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RPEG65 is a membrane-associated retinoid isomerase
involved in the visual cycle responsible for sustaining
vision. Many mutations in the human RPE65 gene
are associated with distinct forms of retinal degenera-
tive diseases. The pathogenic mechanisms for most of
these mutations remain poorly understood. Here, we
show that three Leber congenital amaurosis -associated
RPE65 mutants (R91W, Y249C and R515W) undergo
rapid proteasomal degradation mediated by the 26S
proteasome non-ATPase regulatory subunit 13
(PSMD13) in cultured human retinal pigment epithe-
lium (RPE) cells. These mutant proteins formed
cytosolic inclusion bodies or high molecular weight
complexes via disulfide bonds. The mutations are
mapped on non-active sites but severely reduced isom-
erase activity of RPE65. At 30°C, however, the enzym-
atic function and membrane-association of the mutant
RPEG65s are significantly rescued possibly due to proper
folding. In addition, PSMD13 displayed a drastically
decreased effect on degradation of the mutant proteins
in the cells grown at 30°C. These results suggest
that PSMD13 plays a critical role in regulating patho-
genicity of the mutations and the molecular basis
for the PSMDI13-mediated rapid degradation and
loss of function of the mutants is misfolding of RPE65.

Keywords: 26S proteasome non-ATPase regulatory
subunit 13 (PSMD13)/retinal degeneration/retinal
pigment epithelium/retinoid isomerise/RPE6S.

Abbreviations: 11cRAL, 11-cis retinaldehyde;
11¢ROL, 11-cis retinol; DAPI, 4°,6-diamidino-
2-phenylindole; DMSO, Dimethyl sulfoxide; DTT,
Dithiothreitol; ER, endoplasmic reticulum; HMC,
high molecular weight complexes; HPLC, high-
performance liquid chromatography; PSMD13, 26S
proteasome non-ATPase regulatory subunit 13; RPE,
retinal pigment epithelium; SD, standard deviation;
UPP, ubiquitin-proteasome pathway.

RPEG6S is a key retinoid isomerase (/—3) in the visual
cycle essential for regenerating 11-cis retinaldehyde
(11¢RAL), the universal chromophore of the visual
pigments in both cone and rod photoreceptors. This
membrane-associated protein utilizes hydrophobic all-
trans retinyl esters, such as all-zrans retinyl palmitate,
as its substrate for synthesizing 11-cis retinol (/, 2).
The all-trans to 11-cis isomerization of retinoid is a
rate-limiting step in the visual cycle (4). Mice lacking
RPE65 (Rpe65~'~ and rd12 mice) cannot synthesize
11-cis retinoids; therefore, photoreceptors in these
mice lose sensitivity to light (3, 6).

More than 70 different missense mutations, includ-
ing a dominant mutation, in the human RPE65 gene
are associated with retinal degenerative diseases such
as Leber congenital amaurosis (LCA), retinitis pigmen-
tosa (RP), and childhood onset retinal dystrophy
(Human Gene Mutation Database: www.hgmd.cf.ac.
uk/ac/index.php; 7—12). Although most of these muta-
tions have not been studied for their pathogenicity and
disease mechanism, some mutations have been shown
to abolish isomerase activity of RPE65 (1, 3, 13—17).
Several mutations have also been shown to reduce
expression levels of RPE6S in vitro (13—16, 18) and
in mouse models (/9—21). However, most of these mu-
tations have not been studied for the molecular mech-
anisms underlying rapid degradation of the mutant
proteins. Analysing the molecular pathway leading to
rapid degradation of the mutant RPE65s is important
for understanding the disease mechanisms of muta-
tions and may lead to the development of a therapeutic
intervention for the diseases.

The ubiquitin—proteasome pathway (UPP) is a
highly selective proteolytic system that plays a pivotal
role in cellular protein quality control by mediating
degradation of misfolded proteins (22). Decreased pro-
teasomal activity and proteasome overload are asso-
ciated with multiple forms of inherited retinal
degeneration (23, 24). PSMD13 is a positive regulator
of UPP in yeast (25). The mouse PSMDI3 is abun-
dantly expressed in the retinal pigment epithelium
(RPE; 18), and has been identified as a candidate for
a negative regulator of RPE65 (26). We recently have
shown that PSMD13 strongly promotes degradation
of three disease-associated mutant RPE65s (L22P,
T1011 and L408P; 18). PSMD13 has been suggested
to play a critical role in regulating pathogenicity of
these mutations by mediating degradation of misfolded
mutant RPE65s (/8). Its impact on other RPE65 mu-
tations, however, has not been studied.

Adeno-associated virus mediated therapy trials,
which express wild-type RPE65 in patients’ RPE,
have shown improvement in vision (27—30).
However, a subsequent study reported that gene
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therapy did not stop the progressive retinal degener-
ation (3/), suggesting that providing enzymatic activity
alone may be not enough to block the pathological
pathways leading to retinal degeneration. Recent iden-
tification of a dominant missense mutation in RPE65
of patients with RP (/2) indicates that the mutated
RPE65 has a dominant pathogenic effect. Some reces-
sive missense mutations may also result in both loss of
function and gain of cytotoxic function due to misfold-
ing, mislocalization and aggregation of mutant RPE65
proteins (13, 14, 18). To prove this, further studies are
needed.

Recently, we have shown that some disease-causing
RPE65 mutants with mutations in non-active site can
be rescued by helping their proper folding (/8). In this
study, we tried to extend our finding to other patho-
genic mutations by testing additional three RPEG65
mutants with a R91W, Y249C or R515W substitution.
All these mutations are associated with LCA (9, 16,
32—34), the most severe form of retinal degeneration.
The R9IW substitution is one of the most frequent
RPEG65 mutations found in patients with LCA (9, 10,
35—38). We investigated these three RPE65 mutants
with regard to their potential pathogenic mechanisms
and rescue of their enzymatic function.

Materials and Methods

Cell culture, transfection and treatment

Cultured primary human RPE, ARPE-19 and 293 T-LC cells were
maintained and transfected as described previously (Z, 18, 39, 40).
Transfected RPE cells were split into a 24-well culture plate without
Millicell HA filters and incubated in modified Chee’s medium to
reduce expression levels of endogenous RPE65 (18, 40). Relative
transfection efficiencies were determined by measuring activities of
B-galactosidase from pRSV-LacZ (41) co-transfected with a wild-
type or mutant RPE65 construct. For low temperature treatment,
cells were maintained at 30°C under 5% CO,. For chemical treat-
ment, cells were incubated overnight with MG132 (9 uM), MG115
(9 uM), pepstatin A (5 M) or DMSO in the culture medium.

Site-directed mutagenesis

PCR using a QuikChange II XL Site-Directed Mutagenesis Kit
(Agilent Inc.) was carried out to introduce a mutation into the
pRKS5-RPE6S plasmid encoding the human RPE65S (/6). Primers
used for generating the mutant RPE65 constructs are shown in
Table S1 in the Supplementary Material. Following mutagenesis,
all sequences of the constructs were confirmed by DNA sequence
analysis.

Preparation of cell membrane pellets

293 T-LC cells expressing wild-type or mutant RPE65 were resus-
pended in ice-cold 10 mM HEPES buffer containing protease inhibi-
tors (Roche Life Science) and homogenized in a glass-to-glass tissue
grinder. This homogenate was used as the total cell lysate. A portion
of the homogenates was centrifuged at 400 xg for 10 min to remove
the cell nuclei. The resulting supernatants were centrifuged for 1 h at
100,000 x g to pellet the membranes. The membrane pellets were
resuspended in HEPES buffer containing 0.1% sodium dodecyl sul-
fate and used as the membrane fraction.

Analysis of high molecular weight complexes

ARPE-19 cells expressing WT or mutant RPE65 were incubated
with 15pM ubiquitin-activating enzyme (E1) inhibitor (UBEI-41)
for 16h. After washing with phosphate buffered saline (PBS), the
cells were incubated in a lysis buffer containing or not containing
reducing reagents (100mM dithiothreitol and/or 2% 2-mercap-
toethanol) for 30 min at room temperature or for 10 min at 70°C.
The cell lysates were then subjected to immunoblot analysis.
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Immunoblot analysis

Protein samples prepared in the lysis buffer with or without the DTT
reducing reagent were separated in a 10 or 12% polyacrylamide gel
by electrophoresis. The separated proteins were then transferred
onto an Immobilon-P membrane (EMD Millipore Co.). The mem-
brane was incubated in blocking buffer, primary antibody and horse-
radish peroxidase-conjugated anti-rabbit antibody (PerkinElmer
Inc.). Antibodies against RPE65 (42), PSMDI3 (Proteintech
Inc.), B-actin (Sigma-Aldrich Co.) or E-cadherin (Santa Cruz
Biotechnology, 1Inc.) were wused as primary antibodies.
Immunoblots were visualized with the enhanced ECL-Prime and
quantified as described previously (/8). To obtain clear chemilumin-
escence signals in linear range, exposure times of immunoblot mem-
brane in the ImageQuant LAS 4000 (GE Healthcare Bio-Sciences)
were adjusted between 5 and 90s in 5-20s intervals.

Immunoprecipitation

Cells expressing RPE65 and PSMDI13-Flag were lysed in 50 mM
Tris-HCI buffer (pH 7.4) containing 150 mM NaCl, I mM EDTA,
0.5% Nonidet P-40 and protease inhibitors. Immunoprecipitation
was carried out using an anti-FLAG M2 affinity gel (Sigma-
Aldrich Co.) as described previously (43). The precipitated proteins
were used for immunoblot analysis in the presence of reducing
reagents.

Knockdown of PSMID13

PSMD13 depletion in ARPE-19 cells was performed by transfecting
PSMDI13 siRNA (OriGene Technologies Inc.) using PolyJet
(SignaGen Laboratories). Scramble siRNA was used as a negative
control. The PSMD13 siRNA targets exon 9 of the human PSMD13
gene. Forty-eight hours post transfection, the cells were used for
immunoblot analysis.

Retinoid isomerase assay

The 293 T-LC cells transfected with construct encoding WT or
mutant RPE65 were incubated with SuM of all-trans retinol
(atROL) for 16h at 30 or 37°C. Retinoids extracted from the cells
were saponified and analysed by normal-phase HPLC as described
previously (/, 26).

Mapping of mutation sites onto the crystal structure of RPE65
The ID (4F2Z) of the bovine RPEG6S5 structure in a lipid environment
(44) was obtained from the RCSB Protein Data Bank. Mapping of
mutation sites onto a three-dimensional structure of RPE65 was
done using the UCSF Chimera program.

Immunocytochemistry

ARPE-19 cells grown on a glass coverslip were fixed with 4%
paraformaldehyde and incubated with 0.2% Triton X-100 in PBS
for 15min. After blocking with 10% fetal bovine serum (FBS) and
2% goat serum in PBS for 1h, the cells were incubated with RPE65
antibody overnight at 4°C and then with Alexa Fluor 555-
conjugated secondary antibody (Thermo Fisher Scientific Inc.) at
room temperature for 1 h. Before and after incubating with antibo-
dies, the cells were washed with 0.1% Tween 20 in PBS three times.
Nuclei were labeled with DAPI (Sigma-Aldrich Co.). Images were
captured with a Zeiss LSM510 Meta confocal microscope with a
40X oil-immersion objective.

Results

PSMD13 promoted degradation of mutant RPE65s in
the proteasome

As a first step to analyse the disease mechanisms of the
three RPE65 mutations (R91W, Y249C and R515W),
we compared expression levels of wild-type and the
mutant RPE65s in cultured human RPE cells, which
retain many of the functional and morphological char-
acteristics of RPE in vivo (40, 45—47). Immunoblot
analysis of the RPE cells transfected with wild-type
or mutant RPE65 construct showed that expression
levels of the three mutant RPE65s were less than
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30% of wild-type RPE65 (Fig. 1A). We obtained a
similar result in ARPE-19 cells (Fig. 1A). Activities
of PB-galactosidase expressed from the pRSV-LacZ,
which was co-transfected with WT or mutant RPE65
construct, were similar in all transfected cells (Fig. 1B),
suggesting that the lower expression levels of the
mutant RPE65s were due to post-transcriptional deg-
radation rather than lower transfection efficiency of
mutant RPE6S5s.

To identify the degradation pathway, we treated the
cells with proteasome inhibitors (MG115, MG132) or
a lysosome inhibitor (pepstatin A). Both proteasome
inhibitors, but not the lysosome inhibitor, significantly
increased expression levels of all three mutant RPE65s
(Fig. 1C), suggesting that these mutant proteins are
degraded in the proteasomes. To confirm this result,
we tested the effects of PSMDI13, a positive regulator
of the proteasome (25), on expression levels of the
mutant RPE65s. As shown in Fig. 2A, co-transfection
of PSMD13 further reduced protein levels of the
mutant RPE65s. Conversely, siRNA-mediated knock-
down of PSMDI3 significantly increased expression
levels of the mutant proteins (Fig. 2B). Both overex-
pression and knockdown of PSMDI13 exhibited mild
effects on expression levels of wild-type RPE65 (Fig.
2A.B), suggesting that PSMDI13 preferentially pro-
motes degradation of mutant RPE65s. In support of
this result, immunoprecipitation revealed that
PSMDI13 strongly interacted with mutant RPEG65s
(Fig. 20).

E1 Inhibitor increased accumulation of high
molecular weight complexes of mutant RPE65s

To test whether the mutant RPE65s are misfolded and
undergo ubiquitination-dependent ~ proteasomal
degradation, we treated ARPE-19 cells expressing
wild-type or mutant RPE65 with an inhibitor of ubi-
quitin-activating enzyme (E1). If ubiquitination is
essential for degrading misfolded mutant RPEG6S, in-
hibition of ubiquitination should result in accumula-
tion of misfolded RPE65. As shown in Fig 3, high
molecular weight complexes (HMC) containing
mutant RPE65s is significantly increased in the El in-
hibitor-treated cells compared with DMSO-treated
cells. This HMC was significantly reduced when the
cell lysates were treated with reducing reagent DTT
(Fig. 3), suggesting that the mutant RPE65s formed
HMC via disulfide bonds.

Low temperature increased isomerase activity of
mutant RPE65s

By mapping the three mutation sites (R91, Y249 and
R515) onto the crystal structure of the bovine RPE65,
we found that these mutations are located far from the
active site (Fig. 4A,B). We, therefore, tested if low tem-
perature, which has been shown to help proper folding
of many mutant proteins (/8, 43, 48, 49), can rescue
isomerase activity of the three mutant RPEG65s. As
shown in Fig 5, isomerase activities of the mutant
RPEG65s in the cells maintained at 30°C were increased
at least 2.5-fold compared with their activities in the
cells incubated at 37°C. The activity of wild-type

Temperature-sensitive isomerase activity of RPE65 mutants

RPEG65, however, was not increased in the cells main-
tained at 30°C (Fig. 5).

PSMD13 exhibited a reduced effect on degradation of
the mutant RPE65s at 30°C

The results described above suggest that low tempera-
ture can rescue the non-active site mutant RPE65s by
promoting proper folding of RPE65. If PSMDI3
mediates degradation of misfolded RPE65 protein,
PSMD13 should exhibit a reduced effect on degrad-
ation of mutant RPE65s at 30°C. We tested this
possibility by co-expressing mutant RPE65 with
PSMDI13 in ARPE-19 cells grown at 30 and 37°C.
At normal temperature, expression levels of the
mutant RPE65s in PSMD13-co-transfected cells were
reduced at least 60% compared with those in mock
vector-co-transfected cells (Fig. 6A). However, expres-
sion levels of the mutant RPE65s at 30°C were signifi-
cantly increased in both cells co-transfected with
PSMD13 or mock vector (Fig. 6A). At this low tem-
perature, expression levels of the mutant RPE65s in
PSMD13-co-transfected cells were similar to those in
mock vector-co-transfected cells (Fig. 6A), suggesting
that PSMDI13 mediated degradation of misfolded
mutant RPE65s and low temperature promoted
proper folding of the mutant RPE65s. In support of
this possibility, PSMD13 displayed a mild effect on
expression levels of wild-type RPE65 at both 37 and
30°C (Fig. 6A).

Low temperature inhibited inclusion body formation
of mutant RPE65s

Since the three mutant RPE65s are misfolded at 37°C,
we tested whether the mutant RPE65s form aggregates
in the cells at 37°C. We expressed the mutant RPE65s
in ARPE-19 cells at 37°C and then performed im-
munocytochemistry. As predicted, the mutant
RPEG65s formed numerous cytoplasmic inclusion
bodies in the cells grown at 37°C (Fig. 6B). To test
whether low temperature can reduce the formation of
inclusion bodies, we performed the same experiment
on the cells maintained at 30°C.
Immunocytochemistry showed that cytoplasmic inclu-
sion body formation of the mutant RPE65s were sig-
nificantly reduced at 30°C (Fig. 6B).

Low temperature promoted association of the
mutant RPE65s with membranes

It has been shown that association of RPE65 with
membranes is important for its isomerase activity
(42, 50—52). We, therefore, tested if low temperature
might enhance association of the mutant RPE65s with
membranes. We analysed the relative content of wild-
type and mutant RPE65s in membrane fractions and
total homogenates of 293 T-LC cells grown at 37 or
30°C. Low temperature exhibited a mild effect on as-
sociation of wild-type RPE65 with membranes (Fig. 7).
In contrast, membrane-associated mutant RPEG65s
were increased 220—340% in the cells maintained at
30°C compared with the cells kept at 37°C (Fig. 7).
The three mutant RPE65s were also increased in
total homogenates of the cells maintained at 30°C
compared with the homogenates of the cells kept at
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Fig. 1 Mutant RPE65 proteins are degraded in the proteasome. (A) Immunoblot analysis of RPE65 in primary human RPE (hRPE) and ARPE-
19 cells transfected with pRKS mock vector or construct encoding wild-type (WT) or mutant (R91W, Y249C and R515W) RPEG65. Beta-actin
was detected as a loading control. Relative intensities of the RPE65 immunoblots were quantified, normalized by the B-actin levels, and expressed
as percentage of WT RPEG6S. (B) Relative B-gal activities from pRSV-LacZ co-transfected with RPE65 constructs into the cells. (C) Immunoblot
analysis of WT and the mutant RPE65s in ARPE-19 cells treated with inhibitors of the proteasome (MG115 and MG132) or lysosome (pepstatin
A). Relative intensities of the immunoblots were quantified and expressed as percentage of RPEG6S5 in the cells treated with DMSO. All error bars

show SD (n = 3).
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Fig. 2 PSMD13 mediated degradation of mutant RPE65 proteins. (A) Immunoblot analysis of WT or the indicated mutant RPE6S in
ARPE-19 cells co-transfected with pRKS mock vector or PSMD13 construct. PSMD13 expression was monitored by immunoblot analysis;
B-actin was used as a loading control. Relative intensities of the RPE65 immunoblots were quantified and expressed as percentage of WT
RPEG6S5 in the histograms. (B) Immunoblot analysis showing increase in expression levels of the mutant RPE65s in ARPE-19 cells co-
transfected with PSMD13 siRNA (siPSMD13). Histogram shows relative expression levels of RPE65 in the cells. (C) Immunoprecipitation
showing strong interaction of PSMD13 with mutant RPE65 proteins. The 293 T-LC cells expressing PSMD13-Flag fusion protein and WT
or mutant RPE65 were immunoprecipitated with a Flag antibody and the precipitates were probed with antibodies against RPE65 or

PSMD13.
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Fig. 3 Mutant RPE65s formed high molecular weight complexes (HMC) via disulfide bonds. ARPE-19 cells expressing WT or the indicated
mutant RPE6S were treated with inhibitor of ubiquitin-activating enzyme (UBEI-41) and subjected to immunoblot analysis in the presence or

absence of reducing reagent (DTT).
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Fig. 4 Mapping of the three mutation sites on the crystal structure of RPEG65. (A) A three-dimensional image of the crystal structure of the bovine
RPE65. The catalytic site containing Fe? " (brown sphere) and four iron-binding histidine residues is in the center of RPE65 structure. The three
mutation sites (R91, Y249 and R515) shown in green are mapped in the non-active sites of RPE65. (B) A geometry showing the distances from
the iron ion to the mutation sites. H180, H241, H313 and H527 are iron-binding histidine residues.

37°C (Fig. 7). However, the increased rates were only
40—80% (Fig. 7), suggesting that membrane-associated
mutant RPE65s may be more stable.

Discussion

Based on our recent study on some disease-causing
mutant RPE65s (/8), we hypothesized that the major-
ity of pathogenic mutant RPE65s with non-active site
mutations can be rescued. The purpose of this study is
to consolidate our hypothesis by further analysing
additional three RPE65 mutants (R91W, Y249C and
R515W) associated with LCA. We observed that all
three mutant RPE65s undergo rapid proteasomal deg-
radation most likely due to misfolding. This misfolding
induced rapid degradation appears to be a common

and critical molecular basis for their loss of enzymatic
function. Consistent with this possibility, retinoid
isomerase activity of the three mutant RPE65s was
significantly rescued at low temperature, which in-
hibited degradation of the mutant proteins possibly
by helping their proper folding.

RPEG65 is an abundant protein in the RPE (53, 54).
It has been estimated to account for 10% of total
microsomal proteins in the bovine RPE (53). In con-
trast, its catalytic activity as the retinoid isomerase is
significantly lower than those of other visual cycle
enzymes (4, 55), partially due to expression of its nega-
tive regulators in the RPE (26). The high abundance of
RPEG6S5, therefore, is necessary for compensating for
its low enzymatic activity in the RPE. In this study,
we observed that expression levels of the three
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Fig. 5 Low temperature dependent increase in isomerase activity of mutant RPE65s. Chromatograms of retinoids extracted from 293 T-LC cells
expressing WT or the indicated mutant RPE6S at 37°C or 30°C. Peak of 11-cis retinol (11¢ROL) is marked by an arrow. The histograms show
relative enzyme activity of WT and the mutant RPEG6Ss at the indicated temperatures. All error bars show SD (n = 3).

LCA-associated mutant RPE65s are at least 70% less
than that of wild-type RPE65 in both primary human
RPE and ARPE-19 cells (Fig. 1A). This lower expres-
sion level is one of the reasons causing loss of RPE65
function. Treatment of the cells with proteasome in-
hibitors (MG115 and MG132), but not a lysosome
inhibitor (pepstatin A), significantly increased expres-
sion levels of the mutant RPE65s (Fig. 1C), suggesting
that the decreased protein levels are mainly due to
rapid degradation of mutant proteins in the prote-
asome. Consistent with the result, co-expression of
PSMD13, a positive regulatory subunit of the prote-
asome (25), further reduced expression levels of the
mutant RPE65s (Fig. 2A) most likely through
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enhancing the proteolytic function of the proteasome.
In support of this possibility, knockdown of PSMD13
significantly increased expression levels of the mutant
proteins (Fig. 2B). These results suggest that PSMD13
mediates degradation of the mutant RPE65s in the
proteasome of the cells.

Importantly, PSMDI13 appears to mediate degrad-
ation of misfolded, but not properly folded, RPE65. In
yeast, PSMD13 homolog (Rpn9) interacts with multi-
ubiquitin receptor (25). Deletion of Rpn9 results in
accumulation of multiubiquitinated proteins, suggest-
ing that PSMD13/Rpn9 mediates proteasomal degrad-
ation of multiubiquitinated proteins via direct or
indirect interaction (25). In this study, we observed
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that PSMDI13 strongly interacted with mutant RPE65
proteins (Fig. 2C), which might be ubiquitinated due
to misfolding (Fig. 3). We also observed that the three
RPE65 mutants formed numerous cytoplasmic inclu-
sion bodies (Fig. 6B), suggesting that the mutant
RPEG65s are misfolded. The interaction of PSMDI13
with mutant RPE65s might mediate degradation of
the misfolded mutant proteins in the proteasome at
normal temperature. At 30°C, however, PSMDI13
exhibited a significantly reduced effect on degradation
of these mutant RPE65s (Fig. 6A). At this low tem-
perature, not only inclusion body formation is reduced
(Fig. 6B) but also enzymatic function of the mutant
RPE65s is significantly rescued (Fig. 5), suggesting
that low temperature promoted proper folding of
these mutant RPE65s. In addition, PSMD13 exhibited
a mild effect on degradation of wild-type RPE65 at
both 30 and 37°C (Figs 2, 6A). These results suggest
that PSMDI13 plays an important role in protein
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37°C 30°C

R91W

Y249C

R515W

Fig. 6 Decrease in PSMD13-mediated degradation and inclusion body formation of the mutant RPE65s at low temperature. (A) ARPE-19 cells co-
transfected with RPE65 and pPSMD13 or pRKS were grown at 37 or 30°C and subjected to immunoblot analysis using antibodies against
RPEG65 or B-actin. Histograms show relative expression levels of WT and the mutant RPE65 proteins in the pPSMD13- or the mock vector-co-
transfected cells grown at 37 or 30 °C. (B) Representative confocal microscopic images of ARPE-19 cells transfected with WT or mutant RPE65
construct. The cells were incubated at 37 or 30°C, and stained with a RPE6S antibody. Scale bars denote 10 pum.

quality control by mediating degradation of misfolded
protein. Formation of the HMC and cytoplasmic
inclusion bodies (Figs 3 and 6B) suggests that the
mutant RPE65 proteins may cause acute or chronic
cellular stress. PSMDI13 is, therefore, a critical player
in eliminating or reducing the cytotoxic effect of mis-
folded mutant RPE65s.

We recently suggested that whether a mutation is
mapped on the active or near the active site is a crit-
ical factor in determining if the enzymatic function of
the mutant RPE65 can be rescued at low temperature
(18). As expected, the isomerase activities of the three
mutant RPE65s, whose mutation sites are localized
on the non-active sites (Fig. 4), are significantly
increased at 30°C (Fig. 5). Inclusion body formation
of these mutant RPEG65s is also significantly reduced
at 30°C (Fig. 6B). These results agree with the effects
of low temperature on reversing cellular mislocaliza-
tion and rescuing the function of some other mutant
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Fig. 7 Increased membrane-association of the mutant RPE65s at low temperature. Total cell lysates and membrane fractions of 293 T-LC cells
expressing WT or mutant RPE65 were analyzed by immunoblot analysis using antibodies against RPE65, B-actin or E-cadherin (CDH1).
Histograms show relative contents of RPE65 proteins in the indicated fractions of cells maintained at 37 versus 30 °C. Contents of RPE65 in the
cell lysates and membrane fractions were normalized by B-actin or CDHI levels, respectively. Error bars show SD (n = 3).

proteins (43, 48, 49). Myocilin and the interphotore-
ceptor retinoid-binding protein (IRBP) are secretory
proteins. However, the glaucoma-causing mutant myo-
cilin and the retinitis pigmentosa-associated IRBP
cause endoplasmic reticulum (ER) stress due to mis-
folding and subsequent accumulation in the ER
(43, 56). At low temperature, these mutant proteins
can be secreted and the ER stress is significantly
reduced (43, 49). Similarly, we recently showed
that low temperature not only rescued the isomerase
activity but also reduced aggregate formation of three
other disease-causing mutant RPE65s (/8).

Previous studies have shown that association of
RPE65 with membranes is important for its
substrate-binding and isomerase function (42, 50—52,
57). Misfolding and subsequent mislocalization of the
mutant RPE65s might disrupt their membrane-
association, substrate-binding and enzymatic function.
We observed that low temperature significantly
increased association of the three mutant RPEG65s
with membranes (Fig. 7). This increased membrane
association is most likely due to proper folding
and might contribute to the increased isomerase
activities of the mutant RPE65s at low temperature
(Fig. 5).

Although experimental confirmation is needed, our
results strongly suggest that many pathogenic mutant
RPEG65s with non-active site mutations can be rescued
for their enzymatic function by physical and chemical
approaches. Since the majority of disease-causing mis-
sense mutations in RPE65 are non-active site muta-
tions, this study provides important clues for further
investigation of the pathogenic mechanism and func-
tional rescue strategy for these mutant RPE65s asso-
ciated with retinal degenerative diseases.

Supplementary Data

Supplementary Data are available at JB Online.
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