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A mitochondria-localized glutamic acid-rich protein (MGARP/
OSAP) is highly expressed in retina that exhibits a large area

of intrinsic disorder
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Abstract Study of retina specific genes would offer
insights into retinal diseases and treatment. Based on the
information from the gene expression profiles of mouse
retinas, we here identified a mitochondria-localized glu-
tamic acid-rich protein (MGARP/OSAP) as one of the
highly expressed proteins in retina. Sequence analysis
revealed that mouse and rat MGARPs have an extra
insertion of four consecutive amino acid repeats at the C-
terminus, while other homologues do not. MGARP was
demonstrated to be localized to the mitochondria and
overexpression of MGARP missing N-terminal region
causes severe mitochondrial aggregation, implying an
important role of MGARP in maintaining mitochondrial
morphology. MGARP is highly expressed in mitochondria-
rich layers, including inner segment of the photoreceptor,
outer plexiform layer and ganglion cell layers of mouse
retina. Far-UV CD spectrum analysis suggested that
MGARP exhibits a large area of intrinsic disorder and the
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unusual position of its Tyr fluorescence suggested that Tyr
residues in MGARP might form excimer and exist in an
ionized state. These findings implied that MGARP be a
good candidate for assembling certain ion channels on
mitochondria membrane and have great potential to
be involved in retinal energetic metabolism through
mitochondria related pathway.
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Introduction

Retina is a component of the eye tissue and plays an
essential role in vision. Vision, as an enormously complex
form of information processing, critically depends on the
retina. Seeing is initiated when light passing through the
pupil of the eye is focused by the lens onto the retina’s
sensory neuroepithelium [1]. Retina diseases can cause
vision loss or irreversible blindness. Age-related macular
degeneration (AMD) and diabetic retinopathy (DR) are two
typical causes of blindness that severely threaten people’s
health [2-4]. AMD is the leading cause of blindness in the
elderly, affecting 10 million people around the world [5, 6].
DR is also a severe syndrome of diabetes. Almost all dia-
betes patients suffer from retinal dysfunction in late-stage
diabetes [7, 8]. Additionally, one major cause of blindness
in the developed world is inherited retinal degeneration
(RD). In recent years, research on AMD has achieved
significant breakthroughs [9-12]. Evidence has shown that
multiple genes and proteins are involved in AMD, DR and
RD, but the etiology still remains unclear. Thus, annotation
and characterization of retinal genes and proteins have
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become more important to understanding the detailed
mechanism of the development of retinal disease and
improving clinical interventions.

Mammalian photoreceptors are the most intensively
studied type of sensory neuron [13]. Large scale screenings
have been done to identify the full set of genes expressed
by mammalian rods from mature and developing mouse
retina, which has provided enormous information for
researchers to further study the physiology of the retina and
the development of retinal diseases [14, 15]. However,
there are still a large number of novel genes remaining to
be discovered, and their functions and properties need to be
defined.

To investigate the gene expression profile of retinal
genes at different developmental stages, DNA microarray
analysis was carried out using mRNAs from E13.5, P1 and
adult C57BL/6 mouse retina as described previously [16].
Here, we reported a novel gene obtained by the above DNA
microarray screening in the same batch with MPP4 protein
[16]. It is a mitochondria-localized glutamic acid-rich
protein predominately expressed in the retina. Immunolo-
calization showed a positive staining in each layer of the
retina, with particularly higher staining in the inner seg-
ment of the photoreceptor (IS), the outer plexiform layer
(OPL) and the ganglion cell layer (GCL). Our study
unveiled some distinct features of this protein and sug-
gested the importance of further studying its functions,
which would improve our understanding of the develop-
ment and pathogenesis of some retinal diseases.

Materials and methods

Gene analysis and plasmids construction

Bioinformatic analysis of MGARP was carried out to
analyze the basic features of this gene. Gene structure

analysis, homologous alignment, signal peptide and protein
conserved domain predictions were performed using the

Table 1 Primers used in the present study

following sources: http://www.ncbi.nih.gov/BLASTY/, http://
www.cbs.dtu.dk/services/SignalP/, http://www.ncbi.nlm.nih.
gov/Structure/cdd/wrpsb.cgi, http://www.cbs.dtu.dk/services/
TMHMM-2.0/, Bioedit and the DNA STAR software. Full-
length cDNAs of mouse MGARP (mMGARP) and human
MGARP (hMGARP) were obtained by Reverse Transcrip-
tion-Polymerase Chain (RT-PCR) from mouse and human
retina with the primers of mMGARPI1/mMGARP2 and
hMGARP1/hMGARP2, as shown in Table 1. RT-PCR was
performed as described in the user’s manual (TaKaRa Bio-
technology Co., Ltd). The following PCR conditions were
used: 94°C for 4 min, 30 cycles of 94°C for 30 s, 60°C for
45 s, and 72°C for 1 min, followed by a final extension at
72°C for 5 min. The amplified full-length cDNAs of
mMGARP and hMGARP were inserted into the vectors
of pcDNA3.1/myc-His (Invitrogen) and pGEX-4T-1
(Amersham Pharmacia Biotech) at EcoRI and Xhol restriction
sites to construct eukaryotic expression plasmids (pcDNA3.1/
mMGARP/myc and pcDNA3.1/hMGARP/myc) and pro-
karyotic expression plasmids (pGST/mMGARP). mMGARP
and "M GARP genes were then subcloned into EcoRI/Apal
sites of pEGFP-N2 (BD Biosciences Clontech) from
pcDNA3.1/myc-His to generate pmMGARP/EGFP and
phMGARP/EGFP expression plasmids. The cDNAs of
mMGARP-deletion (AE for deleting 1-42aa and AET for
deleting 1-67aa) and hMGARP-deletion (AE for deleting 1—
41aa and AET for deleting 1-63aa) were obtained by PCR
using the above constructed plasmids as templates and the
primers of mMGARP-TMI1/mMGARP2 for amplifying the
fragment of nMMGARP-AE, mMGARP-deletionl/mMGARP?2
for amplifying mMGARP-AET, hMGARP-TM 1/hMGARP2
for amplifying hMGARP-AE, and hMGARP-deletionl/
hMGARP2 for amplifying hMGARP-AET (Table 1). All
target fragments were cloned into pPEGFP-N2 vectors using
the same method as that for cloning the full-length cDNA.
Thus, a series of MGARP-deletion expression plasmids were
constructed, namely, pmMGARP-AE/EGFP, pmMGARP-
AET/EGFP, phMGARP-AE/EGFP and phMGARP-AET/
EGFP. All clones were confirmed by DNA sequencing.

Primer names

Sequences

mMGRP1
mMGRP2
hMGRP1
hNRGP2
mMGRP-TM1
hNRGP-TM1
mMGR-deletionl
hMGRP-deletionl

5'-CGAGAATTC(EcoRI)ACCATGTATCTCCGCAGGGCTGTG
5'-CCGCTCGAG(Xhol) AACTAAGTGTACTAAAAACAC
5'-CGAGAATTC(EcoRI)ACCATGTATCTCCGCAGGGCGGT
5'-CCGCTCGAG(Xhol)GCCTTGAGCCGAAGCAGC
5'-CCGGAATTC(EcoR)GCCACCATGTCTGGCTCCAATATGATCTATTACC
5'-CCGGAATTC(EcoR)GCCACCATGTCATCTGGATCAAATATGATTTATT
5'-CCGGAATTC(EcoR)ACCATGACATCAAAGCAAGTGAGACGTACAG
5'-CCGGAATTC(EcoR) ACCATGTACAAGACAGTCACATCAGACCAAG
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Cell culture and imaging of scanning laser confocal
microscopy

The HeLa cells were cultured in DMEM (GIBCO)
medium containing 10% calf serum, 100 units/ml penicillin,
100 pg/ml streptomycin, and 2 mmol/L glutamine. Cells
were plated on a 6-well culture plate or 35 mm-diameter
dishes with glass coverslips at a density of 5 x 10* cells/ml
and grown at 37°C for 2 days. About 3 pg per well
of pmMGARP-AE/EGFP, pmMGARP-AET/EGFP, phM-
GARP-AE/EGFP and phMGARP-AET/EGFP plasmids
were respectively delivered into the cells using VigoFect
(Vigorous Biotechnology). The pEGFP-N2 alone was
transfected into cells as control. Twenty-four hours after
transfection, the cells were incubated with 100 nmol Mito
Tracker Red (Molecular Probes) in PBS for 10 min at 37°C.
Cells were then washed twice with PBS and fixed with 4%
formaldehyde for 10 min at room temperature. The nuclei
were counterstained with Hoechst 33342 (Sigma). The
coverslips were mounted in glycerol and analyzed with a
laser confocal Olympus fluoview 500 microscope.

Immunofluorescent staining of retinal sections

Retina of adult mouse was fixed with 10% formalin in PBS
for 12 h, and then dehydrated gradually in alcohol. The
tissues were embedded in paraffin and sectioned in a
thickness of 5 um. Paraffin sections were routinely de-
waxed, rehydrated and washed with 0.01 M PBST (1/1000
Tween20 in PBS) 3 x 5 min. Sections were incubated
with MGARP antibody (dilution concentration 1:10,000)
for 1 h in room temperature, washed with 0.01 M PBST
3 X 5 min and then incubated with the appropriate sec-
ondary antibody (TRITC, dilution concentration 1:100) for
1 h at room temperature followed by washing by 0.01 M
PBST 3 x 5 min and counterstained by antibody labeled
by Hoechst (dilution concentration 1:2,000) for 1 h in
37°C. Control sections were incubated with anti-GST
rabbit serum. Finally, all sections were sealed with glycerin
and observed under fluorescence microscope and laser
confocal microscope.

Tissue expression analysis

To study mMGARP expression pattern from different
mouse tissues, total RNAs were isolated from the following
tissues of adult mouse: muscle, liver, uterus, lung, blood,
kidney, spleen, heart, testis, retina, fat, brain, intestine, and
stomach. One microgram total RNAs were used as tem-
plate for RT-PCR analysis (TaKaRa Biotechnology Co.,
Ltd) as described in the manual. The RT-PCR products
were analyzed by 1% agarose gel electrophoresis. The

expression level of f-Actin was used as loading and
internal control.

Spectroscopic experiments

The protein was prepared as described as Supporting
Methods and determined according to the Bradford method
[17] using bovine serum albumin as a standard. The purity
of the final products was identified by SDS—polyacrylamide
gel electrophoresis (SDS-PAGE). The samples used for
spectroscopic experiments were prepared by dissolving the
protein in 20 mmol/l Tris—HCI buffer with a final protein
concentration of 0.1 mg/ml. The fluorescence emission
spectra were collected on a Hitachi F-2500 spectrofluo-
rimeter using 1-cm-pathlength cuvettes. The intrinsic
fluorescence was measured using an excitation wavelength
of 280 nm and an emission spectral range of 300400 nm.
The far-UV circular dichroism (CD) spectra were recorded
on a Jasco-715 spectrophotometer using 0.1-cm pathlength
cells over a wavelength range of 190-250 nm. Spectra
were scanned at a rate of 200 or 300 nm/min, a resolution
of 0.2 nm and a bandwidth of 1 nm. The percentages of
secondary structure types were determined by the
CONTINLL, SELCON3 and CDSSTR algorithms within
the CDPro analytical software [18]. All spectroscopic
experiments were conducted at 25°C.

Results
Identification and sequence analysis of MGARP

Sequence analysis revealed that this novel gene contains an
open reading frame of 852 bp encoding a protein of 283
amino acids and is mapped to the mouse chromosome 3qC.
Its coding region spans four exons scattering 7.7 kb. Using
RT-PCR, we also cloned the human counterpart cDNA
from human retina and HeLa cells, which also contains
four exons and is located on the human chromosome 4q28.
The calculated molecular weights of the mouse and human
gene products were 29.9 and 254 kDa, respectively.
Amino acid analysis showed that the deduced proteins are
rich in acidic amino residues, especially glutamic acids,
which are present at a ratio of 17.3% (49 out of 283aa) for
the mouse gene and 14.6% (35 out of 240aa) for the human
gene. To investigate the similarity and evolutionary rela-
tionship of the homologues from different species, phylo-
genetic and homologous analyses were carried out. The
results demonstrated that the homologous sequences could
be found only in higher animals, including humans,
macaques, cattle, dogs, rats and mice (Supplementary
Fig. 1a). Interestingly, the same proteins have been previ-
ously identified as mouse ovary-specific acidic protein
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Fig. 1 Protein structural organization of MGARP. a Schematic
diagram of the protein structure of human and mouse MGARPs.
Mouse MGARP has four repeats (denoted R1, R2, R3 and R4).

(OSAP) and human corneal endothelium specific protein
(CESP) in large-scale screenings for tissue specific proteins
[19, 20]. Considering the conservation of this gene among
different species, the presence of a transmembrane domain
and specific cellular localization, we therefore suggested the
protein an accordant and universal name, mitochondrial-
localized glutamic acid-rich protein (MGARP).

Primary structure analysis defines MGARP a novel
protein family

MGAPR was predicted to have a transmembrane region.
Further analysis indicated that the deduced amino acid
sequences of MGARPs from different species share higher
similarity at the N-terminal portion than the C-terminal
portion and none have glutamic acid residues at their N-
terminus (Supplementary Fig. 1b). The C-terminal regions
of mouse and rat MGARPs have an insertion that human
and other MGARPs do not have (Supplementary Fig. 1b).
The insertion is actually of four consecutive repeats, R1—
R4 (Fig. 1a). The repeats between mouse and rat share
certain similarities. The mouse repeat motif is commonly
characterized by a Glu-Gly-Ala-Asp-Thr-Ser-Gln septenary,
except the fourth repeat harbors two conservative substitu-
tions. For rat MGARP, the first two repeats are identical and
characterized by a Ser-Lys-Glu-Gly-Ala-Glu-Thr septenary,
and the last two by a Ser-Lys-Glu-(Glu/Ala)-(Ala/Gly)-
(Glu/Gly)-Thr septenary (Fig. 1b). Among rat MGARP
repeats, Ser-Lys-Glu and Thr seem to be the conserved res-
idues. These indicate that amino acids in the repeats are
highly conserved, but the sequences of these repeats are not
conserved among different species. By looking at the above
and what will be shown later, we conclude that the primary
structure defines MGARP as a novel protein family.

The transmembrane domain is more required
for MGARP’s localization

Cellular localization of a protein has a fundamental
implication in its function. Analysis with the cellular
localization prediction algorithm suggested that MGARP is
likely to reside in the mitochondria. In order to verify this
prediction, we used confocal microscopy to examine Hela
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b Amino acid alignment of R1-R4 from mouse and rat MGARPs.
Black boxes indicate the amino acid identities and grey boxes show
conservative substitutions

cells transfected with expression plasmids encoding
MGARP/EGFP fusion protein and different deletion
mutants (Fig. 2a). Green fluorescence analysis showed that
EGFP alone was expressed evenly in both the nucleus and
cytoplasm (Fig. 2b). In contrast, mMGARP/EGFP and
hMGARP/EGFP were absent in the nucleus and signifi-
cantly expressed in cytoplasm in a punctuate pattern that
overlapped with the staining pattern of Mito Tracker, a
fluorescent marker taken up specifically by mitochondria
(Fig. 2b). This result was consistent with previous report
[19]. To further determine the important region for
MGARP mitochondrial localization, deletion mutants were
generated as described in “Materials and methods”.
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Fig. 2 Cellular localization of MGARP. a Schematic diagram
showing different deletion mutants of human and mouse MGARPs.
AE: deletion of N-terminal region; AET: deletion of extracellular
domain plus transmembrane domain. b Cellular localization of
MGARPs. After transfection with different plasmids, HeLa cells were
double-labeled for mitochondria (Mito Tracker, red/second lane) and
nucleus (Hoechst, blue/third lane). The image was obtained by
confocal microscopy
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mMGARP-AE/EGFP

hMGARP-AE/EGFP
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Confocal imaging showed that the mutants missing the  potential role in maintaining mitochondrial morphology.
N-terminal region (nMGARP-AE/EGFP and hMGARP- Furthermore, the mutants missing both the N-terminal
AE/EGFP) could still be expressed in the cytoplasm and  region and transmembrane domain (nMGARP-AET/EGFP
overlaid with Mito Tracker staining, but they caused and mMGARP-AET/EGFP) showed quite different stain-
remarkable mitochondria aggregation to the nuclear  ing patterns from those of the full-length and AE forms,
periphery (Fig. 2b), indicating that MGARP plays a  and were no longer overlaid with Mito Tracker staining

Fig. 2 continued
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(Fig. 2b). mMGARP-AET/EGFP was expressed in the
cytoplasm, while hMGARP-AET/EGFP was expressed
in the cytoplasm and partially in the nucleus, indicating
its expression was totally in disorder. These experi-
ments clearly showed that MGARP is predominately
localized to the mitochondria, and the transmembrane
domain is more required for MGARP’s localization and
translocation.

Distribution of endogenous MGARP

Expression pattern is a significant hint to understand the
physiological functions of novel genes. To clarify the tissue
distribution pattern of mMGARP, we performed semi-
quantity RT-PCR by using the same amount of total RNA
isolated from different mouse tissues, including muscle,
liver, uterus, lung, blood, kidney, spleen, heart, testis, ret-
ina, fat, brain, intestine, and stomach. The fS-Actin gene
was as positive control. The result demonstrated that
mMGARP was highly expressed in retina and testis
(Fig. 3a). In addition to retina, mMGARP expression is
also detected at lower levels in kidney, spleen and brain,
suggesting that mMGARP expression is highly enriched in
but not restricted to mouse retina.

For further examine the protein expression pattern in
retina, the retinal sections were stained with anti-
mMGARP antibody. The result showed that the MGARP
protein expression was detected in each layer of the retina,
with especially higher signal intensity in the inner segment
of the photoreceptor (IS), outer plexiform layer (OPL) and
ganglion cell layer (GCL) (Fig. 3b). In addition, the
staining clearly showed that MGARP was only expressed
in the cytoplasm, consistent with the results of its locali-
zation analysis by confocal imaging in HeLa cells. The
control stained with anti-GST antibody showed negative or
non-specific staining (Fig. 3c).

MGARP exhibits a large area of intrinsic disorder

We next addressed what kind of secondary structure the
MGARP protein may have, which can give us more
information about its roles. For this purpose, spectroscopic
experiments were further carried out. The percentages of
the secondary structure types were evaluated by deconvo-
lution of the CD spectrum using CDPro software according
to the established procedures [18]. The far-UV CD spec-
trum analysis of native and fully-denatured hMGARP
revealed that the protein was only partially structured
(Fig. 4a). The three methods contained in the CDPro

-mMGARP

B mMGARP  Hoechst Merged

ONL

OPL

INL

IPL

GCL

Fig. 3 Tissue and spatial expression patterns of MGARP. MGARP
distribution pattern. a Total RNAs were isolated from the following
tissues of adult mouse: muscle (Mu), liver (Li), uterus (Ut), lung (Lu),
blood (Bl), kidney (Ki), spleen (Sp), heart (He), testis (Te), retina
(Re), fat (Fa), brain (Br), intestine (In), and stomach (St). The
RT-PCR products were analyzed by 1% agarose gel electrophoresis.
The expression level of f-Actin was used as loading and internal
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control. b The protein expression was detected with anti-GST/
MGARRP fusion protein antibody (marked as MGARP). ¢ Anti-GST
antibody (marked as GST) was used as negative control. The nuclei
were labeled by Hoechst. All figures were amplified at x400. OS
outer segment of photoreceptor, IS inner segment of photoreceptor,
ONL outer nuclear layer, OPL outer plexiform layer, INL inner
nuclear layer, IPL inner plexiform layer, GCL ganglion cell layer
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software returned well-coincided results, which yielded
values of 17.9 £ 0.9% for the a-helix, 23 + 2% for the -
sheet, 26 £ 2% for the f-turn and 33 £ 6% for unordered
structures. This implied that about 40% of the amino acid
residues in hMGARP were in folded structures, while
about 60% of the others were unstructured. Furthermore,
Tyr fluorescence is generally centered at 303-310 nm in
the emission fluorescence spectrum, and Trp fluorescence
is centered at 316-350 nm. It was a surprise to find that the
maximum emission wavelength of hMGARP was centered
at 333 nm (Fig. 4b), since h(MGARP contains no Trp res-
idue. The unusual positioning of the Tyr fluorescence of
hMGARP suggested that Tyr residues in hMGARP might
form excimer and/or exist in an ionized state [21]. This
deduction was further supported by Tyr fluorescence
analysis of GdnHCI-denatured protein, which contained
two peaks centered at 306 and 343 nm. The 306 nm
component was typically from Tyr residue fully exposed to
solvent, while the 343 nm peak might be from its ionized
state. Nevertheless, the dissimilarity in the shape of the
intrinsic fluorescence suggested that hMGARP only con-
tained partial ordered structures, which is consistent with
the result from the CD analysis.

Discussion

In this report, we isolated and systemically characterized
MGARP as a novel mitochondrial-localized glutamic acid-
rich protein in retina. Phylogenetic analysis and multiple
sequence alignment indicated that MGARP homologues
exist in all examined vertebrate species and share higher
similarities, especially for the amino acid sequences at the
N-terminus. This suggests that the MGARP gene family is
conserved among vertebrate species and the functions of
the family members would be of evolutionary importance.
Despite the existence of the above similarities, MGARP
proteins among all species examined were quite different in

Wavelength (nm)

Wavelength (nm)

their finer primary structures. Mouse and rat MGARPs
have an insertion of four repeats at their N-terminus,
whereas the MGARPS of other species do not. It remains to
be clarified if this would be one of the reasons why mice
and rats have a different visual capacity from that of other
animals, especially primates.

From the retina, several specific glutamic acid-rich
proteins (GARPs) have been identified. GARPs are char-
acterized by extremely high content of glutamate residues.
GARPs have two soluble forms, GARP1 and GARP2, and
a third form as a large cytoplasmic domain (GARP’) of the
B1 subunit of the cyclic GMP-gated channel [22-24]. It has
been demonstrated that GARPs are natively unfolded due
to their high abundance of acidic residues and they interact
with phototransduction proteins at the rim of the disc
membrane, playing a critical role in visual signal trans-
duction [26, 27]. Comparison between MGARPs and the
reported GARPs revealed that their amino acids and DNA
sequences share very low homology (data not shown);
however, they all are rich in glutamic acid residues, contain
four repeats and a large unstructured region [25]. Inter-
estingly, GARPs contain four repeats at the N-terminus,
while mouse and rat MGARPs have their repeats at the
C-terminus. The sequences among MGARP repeats share
higher homology than those among GARP repeats. More-
over, MGARPs contain a single transmembrane domain at
the N-terminus and locates to the mitochondria while
GARPs do not have such a transmembrane domain and
they tend to bind to or be a part of the cytoplasmic mem-
brane associated protein, cyclic GMP-gated channel [25].

The abundant expression of MGARP protein in retina
and the identification as a mitochondria-localized protein
have significant physiological implications. Mitochondria
are critical regulators of cell death, a key feature of neu-
rodegeneration [28]. Many lines of evidence suggest that
mitochondria have a central role in ageing-related neuro-
degenerative diseases. Mitochondria-associated diseases
are increasingly recognized as a variety of many important
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clinical entities that develop as a consequence of abnor-
malities in energy supply, generators of reactive oxygen
species and initiators of apoptotic processes [29]. Charac-
terization of novel mitochondrial proteins has been shown to
be critical to understanding the role of mitochondria in ret-
inal diseases, and also important to explore the general
mechanisms of mitochondrial dysfunction in other neuro-
degenerative disorders of complex etiology [2, 30, 31]. Our
results clearly showed that MGARP is located in the mito-
chondria and removal of the N-terminal domain and trans-
membrane domain caused abnormal MGARP translocation,
indicating that these parts are essential for MGARP locali-
zation and translocation to the mitochondria.

Further analyses by using spectroscopy, Tyr fluorescence
and CD spectrometry indicated that Tyr residues in
hMGARP might form excimer and/or exist in an ionized
state. These results were consistent with MGARP being a
good candidate as a component of the ion channel complex.
The large area of unfolded region in MGARP would be a
molecular basis to provide flexible spacers or linkers teth-
ering channels in the mitochondrial membrane [22, 25, 27].

In summary, our findings on the properties of this novel
retinal mitochondrial gene provide a fundamental advance
to further understand the mechanisms of the development
of retinal diseases caused by energy disorder.
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