Tissue and cellular expression of the RP2 protein
Human tissues were screened for RP2 protein expression by
western analysis (Fig. 2A) using an affinity-purified sheep
polyclonal serum (S974) raised against a recombinant human
RP2 protein with a 9 x histidine tag, expressed and purified
from Escherichia coli. The predicted molecular weight of the
350 amino acid RP2 is 39.6 kDa. A band of approximately this
size was detected in all of the tissues screened. This was the
only protein that S974 detected, except in heart where an addi
tional smaller band (<20 kDa) was also present (data not
shown). The pre-immune serum had no reactivity against
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Figure 2. Detection of RP2 protein in human tissues and SH-SY5Y cells.
Western blotting was performed with affinity-purified antiserum (S974) raised
to full-length C-terminal 9 x histidine-tagged recombinant RP2. Lanes of the
12% SDS-PAGE gels were loaded with 50 pg of total protein, for human tis
sues and cell lysate, or 5 ng of 9 x histidine-tagged recombinant RP2 as a
standard. (A) TTie expression of RP2 in a panel of human tissues. (B) Compar
ison of RP2 levels in human retina and SH-SY5Y cells. Markers were pre
stained SDS-PAGE standards, low range (Bio-Rad).

human tissues by western blotting (data not shown). The levels
of RP2 protein appeared to be similar in all of the tissues
tested. From comparison with recombinant RP2 standards, we
estimate that the RP2 protein represents -0.01% of the total
protein in human tissues. As RP2 appears to be ubiquitously
expressed, we tested the human neuroblastoma cell line SHSY5Y for the expression of the protein (Fig. 2B). Surprisingly,
RP2 was present at significantly higher levels in SH-SY5Y
cells than in any of the tissues investigated (-0.1% of total
protein).
Serum S974 was tested for cross reactivity with RP2 orthologues from other species. The antibody detected a single
protein band in Chinese hamster ovary (CHO) cells which was
slightly smaller than human RP2 (see Fig. 6). This apparent
RP2 orthologue was either present at very low levels or was
recognized only weakly by the antisera compared with the
human protein. The antibody also showed poor cross reactivity
with mouse and rat tissues, although a protein band of similar
size to human RP2 was again detected (data not shown).
Subcellular localization of RP2
We investigated the subcellular localization of RP2 in SHSY5Y cells by immunofluorescence staining with S974 and
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Figure 3. Subcellular localization of endogenous RP2 in SH-SY5Y cells.
(A) Confocal immunofluoresence showing the localization of RP2. The image
is 146 |im^. (B) Comparison of levels of RP2 and the plasma membrane asso
ciated cell adhesion protein N-CAMl. Supernatant (S) and pellet (P) fractions
were generated by centrifugation (1850 g), of homogenized cells. (C) Further
separation of the supernatant from the basic subcellular fractionation on a
10-40% sucrose gradient with a 65% sucrose cushion. After centrifugation for
16 h at 78 800 g, 1 ml fractions were collected and analysed by western blot
ting for RP2 and N-CAM l. N P 40 was added to an aliquot of the SH-SY5Y
cells, to a final concentration of 0.5%, prior to sucrose gradient centrifugation
(+NP40).

confocal microscopy (Fig. 3A). RP2 was primarily localized to
the plasma membrane of the cells. The intensity of plasma
membrane staining was variable between cells and within the
plasma membrane of individual cells. The most intense plasma
membrane staining was visible where cells were in contact
with each other, probably due to the close proximity of two
plasma membranes, or possibly as a consequence of plasma
membrane microdomains. In addition to the plasma membrane
localization, a diffuse and slightly fibrous cytoplasmic stain
was observed. Some cells also showed a punctate stain, which
appeared to be in the nucleus. This staining pattern was
observed with both methanol and formaldehyde fixations.
In order to confirm that RP2 was principally located in the
plasma membrane of SH-SY5Y cells, subcellular fractionation
was performed. Localization of RP2 was compared with the
plasma membrane protein, neural cell adhesion molecule (NCAM) (15,16). Following cell breakage and crude fractiona
tion by centrifugation, levels of RP2 and N-CAM were
analysed in pellet and supernatant fractions (Fig. 3B). RP2 and
N-CAM were present in both fractions and both proteins were

G2A^C3S

G2A/C3S

R118H

R118H

Figure 4. Mutagenesis of putative N-acylation sites alters the subcellular local
ization of RP2. CHO cells transfected with the eucaryotic expression vector
pBKCMV containing full-length wild-type and mutant RP2. Confocal
immunofluoresence showing localization of wild-type RP2 (A and B) and RP2
with the mutations G2A (C and D), CBS (E and F), G2A/C3S (G and H) and
R118H (I and J). DAPI nuclear counterstain is shown in (B), (D), (F), (H) and
(J). All images are 102 p m l
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Figure 6. Effect of the AS6 mutation on RP2 membrane localization. A CHObased stable cell line expressing RP2 AS6 was generated. Expression of detect
able RP2 AS6 was at similar levels to the smaller endogenous CHO cell RP2.
Cells were fractionated by centrifugation at 12 000 g for 20 min and RP2 levels
in supernatant (S) and pellet (P) fractions analysed by western blotting.
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Figure 5. Analysis of mutagenesis of putative N-acylation sites on RP2 mem
brane association. CHO-based stable cells lines expressing wild-type and Nterminally mutated RP2 proteins were constructed. (A) Western blot showing
the expression of wild-type RP2 and RP2 with the mutations G2A, C3S and
G2A/C3S in the cell lines. (B) Comparison of levels of wild-type and mutant
RP2 in supernatants (S) and pellets (P) generated by simple fractionation of
wild-type and mutant RP2 cell lines. (C) Sucrose gradient centrifugation of
supernatants from the basic fractionation was performed as described in
Materials and Methods.

more abundant in the pellet than supernatant. The levels of
each protein in these fractions appeared proportionally similar.
This is consistent with this crude pellet fraction containing the
majority of the plasma membrane, in addition to the nucleus
and large cellular debris. To further investigate the co-parti
tioning of RP2 and N-CAM, the supernatant generated was
fractionated using a well defined sucrose gradient centrifuga
tion (SGC) method that we have previously characterized (17).
The majority of RP2 partitioned with N-CAM in fractions 1-2
of the gradient (>38% sucrose). However, RP2 was also
present at low levels in fractions throughout the gradient, in
particular in fraction 16(10% sucrose), demonstrating that not
all of the protein was associated with the plasma membrane.
To verify the membrane association of ^ 2 we treated an
aliquot of the supernatant with the non-ionic detergent NP-40
prior to SGC. Detergent treatment significantly altered the
distribution of RP2 in the gradient. The protein was exclu
sively in fractions 11-16 (<20% sucrose) of the gradient with a
peak in fractions 14-15, demonstrating that RP2 in the high
sucrose density fractions was detergent soluble. In summary,
these data indicate that although RP2 is principally associated
with the plasma membrane, it may also be associated with
other membranes in the cell and/or the nucleus, but is also
present in the cytoplasm.
Mutagenesis of putative acyiation sites in RP2
To elucidate the mechanism of RP2 membrane association we
investigated the effect of mutations in the putative /V-acylation
sites. Inspection of the N-terminal sequence of RP2 revealed a
consensus myristoyiation and palmitoylation m otif (Fig. 1).
The myristoyl moiety would be covalently attached to the
glycine residue in the second position and the paimitoyi moiety
to the cysteine residue in the third position. Full-length wildtype RP2 and three RP2 mutants glycine 2 to alanine (G2A),

cysteine 3 to serine (C3S) and the double mutant G2A/C3S
were cloned into the eucaryotic expression vector pBKCMV.
In addition, RP2 with the pathogenic mutation arginine 118 to
histidine (R118H) was created by site-directed mutagenesis
and cloned into pBKCMV
The subcellular localization of the wild-type and mutant RP2
proteins was examined in CHO cells transfected with the
different constructs and processed for immunofluorescence
(Fig. 4). Under the conditions used, the staining intensity of
endogenous CHO cell RP2 was not sufficient to be detected,
although at higher antibody concentrations a similar pattern to
that in SH-SY5Y cells was detected (data not shown). The
wild-type protein (Fig. 4A and B) and R118H mutant protein
(Fig. 41 and J) both localized predominantly to the plasma
membrane, giving a similar staining pattern to that observed
for endogenous human RP2 in SH-SY5Y cells. In contrast, the
other mutant proteins did not localize to the plasma membrane.
In cells transfected with the G2A (Fig. 4C and D) and G2A/
C3S (Fig. 4G and H) mutations a diffuse cytoplasmic and
nuclear staining was seen, showing that the RP2 protein was
present throughout the cell. Cells expressing the C3S mutant
RP2 (Fig. 4E and F) had a different staining pattern. C3S RP2
was not present in the nucleus, but was present exclusively in
the cytoplasm with a staining pattern that was suggestive of
RP2 being associated with intracellular membranes.
To further investigate the subcellular localization of the Nterminal RP2 mutants we generated stable cell lines using
geneticin selection (Fig. 5A). Although CHO cells express a
slightly smaller endogenous RP2 orthologue, it is detected
weakly by antiserum S974 relative to the heterologous human
RP2 and can only be detected if blots are exposed for longer
periods of time. Basic subcellular fractionation of the stable
cell lines revealed differences in the partitioning of RP2 wildtype and N-termini mutant proteins between pellets and super
natants (Fig. 5B). In the wild-type and C3S-expressing cells
RP2 was more abundant in the pellet than supernatant fraction,
whereas in the G2A- and G2A/C3S-expressing cells RP2 was
more abundant in the supernatant fraction. Further washing of
G2A and G2A/C3S pellets greatly reduced RP2 levels (data
not shown), suggesting that in these cell lines RP2 was only
loosely associated with the pellet. SGC of supernatant fractions
from the cell lines also showed differences in the fractionation
of wild-type and mutant proteins (Fig. 5C). Wild-type RP2
localized throughout the gradient in the same fractions as
endogenous CHO cell RP2 (data not shown), although less
endogenous RP2 than heterologous wild-type RP2 was present
in fractions 14 and 15. This suggests that the levels of heterol
ogous RP2 expression may be too high for efficient targeting
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Figure 7. Subcellular localization of N-terminal RP2-GFP chimeras. The N-terminal 15 amino acids of RP2 were tagged at the C-terminus with GPP using the
expression vector pEGFP-Nl. CHO cells were transfected with RP2-GFP wild-type (A), mutants G2A (B), C3S (C), G2A/C3S (D) and AS6 (E) and GPP alone
(F). Forty-eight hours after transfection cells were formaldehyde fixed and processed for confocal microscopy. All images are 95 jim^.

of the protein to membranes and the excess may accumulate in
the non-membrane fractions. The fractionation of endogenous
RP2 in the gradient differed slightly between SH-SY5Y and
CHO cells, probably as a consequence of altered membrane
composition and shearing between the two cell lines not
different RP2 processing. In our experience, these cell lines
demonstrate subtle differences in their profile of membrane
fractionation by SGC. G2A and G2A/C3S RP2 were present
only in fractions 14-16 (<16% sucrose) of the gradient. The
C3S mutant protein, like the wild-type protein, was present in
fractions 14-15, and not fraction 16 (Fig. 5C). A longer expo
sure of the C3S blot suggested that a small amount of RP2 was
present in other fractions (>16% sucrose), correlating with
intracellular organelles.
These data demonstrate that mutations in putative A-acylation sites alter the subcellular membrane localization of RP2.
They strongly suggest that the association of RP2 with the
plasma membrane is a result of myristoyiation and palmitoyla
tion of the protein, whereas myristoyiation alone targets the
protein to intracellular membranes.
Subcellular localization of the pathogenic ASer6 RP2
mutant
A deletion of residue serine 6 (AS6) has previously been
reported in RP2 patients (2,5). Although the consensus
sequence for N-terminal myristoyiation is not absolute, it has
been shown that a serine or threonine is preferred at amino acid
position 6. Considering this observation and our results from
the mutagenesis of putative acyiation sites in RP2, we tested
the effects of the AS6 mutation on RP2 subcellular localiza
tion. RP2 AS6 was created by site-directed mutagenesis and
cloned into pBKCMV; however, because only low levels of
mutant protein could be detected in transfected cells, immuno
fluorescence was not successful (data not shown). Therefore, a
stable cell line expressing AS6 RP2 was established. In these

cells the levels of the AS6 RP2 protein detected were equiva
lent to levels of the smaller endogenous CHO cell RP2 (Fig. 6)
and thus appeared to be significantly lower than in wild-type
and other mutant cell lines.
We investigated the localization of the AS6 RP2 protein in
the stable cell line using a modified simple subcellular frac
tionation (Fig. 6). RP2 levels were compared in the pellet and
supernatant fractions of the AS6 RP2 cells. Under these condi
tions, the endogenous hamster RP2 was detected only in the
pellet fraction, whereas the AS6 mutant protein was exclu
sively in the supernatant fraction (after washing of pellets).
RP2 with a AS6 mutation is, therefore, not associated with the
same cellular compartment as wild-type RP2.
To confirm the cellular localization of AS6 RP2, part of the
N-terminal sequence of RP2 was fused to green fluorescent
protein (GFP). The N-terminal 15 amino acids of wild-type
and mutant RP2 were cloned in to the GFP expression vector
pEGFP-Nl, such that the peptide was tagged at its C-terminus
with GFP. CHO cells were transfected with these constructs
and confocal microscopy performed (Fig. 7). Wild-type RP2
(Fig. I k ) was mainly localized to the plasma membrane,
whereas the AS6 (Fig. 7E), G2A (Fig. 7B) and G2A/C3S (Fig.
7D) mutant proteins localized throughout the cell with strong
staining in the nucleus. These staining patterns matched that
observed when cells were transfected with GFP alone (Fig.
7F). In contrast, the C3S protein (Fig. 1C) localized in the cyto
plasm and again appeared to be associated with intracellular
membranes. These results indicate that AS6 RP2 does not asso
ciate with the plasma membrane. They also demonstrate that
the first 15 amino acids of RP2 are sufficient for membrane
localization.
D ISCUSSION

The RP2 protein is expressed at approximately the same level
in all the human tissues that we examined, presenting no
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simple correlation between protein expression and disease
pathogenesis. A major finding of this work is that a significant
proportion of the RP2 protein is localized to the plasma
membrane and that mutagenesis o f the putative A-acylation
sites prevents proper targeting. Results of N-terminal mutagen
esis of RP2 are consistent with the protein being myristoyiated
and palmitoylated, A mutation at glycine 2 caused RP2 to be
localized throughout the cell, whereas mutation at cysteine 3
resulted in a different staining pattern characteristic o f attach
ment to intracellular membranes.
Many acyiated proteins contain a combination o f two
membrane-anchoring features (10). This ‘two-signal’ mode of
membrane binding of iV-myristoylated proteins has been well
investigated in the Src family o f tyrosine kinases. Mutation
analysis has shown that plasma membrane anchoring o f p59^
is dependent on the attachment o f a myristoyl moiety at glycine
2 and a paimitoyi moiety at cysteine 3 (11). For example, the
targeting of
to the plasma membrane has been reported
to be conditional on palmitoylation o f cysteine 3 (12) and that
mutations o f this residue have been shown to redirect the
protein to mtracellular membranes. Our results show that RP2
is also redirected from the plasma membrane to intracellular
membranes on mutation o f tiie cysteine 3 residue. Analysis of
the contribution o f the fatty acyiated N-terminal domains from
the Src family, GOq and GAP-43 to subcellular localization
has shown that GFP chimeras with a glycme 2/cysteine 3 m otif
localized to the plasma membrane and endosomal vesicles
(13). Our results with GFP chimeras show that the N-terminal
15 amino acids of RP2 are sufficient for plasma membrane
localization and confirm that the glycine 2/cysteine 3 m otif is
an absolute requirement. The minimal plasma membrane
targeting region o f RP2 remains to be fully delineated;
however, we have demonstrated that it is contained within the
15 N-terminal amino acids, which is consistent with previous
studies of other acyiated proteins (13).
We also investigated the cellular localization of RP2 proteins
containing mutations known to cause retinitis pigmentosa. The
RUSH mutation had no effect on the targeting o f the protein to
the plasma membrane. However, the AS6 mutation was suffi
cient to inhibit membrane localization completely. Serine at
position 6 is believed to be part o f the preferred recognition
sequence for NMT and it has been demonstrated that mutagen
esis o f serine 6 to alanine prevents both myristoyiation and
palmitoylation o f the G protein G^a (18). In the first reported
genotype-phenotype correlation for R K (5), RP2 patients
with tiie RUSH mutation appear to have a particularly aggres
sive form of disease. In contrast, the AS6 mutation is associ
ated with a milder phenotype, with delayed disease onset (5).
Considering these clinical findings in the context o f our data,
the AS6 mutation may affect the proper targeting o f RP2 to the
correct cellular location, whereas the RUSH mutation affects
the function of correctly localized protein. However, we also
observed that the heterologously expressed full-length AS6
mutant could only be detected at low levels when expressed in
CHO cells. The mutant protein, therefore, may not accumulate
to high levels in cells because it is misfolded and thus rapidly
degraded. I f this is also the case in the patients, then the correct
targeting of RP2 to the membrane may not be essential for RP2
function in the retina, and the mild phenotype in these families
could be a consequence o f low levels o f functional protein
rather than improper targeting. However, the observation that

AS6 RP2 appeared to be present at low levels was based on
immunofluorescence and western blotting using S974 and
could also indicate that S974 cross-reacted poorly with this
mutant. The GFP-tagged AS6 mutant protein appeared to be
present at normal levels, suggesting that the deletion of this
residue does not in itself constitute a signal for proteolysis.
Several proteins including protein kinase A, recoverm and
a-transducin have been shown to be heterogeneously N-termi
nally modified with fatty acids in retinal photoreceptor cells
(19,20). In the retina, proteins are modified at glycine 2 with
tiie fatty acids 12:0, 14:0, 14:ln-9 and 14:2n-6 whereas
similar proteins in other tissues are modified only with 14:0
(myristic acid). Therefore, if RP2 is N-terminally acyiated in
the retina, the fatty acids attached may be different to those in
other tissues. This hypothesis may provide an explanation of
why mutations in an apparently ubiquitously expressed protein
cause a retinal-specific and not systemic disease, as it is
possible that differential acyiation of RP2 in retina results in
the protein having a distinct localization or function. The
results presented here clearly show that RP2 is associated with
the plasma membrane through N-terminal acyiation, it is
important to clarify the nature o f this N-terminal acyiation, in
particular in the retina.
In addition to mediating membrane associations, N-terminal
acyiation can have significant effects on protein function. For
example, myristoyiation can play a structural role in stabilizing
three-dimensional protein conformation, and the orientation of
the myristoyl moiety is not always static. Some N-myristoylated proteins exist in two conformations and the transition
between these two states is regulated by a mechanism known
as a ‘myristoyl switch’ . This ‘switch’ can be triggered by
ligand binding (e.g. recoverin), electrostatics (e.g. MARCKS)
or proteolysis (e.g. HIV-1 Gag) (10). Whether RP2 undergoes
such a ‘switch’ that mediates reversible membrane binding
remains to be resolved, but a retinal-specific trigger may repre
sent another possible mechanism for why mutations in this
ubiquitous protein cause retinal degeneration.
Although the function of RP2 remains unknown it has a
similarity over 150 amino acids to a previously described
protein, cofactor C. Cofactor C was identified as a component
of the P-tubulin folding pathway (8) and RP2 is its first
potential homologue. The production o f native (x/p-tubulin
heterodimer depends on the action o f the cytosolic chaperonin
(CCT) and several cofactors, although the precise role of these
cofactors is still unknown. The following model for the action
o f these cofactors in the post-chaperonin steps o f tubulin
folding has been proposed by Tian et al. (9): (i) after being
released by CCT in a near-native state, the tubulin folding
intermediates are captured by cofactors: A and D in the case of
P-tubulin; B and E in the case of a-tubulin (or F^P Fpp and
Fgtt and F^a, respectively); (ii) the F^a and F^P complexes act
as reservoirs, capable of accepting or delivering their target
protein to cofactors E and D, respectively; (iii) F^a and F^P
interact to form the species FeO/F^P; and (iv) addition of
cofactor C generates an a/p supercomplex, which hydrolyses
GTP and produces native tubulin. This model, however, is
controversial and other data on the function o f these cofactors
suggest that they may play a role in sequestering tubulin or
modifying microtubule function. For example, the yeast homo
logue o f cofactor A (Rbl2p) can sequester overexpressed Ptubulin that would otherwise be lethal (21), whereas cofactor D
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in fission yeast (A lp l), in addition to assisting microtubule
assembly, co-localizes with microtubules in cells and co
sediments with porcine brain microtubules in vitro (22),
suggesting that it may be a microtubule-associated protein
(MAP). Indeed, cofactor C may have other roles than that
proposed in the above model. Unpublished data cited by Tian
et al. (8) suggest that cofactor C is a chaperone, can associate
with microtubules, and may itself be a MAP.
It is unlikely that RP2 functions exclusively in tubulin
folding, as we have shown that it is primarily plasma
membrane associated. However, it is possible that RP2 does
still interact with tubulin and/or microtubules. Several proteins
with different functions have been shown to interact with both
the plasma membrane and microtubules. G proteins serve
many functions involving the transfer of signals from the cell
surface receptors to intracellular effector molecules and some
0 protein subunits are N-terminally acyiated and interact with
microtubules. G^a, for example, is myristoyiated and palmit
oylated and is also able to interact with tubulin, inhibiting the
polymerization of tubulin-GTP into microtubules (23). It has
also been reported that proteins modified by saturated acyl
groups are targeted to detergent-resistant membrane rafts in
mammalian cells (24) and tubulin can be anchored to these
rafts (25). Therefore, RP2 may still act as a MAP, possibly as a
linker between membranes and the cytoskeleton facilitating
membrane trafGc, through the m otif that is conserved with
cofactor C.
The region of RP2 that is similar to cofactor C includes the
RUSH mutation and the arginine residue appears to be
conserved in cofactor C across several species. Although it
seems unlikely that RP2 is involved in tubulin biogenesis, this
conserved m otif may act as a common tubulin or microtubule
binding site. In the retina this may include an association with
the connecting cilia o f photoreceptors, an organelle that has
been shown to be of critical importance for photoreceptor
viability. The fine structural localization of RP2 in the retina
should help to clarify whether this is the case. Alternatively,
the similarity between RP2 and cofactor C may reflect some
other, previously unstudied, aspect o f cofactor C function or a
diversification and specialization o f function from cofactor C.
In this report, we describe the first steps towards under
standing the function o f the RP2 protein and the consequences
of mutations on the localization o f RP2. Specifically, we have
demonstrated that mutations in the N-terminus interfere with
the normal targeting of the protein to the plasma membrane.
The major challenge now is to ascertain more o f the function of
the protein, assess the significance of the sim ilarity to cofactor
C and evaluate its specific role in the retina.

MATERIALS AND METHODS
Construction of plasmids
Full-length RP2 cDNA was amplified by PGR from a human
brain cDNA library (Clontech, Palo Alto, CA) and cloned into
the pGEMT vector, using oligonucleotide primers based on the
untranslated regions of the mRNA. Restriction endonuclease
recognition sites appropriate for subcloning and a 9 x histidine
tag were introduced by using modified primers for PGR from
pGEMT RP2 and subsequently cloned into the Ncol and
BamHl site of pTrcHis, or the BamUl site o f the expression

vector pBKCMV. For mutagenesis of the coding region, RP2
was PGR amplified from the pGEMT RP2 construct using 5'
primers where sequence alterations had been introduced to
produce the required amino acid sequence changes G2A, C3S,
G2A/G3S and AS6. The RUSH mutation was introduced by
site-directed PGR-mediated mutagenesis. The 15 amino acid
N-terminal sequence of RP2 was cloned into the BamHl-Agel
site of pEGFP-Nl using annealed phosphorylated oligonucleo
tides. A BamHL site was introduced in the 5' end of the oligo
nucleotide and an Age! site at the 3' end. This stratagem was
also used to introduce the G2A, G3S, G2A/C3S and AS6 muta
tions. A ll constructs were confirmed by sequencing.
Production of antisera and western blotting
Recombinant C-terminal 9 x histidine tagged RP2 expressed
from pTrcHis was purified by metal affinity chromatography
using Talon (Clontech) and used to produce a sheep polyclonal
anti-RP2 serum, S974 (Scottish Antibody Production Unit,
Carluke, UK). This serum was affinity purified using recom
binant RP2 conjugated to activated Sepharose (Amersham
Pharmacia, Little Chalfont, UK). The affinity-purified serum
was used in western blotting at a titre of 1:500. Monoclonal
anti-N-CAM (clone no. NCAM-OBl 1) was used at the recom
mended titre (Sigma, Poole, UK). Immune complexes were
visualized by ECL detection (Amersham Pharmacia). Stand
ards containing known amounts o f the recombinant histidinetagged RP2 were included on blots.
Preparation of tissue homogenates and SH-SY5Y lysate
Human tissues and SH-SY5Y cells were Dounce homogenized
on ice in 20 mM Tris-HC l pH 7.5, 500 mM NaCl, 12.5 mM
KCl, 1 mM EDTA, 1 mM dithiothreitol, containing a protease
inhibitor cocktail (Sigma). The concentration o f protein in
homogenates was determined using the Bio-Rad (Hemel
Hempstead, UK) DC assay.
Cell line maintenance and construction
The neuroblastoma cell line SH-SY5Y and CHO cells were
grown in Dulbecco’s modified Eagle’s medium/F12 with 10%
fetal calf serum. Cell lines expressing wild-type and mutant
full-length RP2 were made based on the parent CHO cell line.
Briefly, cells were transfected using calcium phosphate with
pBKCMV containing wild-type or mutant RP2 downstream of
the cytomegalovirus promoter. Stable cell lines were selected
using geneticin, G418 (500 |ig/m l). CHO cells were also trans
fected with RP2-GFP chimeras using calcium phosphate.
Confocal microscopy of cells expressing RP2 and
RP2-GFP chimeras
Cells were seeded at 1 x 10^ cells/ml into chamber slides, 24 h
after seeding medium was replaced, and after 48 h cells were
fixed in either ice-cold methanol or 3.7% (v/v) formaldehyde
followed by detergent permeablization with 0.05% (v/v) Triton
X-100. SHSY-5Y and CHO cells were then processed for
confocal microscopy. Transfections were performed as
described above, 24 h after seeding. For immunofluorescence
affinity-purified S974 was used at a titre o f 1:250 and fluores
cein isotiiiocyanate-conjugated anti-sheep secondary antibody
(Dako, Cambridge, UK) at a titre of 1:50. Cells were counter
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stained with the nuelear stain DAPI. The fluorescenee was
detected using a Zeiss laser scanning confocal microscope.
Basic subcellular fractionation
Cells were washed twice and scraped into phosphate-buffered
saline (PBS). They were pelleted by centrifugation (1000 g)
and resuspended in breaking buffer (250 mM sucrose, 10 mM
triethanolamine, 10 mM acetic acid, 1 mM EDTA, pH to7.45
with NaOH, Sigma protease inhibitor cocktail). The cells were
then allowed to swell for 10 min prior to breaking by passing
30 times through a steal ball bearing cell homogenizer (HY
Enterprises, Redwood City, CA). After breakage, cells were
centrifuged at 1850 g, and the supernatant fraction removed.
The pellet was resuspended in an equal volume of buffer prior
to comparison o f pellet and supernatants by western analysis.
The AS6 experiment was as above with the following m odifi
cations: cell breakage was by Dounce homogenization in PBS
(with Sigma protease inhibitor cocktail), with centrifugation at
12 000 g for 20 min prior to washing the pellet once with PBS.
Sucrose gradient centrifugation
Supernatant fractions from the basic subcellular fractionation
were further separated on a linear sucrose gradient using a
technique that produces a previously well characterized
gradient (17). Briefly, a 14 ml 10-40% (w/w) sucrose gradient
in 50 mM HEPES pH 7.2, 90 mM KCl was prepared with a
65% (w/v) sucrose cushion. Supernatants (1 ml) were loaded
on to sucrose gradients and centrifuged using a swing-out rotor
at an average o f 78 800 g for 16 h at 4®C. For detergent treat
ment NP-40 was added to the supernatant fraction to a final
concentration of 0.5%, 10 min prior to loading onto the
gradient. After centrifugation 1 ml fractions were collected
starting from the bottom of the tube (65% sucrose). Fractions
were stored at -70®C until western analysis.
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