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Retinitis pigmentosa (RP) is a clinically and genetically heterogeneous degenerative eye disease. Mutations at 
Arg135 of rhodopsin are associated with a severe form of autosomal dominant RP. This report presents evidence 
that Arg135 mutant rhodopsins (e.g., R135L, R135G, and R135W) are hyperphosphorylated and bind with high 
affinity to visual arrestin. Mutant rhodopsin recruits the cytosolic arrestin to the plasma membrane, and the 
rhodopsin-arrestin complex is internalized into the endocytic pathway. Furthermore, the rhodopsin-arrestin 
complexes alter the morphology of endosomal compartments and severely damage receptor-mediated endocytic 
functions. The biochemical and cellular defects of Arg135 mutant rhodopsins are distinct from those previously 
described for class I and class II RP mutations, and, hence, we propose that they be named class III. Impaired 
endocytic activity may underlie the pathogenesis of RP caused by class III rhodopsin mutations.

Introduction
Retinitis pigmentosa (RP) is a progressive retinal degenerative dis-
ease. Nearly 100 mutations of the rhodopsin gene have been iden-
tified in patients with autosomal dominant RP, and these muta-
tions account for approximately 25% of autosomal dominant RP. 
The study of mutant rhodopsins suggested that some RP muta-
tions impair protein folding, 11-cis retinal chromophore binding, 
G-protein coupling/activation, and/or cellular trafficking of the 
rhodopsin protein (1–4). On the basis of their biochemical defects, 
RP mutant rhodopsins have been classified into two groups: class 
I and class II (4, 5). Class I mutants resemble WT rhodopsin, form 
functional photopigment upon 11-cis retinal reconstitution, and 
exhibit plasma membrane (PM) distribution when expressed in 
human embryonic kidney (HEK) cells. By contrast, class II mutants 
are defective in 11-cis retinal assembly and are either completely or 
partially retained in the endoplasmic reticulum.

Rhodopsin, the visual pigment of rod photoreceptors, is a 
prototypic G-protein–coupled receptor (GPCR). In vertebrates, 
light illumination results in the isomerization of chromophore, 
which induces the activation of rhodopsin and the downstream 
G-protein (transducin) cascade. The desensitization of rhodopsin 
is mediated by phosphorylation of rhodopsin kinase (RK), which 
induces the uncoupling of heterotrimeric G-protein complexes 
and subsequent binding of visual arrestin (v-arr). Thus, v-arr 
binding sterically blocks and rapidly uncouples the rhodopsin-
transduction interactions. Sequestration (internalization of 
the receptor from the cell surface) has been described for many 
GPCRs as an additional mechanism to deactivate surface signal-

ing, but such a pathway has not been described for mammalian 
rhodopsins. Interestingly, recent work carried out in Drosophila sug-
gests that stable complexes form between rhodopsins and mutant 
v-arr. These complexes undergo endocytosis, and this process may 
be the key element responsible for the photoreceptor death in the 
light-dependent retinal degeneration models in the fly (6, 7).

Endocytosis, a process that removes macromolecules and their 
cognate receptors from the cell surface by internalization, contrib-
utes to distinct cellular functions such as nutrient uptake, ion trans-
port, and signaling deactivation. The endocytosed molecules are 
first delivered to and sorted at early endosomes before their further 
targeting to either the recycling pathway or the degradation path-
way. In the recycling pathway, recycling proteins such as transferrin 
(Tf) are recycled back to the cell surface. In the degradation pathway, 
ligands such as LDL move to the lysosomes via late endosomes (8). 
Although the molecular differences between the various endocytic 
compartments are blurred, early endosomes, recycling endosomes, 
and late endosomes are considered to be distinct compartments, 
each with different lumenal pH. The formation and maintenance 
of the endocytic architectural framework, which rely on well-regu-
lated, highly dynamic interplays between these membrane domains, 
are essential for proper endocytic functions (9).

In this study, we show that an RP mutant rhodopsin with a sub-
stitution at Arg135 was hyperphosphorylated and constitutively 
internalized in HEK cells. A representative Arg135 mutant, R135L, 
exhibited constitutional phosphorylation and a high affinity for 
binding to v-arr in the absence of chromophore. R135L recruited and 
translocated cytosolic v-arr to the PM and the endocytic compart-
ments. Similarly, photoreceptors that ectopically expressed R135L 
also exhibited mislocalization of v-arr. Finally, aberrant membrane 
compartments that contained a mixture of early, recycling, and late 
endosomes were formed, and receptor-mediated endocytic activity 
was impaired in cells expressing R135L/v-arr complexes.

Results
R135L mutant rhodopsins are hyperphosphorylated and constitutively 
internalized. Several mutant bovine rhodopsins with amino acid 
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changes at Arg135 have been shown to exhibit higher affinity to 
RK and v-arr in vitro (10). Three known human autosomal domi-
nant RP-associated rhodopsin missense mutations occur at Arg135 
(R135G, R135L, and R135W) (11, 12). Our intention, therefore, 
was to examine the interaction between v-arr and human Arg135 
mutants in transfected HEK cells. Our preliminary experiments 
revealed that all three Arg135 mutants behaved similarly. In this 
report, the R135L mutant is shown as a representative.

Consistent with previous reports (4), WT rhodopsin predomi-
nantly accumulated on the PM of transfected HEK cells (Figure 1A). 
However, the R135L mutant rhodopsin displayed varied expres-
sion patterns in transfected cells. When the expression level was 
high, the mutant protein was detected on endoplasmic reticulum 
and nuclear membranes (data not shown). However, in cells that 
expressed a modest level of R135L, the distribution of rhodopsin 
appeared to be on both the cell surface and the intracellular vesicles 
throughout the cytoplasm (Figure 1B). To test whether these ves-
icles represented various endocytic compartments, we performed 
bioassays in which the fluorescence-conjugated ligands (e.g., Tf 
and dextran) internalized and traveled through various endocytic 
compartments (e.g., early, recycling, and late endosomes) inside 
cells, depending on the incubation time and the type of ligand. 
These assays allow detection of endocytic compartments without 
perturbing the morphology or function of endosomes (13). In 
these assays, some R135L signals were found in early endosomes 
where Alexa 594–Tf was primarily distributed after a 5-minute 
uptake (Figure 1, C–E). This finding was consistent with the par-
tially overlapped colocalization between the R135L signal and the 
immunolabeling of the early endosomal markers, early endosome 
antigen 1 (EEA1) and Rab5 (data not shown). The R135L signals 
were also present in the perinuclear recycling endosomes, where 
the Tf was primarily distributed after a 2-minute uptake followed 
by a 28-minute chase (Figure 1, F–H). Finally, R135L signals were 
detected on late endosomes/lysosomes, which were labeled by the 
internalized rhodamine-dextran after a 2-hour loading (Figure 1, 
I–K). The distribution of R135L to the endosomes and lysosomes 
was consistently observed in HEK cells stably expressing this 
mutant protein (data not shown). The expression patterns of 
R135L suggested that the mutant rhodopsins were constantly 
internalized from the cell surfaces and that they were either sent 
back to the cell surface via recycling endosomes or delivered for 
lysosomal degradation.

To assess whether the constitutive internalization of R135L 
was possibly caused by the hyperphosphorylation of mutant 
rhodopsins, we sought to determine the phosphorylation state 
of the R135L mutant protein expressed in HEK cells. Cells 
cotransfected with WT rhodopsin and RK served as positive con-

trol cells, because overexpressed GPCR kinases (GRK) has been 
reported to phosphorylate GPCRs in cell cultures, even in the 
absence of ligand. As noted previously (4, 14), rhodopsin expressed 
in HEK cells appears as a heterogeneous species of protein bands 
on SDS-PAGE and represents monomers, dimers, and higher-

Figure 1
Confocal images of WT and mutant rhodopsins expressed in HEK 
cells. (A and B) Fixed HEK cells transfected with WT (A) or R135L (B) 
rhodopsin were incubated with anti–rhodopsin mAb B6-30 and detect-
ed by Alexa 488 secondary antibodies. (C–K) HEK cells transfected 
with R135L were incubated with Alexa 594–Tf for 5 minutes to label 
early endosomes (C–E); incubated with Alexa 594–Tf for 2 minutes 
followed by a 28-minute chase to label recycling endosomes (F–H); 
or incubated with rhodamine-labeled dextran for 2 hours to label late 
endosomes/lysosomes (I–K). Cells were then fixed and permeabilized 
for rhodopsin immunostaining (green). Rhodopsin immunoreactivity 
colocalized with the internalized Tf or dextran is marked by arrows, 
and merge images are shown in E, H, and K. Scale bars: 10 μm.
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order oligomers, each of which is heterogeneously glycosylated 
(Figure 2A, right panel). Autoradiograms of immunoprecipitated 
rhodopsin showed that little or no phosphorylated rhodopsin was 
detected in lysates obtained from cells singly transfected with WT 
rhodopsin or from mock-transfected cells (Figure 2A, left panel). 
As expected, the WT rhodopsin was highly phosphorylated when 
it was coexpressed with RK. In addition, a significant level of 
phosphorylated R135L rhodopsin was also detected. These results 
suggested that the R135L was phosphorylated by the endogenous 
GRK and was endocytosed into the cells like an activated GPCR.

R135L mutant rhodopsin is stably associated with v-arr. To measure 
the association between rhodopsin and v-arr, we examined the 
ability of v-arr to be coprecipitated by anti-rhodopsin Ab from 
lysates of HEK cells that coexpressed v-arr and rhodopsin. GFPv-
arr was used in these experiments because GFPβ-arrestin fusion 
proteins are reportedly useful in studying the functional interac-
tion between arrestin and GPCRs, and they can be directly visu-
alized by microscopy (15, 16). Anti-rhodopsin mAb efficiently 
precipitated both WT and R135L mutant rhodopsin (Figure 2B). 
However, GFPv-arr could only be coprecipitated by the R135L 
mutant rhodopsin, not by WT rhodopsin. Consistently, the con-
verse immunoprecipitation experiments showed that R135L, but 
not WT rhodopsin, was coimmunoprecipitated with GFPv-arr by 
anti-GFP Ab (data not shown).

To assess the functional interaction between GFPv-arr and R135L 
mutant rhodopsin, we examined their subcellular distributions in 
transfected cells. As expected, GFPv-arr was distributed in the cyto-
sol throughout the cells (data not shown). In cells that coexpressed 

WT rhodopsin and GFPv-arr, rhodopsin was dis-
tributed on the PM, whereas GFPv-arr remained 
in the cytosol (Figure 3, A–C). By contrast, in cells 
that coexpressed R135L and GFPv-arr, GFP sig-
nals were primarily detected on the cell surface 
and intracellular vesicular structures (Figure 
3, D–F). The GFP signals, both on the cell sur-
face and in the intracellular vesicular compart-
ments, were largely colocalized with R135L 
mutant rhodopsin signals. The noncytosolic 
distribution of GFPv-arr appeared to depend on 
the expression level of R135L rhodopsin: resid-
ual cytosolic GFPv-arr was detected in cells that 
expressed a low level of mutant rhodopsin (Fig-
ure 3, D–F, open arrows). Most cells in 18-hour to 
24-hour cultures contained a single prominent 
GFP+ structure near the cell center (Figure 3, 
D–F, arrowhead). Occasionally, these structures 
appeared to be a cluster of small vesicles with 
clear boundaries. However, these structures were 
often amorphous or opaque looking (see Figure 
6I). A confocal three-dimensional projection 
revealed that the perinuclear GFP+ structure was 
cup shaped, which is consistent with the horse-
shoe appearance seen in some planes (see Fig-
ures 5A and 6I). No such structures were found 
in cells that coexpressed GFP and R135L (data 
not shown). Modifying the plasmid levels for 
transfection from 1:1 to 5:1 for R135L and GFPv-
arr had no effect on the results (data not shown)

In 48-hour cultures, most cells that carried 
the perinuclear GFP+ cup-shaped structures 

appeared unhealthy; they possessed a rounded-up cell shape and 
abnormal nuclei (Supplemental Figure 1, A and B; supplemental 
material available at http://www.jci.org/cgi/content/full/114/1/131/
DC1). These signs both indicate cytotoxicity. In contrast, the cell and 
nuclear morphologies of the cells that overexpressed WT rhodopsin/
GFPv-arr at this time point remained largely normal (Supplemen-
tal Figure 1, C and D). The pathology of HEK cells that expressed 
R135L/GFPv-arr was further supported by the observation that 
significantly higher death, determined by Annexin V affinity assay 
(17), was found in cells that expressed R135L/GFPv-arr compared 
with cells that expressed either WT rhodopsin/GFPv-arr, GFPv-arr, 
or GFP alone (Supplemental Table 1).

Typical class I (e.g., Q344ter) (data not shown) and class II (e.g., 
P23H) (Figure 3, G–I) mutant rhodopsins did not codistribute 
with GFPv-arr, and no GFP+ perinuclear structures formed in cells 
that coexpress GFPv-arr and either of these mutant rhodopsins. 
Misfolded P23H mutants have been reported to induce the forma-
tion of aggresome, a centrosomal spherical structure that acts as 
a repository for misfolded proteins (14). However, we found no 
enrichment of GFP signal in the aggresomes occasionally seen in 
the P23H/GFPv-arr cotransfected cells (Figure 3, G–I, open arrows). 
In addition, the morphological characteristics of aggresomes were 
distinct from that of the cup-shaped structures caused by R135L/
v-arr complexes.

Bidirectional vesicular trafficking between endosomal compart-
ments and the trans-Golgi network has been reported (18, 19). To 
be certain that the intracellular R135L signals were derived from 
the cell surface via endocytosis, we incubated live HEK cells that 

Figure 2
Phosphorylation and v-arr association of R135L rhodopsin in HEK cells. (A) 
Immunoprecipitated rhodopsin, obtained from transfected cells that had been meta-
bolically labeled with [32P] orthophosphate, were subjected to SDS-PAGE and either 
autoradiographed (left) or immunoblotted (right). (B) Rhodopsin immunoprecipitates 
obtained from cells transfected with pRK5 vector, rhodopsin and/or GFPv-arr (as indicat-
ed) were separated by SDS-PAGE and immunoblotted with either anti-rhodopsin Ab (top) 
or anti-GFP Ab (bottom) (GFPv-arr: ∼75 kDa). Rhodopsin expressed in tissue culture is 
heterogeneously glycosylated and prone to forming higher-order aggregates (2, 5), which 
accounts for the broadened bands on SDS-PAGE. Arrowheads point to the rhodopsin 
monomer (∼40 kDa), and the brackets indicate the heterogeneous species of oligomerized 
rhodopsins. The electrophoretic patterns of R135L rhodopsins were distinct from those 
of WT rhodopsins, perhaps because of the conformation changes caused by the muta-
tion. Some 50-kDa Ig heavy chains were reactive with the secondary antibodies (arrows). 
Results are representative of three experiments. IB, immunoblot; IP, immunoprecipitate.
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expressed R135L/GFPv-arr with anti–rhodopsin N-terminus mAb 
B6-30 at 4°C and chased at 37°C for various time periods. Cells 
were then fixed and incubated with Alexa 594–conjugated sec-
ondary Ab to visualize the rhodopsin derived from the cell sur-
faces. At the 30-minute chase time point, the immunolabeling of 
internalized rhodopsin was largely correlated with the peripheral 
GFP+ early endosomes (data not shown). After a 1-hour chase, a 
significant amount of rhodopsin signals appeared at the GFP+ 
intracellular vesicles and perinuclear compartment (Figure 3, 
J–L, arrows). These results suggested that surface-derived R135L 
cotrafficked with GFPv-arr as a protein complex and these protein 
complexes transited through the early endosomes before being tar-
geted to the cup-shaped perinuclear compartments.

In trying to determine the physiological relevance of rhodopsin 
endocytosis, we questioned whether hyperphosphorylation also 
leads to the endocytosis of WT rhodopsin. On the basis of the 
above results, we predicted that WT rhodopsin phosphorylated by 
RK should resemble the R135L mutant and exhibit constitutive 

internalization. Indeed, we found that WT rhodopsin in cells 
cotransfected with RK was distributed on both the PM and 
intracellular endosomal/lysosomal compartments and was 
indistinguishable from that of R135L mutant rhodopsin 
(data not shown). Moreover, the PM and vesicular GFPv-
arr distribution (Figure 3N, arrows and arrowheads) in cells 
that coexpressed RK and WT rhodopsin (Figure 3M) was 
indistinguishable from that in R135L/GFPv-arr–transfected 
cells. These results indicated that the hyperphosphorylated 
rhodopsins were capable of binding and entering cells 
together in a complex with v-arr.

Mislocalization of v-arr in transfected rods expressing R135L 
mutant rhodopsin. To corroborate our in vitro studies, we 
sought to examine whether the R135L mutant rhodopsin 
also modulated the v-arr distribution in vivo. No transgenic 
mouse line that expressed the R135L mutant has been gen-

erated at the present time. We, thus, investigated these questions 
by making use of a recently developed ectopic retinal expression 
system (20). In these experiments, a bicistronic expression vector, 
chicken -actin promoter with CMV enhancer–rhodopsin-IRES-
GFP (pCAG-rhodopsin-IRES-GFP), which drives both rhodopsin 
and GFP expression in the same transfected cells, was injected into 
the subretinal space of neonatal rat, followed by electroporation 
(Figure 4, A and B). Transfected retinas were harvested and pro-
cessed for immunostaining at postnatal week 3 to 4, when retinas 
reach maturation. As expected (20), most transfected GFP-posi-
tive retinal cells were photoreceptors. Consistent with previous 
reports (20, 21), the GFP signal in transfected rods was uniformly 
distributed throughout the cells, and somewhat lower signal was 
found in the outer segment (Figure 4, D, F, and H). By contrast, 
transfected WT rhodopsin was primarily and specifically targeted 
to the outer segment; very little or no signal was found in the rest 
of the cell bodies (Figure 4C). The WT rhodopsin was detected by 
mAb 3A6, which specifically recognizes exogenously introduced 

Figure 3
Subcellular distribution and trafficking of rhodopsin in HEK cells 
cotransfected with GFPv-arr. (A–I) Cells double transfected 
with GFPv-arr and either WT rhodopsin (A–C), R135L (D–F), 
or P23H (G–I) were immunolabeled for rhodopsin (red), and 
GFPv-arr was directly visualized by its GFP fluorescence. In 
D–F, some cells expressed low levels of R135L and contained 
both surface and cytosolic GFP signals (open arrows); the 
vesicular structures near the cell periphery (arrows) and the 
perinuclear structure (arrowheads) contain both the R135L and 
the GFPv-arr. In G–I, the P23H mutant–induced aggresomes 
(open arrows) are not enriched for GFPv-arr. (J–L) Live, 
R135L/GFPv-arr–transfected cells were incubated with mAb 
B6-30 at 4°C, followed by a 1-hour, 37°C chase. The cells 
were fixed and permeabilized, and the internalized rhodopsin 
was detected by the labeling of Alexa 594–anti-mouse Ab 
(red). Internalized surface rhodopsins appeared on GFPv-arr+ 
vesicle and perinuclear compartments (arrows). (M–O) Cells 
triple-transfected with WT-rhodopsin, RK, and GFPv-arr were 
fixed, permeabilized, and either immunolabeled with mAb 
B6-30 followed by Alexa 594–anti-mouse Ab (M) or directly 
visualized by GFP signals (N). Phosphorylated WT rhodopsin 
was colocalized with GFPv-arr on the vesicles underneath PM 
(arrows) and the perinuclear compartments (arrowheads). 
A GFPv-arr–singly-transfected neighboring cell exhibited 
cytosolic green fluorescence. Scale bars: 20 μm.
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human rhodopsin but not rodent rhodopsin (22). These results 
suggested that rhodopsin delivered by the transfection procedure 
was properly targeted.

Furthermore, the transfected class I mutant rhodopsin Q344ter, 
recognized by an anti-Q344ter Ab (23), was not restricted to the 
outer segment, but instead was present throughout the PM of 
the entire photoreceptors (Figure 4E). The expression pattern of 
Q344ter in transfected rods was indistinguishable from that of the 
same mutant protein expressed in transgenic photoreceptors (23). 
Consistent with the transgenic results (23), both the WT and the 
Q344ter mutant rhodopsins had no effect on the proper outer-
segment targeting of endogenous rhodopsin (data not shown). 
Together, the above results suggested that this gene delivery meth-
od led to conclusions similar to those obtained by conventional 
transgenic mouse studies.

We observed that, although HEK cells singly transfected with 
R135L can be recognized by mAb 3A6 (data not shown), this Ab 
failed to detect R135L when it was coexpressed with GFPv-arr 

(Supplemental Figure 2, C and D). By contrast, mAb 3A6 recog-
nized WT rhodopsin even when it was coexpressed with GFPv-arr 
(Supplemental Figure 2, A and B). The best explanation for these 
observations is that the constitutive binding of v-arr to the R135L 
mutant either blocked or modified the mAb 3A6 epitope, which is 
localized at rhodopsin’s C-terminus (24). In transfected rods, the 
R135L mutant proteins were nicely labeled by the anti–N-termi-
nus mAb B6-30 (data not shown) but not by mAb 3A6 (Figure 4G), 
which hints that the ectopically expressed R135L was also consti-
tutively bound by the endogenous v-arr in vivo.

The subcellular distribution of endogenous v-arr was examined 
in photoreceptors that ectopically expressed either WT, Q344ter, 
or R135L by anti–v-arr Ab immunolabeling (Figure 4, I, K, and 
M). In these experiments, the bicistronic GFP expression was used 
to identify the transfected cells, and the animals were harvested 
under normal lighting. As expected, the v-arr immunoreactivity 
was predominantly detected in the outer segment of the control 
and untransfected photoreceptors (Figure 4, I and J), and low-

Figure 4
Endogenous v-arr was mislocalized in rodent 
rods that expressed R135L but not WT or 
Q344ter rhodopsin. (A) The schematic illus-
tration shows the in vivo electroporation tech-
nique. Plasmid is injected into the subretinal 
space followed by electroporation. Tweezer-
type electrodes are placed across the eye, 
with the anode facing the cornea. (B) A sche-
matic illustration of the bicistronic expression 
vector pCAG-rhodopsin-IRES-GFP. These 
vectors permit both rhodopsin and GFP to be 
translated from a single mRNA and simulta-
neously expressed in the transfected cells. 
(C–H) Retinas were transfected with either 
pCAG-WT-IRES-GFP (C and D), pCAG-
Q344ter-IRES-GFP (E and F), or pCAG-
R135L-IRES-GFP (G and H). These retinas 
were immunolabeled with the antibodies 
indicated, followed by Alexa 594–conju-
gated secondary antibodies. Representative 
optical images of photoreceptor layer show 
transfected rhodopsin immunolabeling (C, E, 
and G). The GFP signals were directly visu-
alized and are shown in the merge images in 
(D, F, and H). Note that mAb 3A6 effectively 
detected the WT but not the R135L mutant 
in transfected cells. (I–N) Retina sections 
prepared from eyes transfected with pCAG-
WT-IRES-GFP (I and J), pCAG-Q344ter-
IRES-GFP (K and L), and pCAG-R135L-
GFP (M and N) were immunolabeled with 
anti–v-arr antibody (red). Representative 
confocal images of v-arr labeling (I, K, and 
M) and merge views with GFP+- transfected 
cells are shown (J, L, and N). The PM (arrow 
and arrowhead) and the intracellular vacu-
ole accumulation of v-arr (open arrow) are 
marked. OS, outer segment; IS, inner seg-
ment; ONL, outer nuclear layer; OPL, outer 
plexiform layer. Scale bars: 20 μm.
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level, cytosolic v-arr signal was seen in the rest of cell bodies. The 
subcellular distribution of v-arr was not affected by the presence 
of either WT (Figure 4, I and J) or Q344ter mutant rhodopsin (Fig-
ure 4, K and L). In sharp contrast, most R135L-transfected rods 
had significant v-arr accumulated in the cell body: the v-arr was 
distributed on both the PM of the inner segment and the cell body 
(Figure 4M, arrow and arrowhead, respectively). Furthermore, 
prominent perinuclear labeling of v-arr was frequently seen in the 
R135L-transfected photoreceptors (Figure 4M, open arrow).

Accumulated intracellular R135L rhodopsin–v-arrestin complexes impair 
the morphologies and functions of endocytic 
compartments. During the study in HEK 
cells, we observed that the labeling pat-
terns of endosomal compartments, 
but not the Golgi apparatus (data 
not shown), were markedly different 
between cells carrying R135L/GFPv-arr 
and neighboring untransfected cells 
(Figure 5). In the untransfected cells, 
early endosomes (Figure 5B), early/recy-

cling endosomes (Figure 5D), and late endosome/lysosomes (Fig-
ure 5F) were distributed throughout the cytoplasm. In contrast, 
in the R135L/GFPv-arr–transfected cells, most of these vesicles 
were concentrated within or near the GFP+ perinuclear structures. 
For example, the labeling of EEA1 (Figure 5B) and Tf receptor 
(TfR) (Figure 5D), markers for early endosomes and early/recy-
cling endosomes, respectively, was primarily coincident with the 
perinuclear GFP+ signals. Nearly no additional immunolabeling 
was detectable in the remainder of the cytoplasm in cells that 
expressed high levels of R135L/GFPv-arr. A large subset of 
immunoreactivity derived from the labeling of lysosomal-associat-
ed membrane protein 1 (LAMP1), a molecule present on both late 
endosomes and lysosomes (9), was also coincident with the GFP 
signal. However, additional lysosome-like structures remained 

Figure 5
Aberrant endosomal organization caused by R135L/GFPv-arr. Fixed, 
transfected cells were incubated with mAb’s that recognized early 
endosome marker EEA1 (A and B), early/recycling endosome marker 
TfR (C and D), and late endosome/lysosome marker lysosomal-asso-
ciated membrane protein 1 (LAMP1) (E and F), followed by Alexa 594–
conjugated anti-mouse Ab. GFP signals were used to directly visualize 
the GFPv-arr. The transfected cells are encircled in B, D, and F to 
show the cell margins. Although EEA1, TfR, and LAMP1 signals were 
dispersed in nontransfected cells, their signals were predominantly 
concentrated in the GFP+ perinuclear structures in the R135L/GFPv-
arr–transfected cells. Scale bars: 10 μm.

Figure 6
The altered endocytic activity of Tf and 
LDL in cells that expressed R135L/v-arr. 
Cells transfected with R135L/GFPv-arr 
(A and B, E and F, I and J, M and N) 
and WT rhodopsin/GFPv-arr (C and D, 
G and H, K and L, O and P) were incu-
bated with Alexa 594–conjugated Tf at 
37°C for 5 minutes (A and B, C and D), 
for 2 hours (E and F, G and H), or for 2 
hours plus a 30-minute chase (I and J, K 
and L) before fixation and visualization. 
Alternatively, cells were treated with DiI-
LDL for 2 minutes followed by a 28-min-
ute chase before the fixation (M and N, 
O and P). Confocal images of GFPv-arr 
(green) and internalized Tf (red) or LDL 
(red) are shown. In J and L, the DAPI 
nuclear labeling demonstrated that the 
nontransfected cells (in J and L) and WT/
GFPv-arr–transfected cells (in L) have 
no Tf signals, as the Tf was completely 
expelled from cells. Scale bars: 20 μm.
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at the cell periphery (Figure 5F). The labeling of lysosomal acid 
hydrolase cathepsin D was not particularly enriched in the GFP+ 
compartments (data not shown). These results together suggest 
that the R135L/GFPv-arr complexes induced the formation of 
hybrid organelles that contained the contents of the early, recy-
cling, and late endosomes, and little or no lysosomal degradation 
activity occurred.

To assess the functional consequences of the changes in the 
endosomal organizations of cells that expressed R135L/GFPv-arr, 
we measured receptor-mediated endocytosis in these cells by use 
of Tf and LDL as probes for the recycling and lysosomally directed 
pathways, respectively. Both events have been well mapped out (8), 
and we have shown that HEK cells follow an endocytic traffick-
ing scheme similar to that of other cell types (25). To examine Tf 
uptake, R135L/GFPv-arr–transfected cells were incubated with 
Alexa 594–Tf at 37°C for various time points before the cells were 
fixed for visualization. Within 5 minutes, Tf was found in the early 
endosomes throughout the untransfected cells (Figure 6, A and 
B). In contrast, very little or no Tf was detected in the transfected 
cells at this time point (Figure 6, A and B), which indicated that the 
efficiency of TfR-mediated Tf uptake was significantly reduced in 
cells that overexpressed R135L/GFPv-arr. After 2 hours of loading, 
Tf reached a steady-state occupancy of the early-endosome and the 
recycling endosomes in the untransfected control cells (Figure 6, E 
and F). In contrast, the internalized Tf was predominantly concen-
trated in the GFP+ perinuclear structures in transfected cells at this 
time point (Figure 6, E and F). We examined the recycling of Tf by 
incubating transfected cells with Alexa 594–Tf for 2 hours at 37°C 
and then chasing for 30 minutes. As expected (8), almost all the 
internalized Tf was recycled into the medium, and essentially no Tf 
was detectable in untransfected cells (Figure 6, I and J). In contrast, 
the Tf internalized and accumulated in the GFP+ compartments 
did not recycle and remained in these structures (Figure 6, I and 
J). These kinds of defects in endocytosis and recycling of Tf and 
LDL were not detected in cells cotransfected with WT rhodopsin 
and GFPv-arr (Figure 6, C and D, G and H, and K and L) or in cells 
singly transfected with R135L or GFPv-arr (data not shown).

Like Tf uptake, the uptake of 3,3′-diotadecylindocarbocya-
nine-LDL (DiI-LDL) was also reduced in cells that overexpressed 
R135L/GFPv-arr. As seen in Figures 6, M and N, a significantly 
lower level of DiI-LDL was seen in the transfected cells compared 
with the neighboring untransfected cells, after a 2-minute uptake 
and a 28-minute chase. In contrast, internalized LDL levels were 
indistinguishable between the control cells and WT rhodopsin/
GFPv-arr–transfected cells (Figure 6, O and P) or cells singly 
transfected with R135L or GFPv-arr (data not shown). The sever-
ity of defects in the endocytic pathways of Tf and LDL generally 
appeared to be inversely proportional to the levels of intracellular 
accumulated R135L/GFPv-arr complexes. These results together 
suggested that the complex formation between R135L and v-arr 
is the key element that interfered with the dynamic interactions 
between distinct endocytic compartments as well as with the flow 
of the endocytic pathway.

Discussion
Novel class RP mutant rhodopsin-class III. Arg135 mutations in 
rhodopsin cause an aggressive form of RP. Patients with an 
Arg135 mutation usually experienced much faster progression to 
blindness than do patients who carry most other rhodopsin muta-
tions: almost all young patients (under 20 years of age) examined 

exhibited substantial visual field loss and rod function impair-
ment (26–29). The discernible difference in the pattern of retinal 
dysfunction of RP patients who carry Arg135 rhodopsin muta-
tions is correlated with unique biochemical and cellular defects in 
the mutant proteins. At the present time, no typical class I or class 
II mutant rhodopsins tested share the same cellular defects as the 
Arg135 mutants. Arg135 mutations have been previously grouped 
as class IIb (an atypical form of class II mutations) (4, 5). How-
ever, no additional class IIb RP mutant rhodopsins (e.g., G106R, 
L152R, or C167R) (5) tested displayed similar phenotype (unpub-
lished data). We propose that the Arg135 mutations are more 
likely to represent a novel class of RP rhodopsin mutations, which 
we call class III. In this regard, one other RP mutant rhodopsin 
of interest, K296E, has characteristics different from the typical 
class I and class II mutants. K296E activated transducin in the 
absence of chromophore (1) and also showed increased binding to 
v-arr (22, 30). Our unpublished results showed that K296E itself, 
unlike the Arg135 mutants, was primarily targeted to the PM but 
not the endocytic/lysosomal compartments. In addition, although 
the K296E mutant has some ability to recruit GFPv-arr to the PM, 
no intracellular vesicular structures that contain either mol-
ecule were detected in the cells cotransfected K296E and GFPv-
arr (Chuang and Sung, unpublished data). The classification of 
K296E needs further analysis.

The importance of Arg135 residue for the proper opsin con-
formation has been indicated by a number of in vitro biochemi-
cal studies. Glu134/Arg135 residues were shown to be involved 
in transducin binding (31). All three RP Arg135 mutants failed 
to activate transducin in the presence 11-cis retinal (2), yet, bound 
to arrestin and RK in the absence of chromophore (10). Because 
human Arg135 mutant rhodopsins exhibited poor ability to 
bind to 11-cis retinal (4, 5), these mutants may primarily exist as 
apoproteins in vivo, similar to those expressed in the heterologous 
expression system. Although the 11-cis retinal chromophore may 
possibly assist the folding of Arg135 mutant proteins in rod outer 
segments, the high-affinity interaction between the Arg135 opsin 
apoprotein and v-arr is likely to allow complex formation shortly 
after protein synthesis and persist in the photoreceptor cell bod-
ies. The PM and intracellular vacuole–like v-arr distributions in the 
R135L transfected rods strongly supported this hypothesis. The 
mutant rhodopsins were delivered postnatally in our ectopic retina 
expression system. We theorize that malfunction caused by the mis-
trafficked v-arr and rhodopsin could take place as soon as these 
proteins are expressed during the retinal development (32–34).

The various compartments along the endocytic pathway are gen-
erally considered to be distinct entities, each with a different pH, 
even though their contents are highly interchangeable through 
dynamic fusion, budding, or fission events (9). Our results sug-
gest that stable complexes formed between Arg135 mutant and 
v-arr disrupt the dynamic interplay between the endocytic com-
partments and mix various endosomal compartments into a single 
compartment. Because endocytic processes are essential for nutri-
ent uptake, iron transport, and surface signaling deactivation, 
one can imagine that a dysfunction in these activities could cause 
an imbalance in iron levels, nutrient levels, or both, which could 
subsequently lead to photoreceptor pathology. Indeed, previous 
studies have observed photoreceptor death caused by either a lack 
of iron (35) or an excess of iron (36, 37). The importance of iron-
mediated biological functions in photoreceptors is further sup-
ported by the abundance of iron-binding proteins Tf and ferritin 
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in photoreceptors (38, 39). In fact, gene-profiling studies indicate 
that these two molecules are among the 10 most highly expressed 
genes in retinas (40). The specialized endocytic activity that takes 
place in rod synapses may also be affected in photoreceptors that 
carry Arg135 mutant rhodopsin. The endocytic compartment/
activity alteration is very likely to lead to the structural and func-
tion damage of lysosomes. Although WT rhodopsins are nor-
mally transported to the outer segments and degraded through 
phagocytosis in the retinal pigment cells, abnormally internalized 
Arg135 rhodopsin protein complexes may significantly elevate 
the metabolic demands for proteolytic digestion of rod cell bod-
ies. Inefficient proteolysis digestion has been proposed to be one 
major problem for the retinal pigment epithelial cell pathology in 
various macular degenerative diseases (41, 42).

A wealth of evidence has suggested that signal transduction 
could take place on endosomes (43). Many signaling pathways are 
induced by the recruitment of signaling molecules, such as MAP 
kinases and Src, via the scaffolding ability of β-arrestins. An assess-
ment of the scaffolding ability of v-arr and its involvement in pho-
toreceptor cell death would be of great interest.

The Arg135 residue is highly conserved among GPCR family 
members (44). Mutation of an equivalent Arg residue (R137H) in 
the vasopressin receptor is associated with nephrogenic diabetes 
insipidus (45). Consistent with this report, the vasopressin R137H 
mutation causes constitutive internalization and high-affinity 
binding to β-arrestin (46). An investigation of the involvement of 
endocytic defects in the pathogenesis of other diseases caused by 
GPCR mutations analogous to Arg135 would be of interest. Unrav-
eling the molecular mechanisms that cause the fusion/aggregation 
of endosomal structures may provide insight into the development 
of therapeutic treatments for diseases of this type.

Physiological relevance of the rhodopsin endocytosis. Although arrestin-
mediated endocytosis is an essential mechanism for most of GPCR 
desensitization, endocytosis has not been described as a pathway 
to shut off the phototransduction in rod outer segments. This 
finding was consistent with the lack of morphologically charac-
teristic endocytic compartments in the outer segments. On the 
other hand, both endocytic compartments and activity have been 
described in the rod inner segments (47–49). Given our data that 
RK-phosphorylated WT rhodopsin may be sequestered into cells 
and bound to v-arr, we can speculate that the endocytic activity 
may also be used to remove superfluous photoactivated rhodopsin 
in rod inner segment/cell body under the pathological condition 
(e.g., excess light). In fact, light stimulus elevated the numbers of 
endocytic membranous profiles as well as the rhodopsin accu-
mulation in the membranous vacuoles in the rod cell bodies (49, 
50). This finding is a significant conceptual advance in regard to 
how rhodopsin protein is removed from the cell; it was previously 
thought to be removed exclusively by phagocytosis by retinal pig-
ment epithelial cells. The stable rhodopsin–v-arr complexes accu-
mulated in the endocytic compartments have been suggested to 
be the root cause of the light-induced, phototransduction-inde-
pendent photoreceptor cell death in fly (6, 7). An examination of 
whether the rhodopsin sequestered in the cell bodies plays any role 
in the bright light–induced photoreceptor apoptosis in mammals 
that is also known to be mediated through a G-protein indepen-
dent pathway would be of interest (51).

Novel animal model for RP study. At the present time, essentially 
no photoreceptor cell culture system can be used to systemically 
examine the molecular defects of various RP disease proteins. In 

the present paper, we demonstrate for the first time that an in 
vivo retinal transfection system can reproduce the results of previ-
ous transgenic studies, which suggests that this technique could 
become an invaluable means to model diseased rods.

Methods
Tissue culture expression. Expression vectors that encode the human 
WT and mutant rhodopsins (R135L, R135G, R135W, P23H, and 
Q344ter) in PRK-5 were described (4, 5). cDNA of bovine v-arr was 
RT-PCR amplified from bovine retinal RNA and fused to the C-ter-
minus of GFP in the pEGFP-C1 vector (BD Biosciences, Palo Alto, 
California, USA). RK expression vector was courtesy of C.-K. Chen 
(University of Utah, Salt Lake City, Utah, USA) (52). Automated 
DNA sequencing was carried out to confirm the lack of spurious 
mutations. Transfection of HEK 293T cells (total 0.5–1 μg per  
35-mm dish, 1:1 ratio for multiple plasmids) was performed by 
application of Lipofectamine 2000 (Invitrogen, Rockville, Mary-
land, USA) or a standard calcium phosphate method.

Immunocytochemistry of HEK cells. After transfection for 18 to 24 
hours, cells grown on gelatin-coated cover slips were fixed with 4% 
paraformaldehyde (PFA) and permeabilized with 0.04% saponin 
and 1% BSA that contained PBS-C/M (0.2 mM CaCl2 and 2 mM 
MgCl2) for 30 minutes at room temperature before the Ab incu-
bation. Primary antibodies used were anti–rhodopsin N-terminus 
B6-30 mAb (P. Hargrave, University of Florida, Gainesville, Florida, 
USA), EEA1 mAb (Transduction Laboratory, Lexington, Kentucky, 
USA), LAMP1 mAb (AC17; Enrique Rodriguez-Boulan, Weill Med-
ical College of Cornell University, New York, New York, USA), and 
TfR mAb (H68.4; Zymed, South San Francisco, California, USA). 
Alexa 594– and Alexa 488–conjugated secondary antibodies were 
obtained from Molecular Probes (Eugene, Oregon, USA). All sam-
ples were mounted with Vectashield mounting medium that con-
tained DAPI (Vector Laboratory, Burlingame, California, USA) and 
analyzed by Leica TCS SP2 spectral confocal system (Nussloch, 
Germany). The acousto-optical beam-splitter system and sequen-
tial image recording were used for image collection. The excitation 
wavelengths used were 488 nm and 543 nm for detection of Alexa 
488 dye/GFP and Alexa 594 dye, respectively. The excitation inten-
sities and spectral detection windows were systematically adjusted 
to optimize signals and avoid cross talk between channels. The 
absence of cross talk was routinely confirmed by single-channel 
excitation and dual-channel recording before the data collection. 
Twelve-bit images of single confocal sections (0.6 μm) were pro-
cessed by Adobe Photoshop (San Jose, California, USA).

Whole-cell phosphorylation, immunoprecipitation, and Western blotting. 
For metabolic labeling, HEK cells were starved in phosphate-free 
DMEM (Invitrogen) for 30 minutes, labeled for 2 hours in the 
same medium that contained [32P]orthophosphate (1 mCi/ml; 
PerkinElmer, Wellesley, Massachusetts, USA), and harvested for 
immunoprecipitation. Immunoprecipitation was carried out as 
described (4) by use of mAb B6-30. Western blot assays were car-
ried out by the standard ECL method that utilized either mAb  
B6-30 or anti–GFP rabbit Ab (Molecular Probes).

Retinal transfection. DNA fragments that encoded human WT, 
Q344ter, and R135L rhodopsins were inserted into the pCAGIG 
vector (a chicken actin promoter fused with IRES followed by the 
GFP coding sequence; courtesy of C.L. Cepko (Harvard Medi-
cal School, Boston, Massachusetts, USA). The resulting pCAG-
rhodopsin-IRES-GFP expression constructs (3 μg/ml in TE) were 
injected into the subretinal space of neonatal Sprague-Dawley 
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rats, followed by electroporation by tweezer-type electrodes (BTX, 
Hawthorne, New York, USA), which were placed across the eyes 
so that the cathode faced to sclera and the anode faced the cor-
nea (Figure 4A). Five 100-V pulses of 50-millisecond duration and 
950-millisecond resting interval were given (20). The injected eyes 
were enucleated at postnatal day 21 to 30 and fixed by 4% PFA. 
GFP-positive retinas were identified under epifluorescent micro-
scope, embedded in 5% low-melting agarose, and vibratome sec-
tioned (40 μm). Free-floating retinal sections were immunolabeled 
with either the human rhodopsin–specific mAb 3A6 (22) (courtesy 
of R. Molday, University of British Columbia, Vancouver, British 
Columbia, Canada), rabbit anti-Q344ter Ab (23), or rabbit anti– 
v-arr Ab (courtesy of I. Gary, National Institutes of Health, 
Bethesda, Maryland, USA), followed by Alexa 594–conjugated sec-
ondary antibodies. All samples were analyzed by Leica TCS SP2 
spectral confocal system as described above. At least three animals 
were examined for each experiment. All methods that involved live 
animals were approved by the Weill Medical College of Cornell 
University Institutional Animal Care and Use Committee.

Endocytosis assays. Purified B6-30 IgG (10 μg/ml) was incubated 
for 1 hour at 4°C with live, transfected cells in serum-free DMEM 
supplemented with 0.5% BSA. Cells were washed in PBSC/M three 
times and chased in 10% FBS that contained DMEM for an addi-
tional 1 hour. Cells were then fixed/permeabilized and incubated 
with Alexa 594–conjugated anti-mouse Ab for visualization.

The uptake and recycling of Tf in HEK cells were measured as 
described (25). Briefly, for uptake experiments, cells were loaded 
with Alexa 594–Tf (3 μg/ml; Molecular Probes) in serum-free 
medium for 5 or 120 minutes at 37°C. Cells were then placed on 
ice, washed with mild acidic buffer for 2 minutes to remove sur-
face bound Tf. Cells were then rinsed with PBSC/M and fixed in 

4% PFA for visualization. In some experiments, Tf was loaded for 
2 minutes and chased for 28 minutes to visualize the recycling 
endosomes (8). For recycling, cells were incubated with Alexa 594–
Tf for 2 hours at 37°C and then chased for an additional 30-min-
ute incubation at 37°C before fixation. To study the lysosomally 
directed endocytic pathway, DiI-labeled LDL (20 μg/ml; Molecu-
lar Probes) was loaded at 37°C for 2 minutes and chased for 28 
minutes to label the late endosomes and late lysosomes (53). To 
label the late endosomes and lysosomes, cells were incubated with 
rhodamine-conjugated dextran (70 kDa; Molecular Probes) for 2 
hours before fixation (53).
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