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Rhodopsin is a cilia-specific GPCR essential for vision. Rhodopsin mislocalization is associated with blinding diseases called retinal
ciliopathies. The mechanism by which rhodopsin mislocalizes in rod photoreceptor neurons is not well understood. Therefore, we
investigated the roles of trafficking signals in rhodopsin mislocalization. Rhodopsin and its truncation mutants were fused to a photo-
convertible fluorescent protein, Dendra2, and expressed in Xenopus laevis rod photoreceptors. Photoconversion of Dendra2 causes a
color change from green to red, enabling visualization of the dynamic events associated with rhodopsin trafficking and renewal. We found
that rhodopsin mislocalization is a facilitated process for which a signal located within 322–326 aa (CCGKN) is essential. An additional
signal within 327–336 aa further facilitated the mislocalization. This collective mistrafficking signal confers toxicity to rhodopsin and
causes mislocalization when the VXPX cilia-targeting motif is absent. We also determined that the VXPX motif neutralizes this mistraf-
ficking signal, enhances ciliary targeting at least 10-fold, and accelerates trafficking of post-Golgi vesicular structures. In the absence of
the VXPX motif, mislocalized rhodopsin is actively cleared through secretion of vesicles into the extracellular milieu. Therefore, this
study unveiled the multiple roles of trafficking signals in rhodopsin localization and renewal.

Introduction
Defects in primary cilia functions lead to a highly heterogeneous
group of disorders called ciliopathies, with symptoms including
brain malformation, kidney dysfunction, obesity, and blindness.
Ciliopathies are frequently caused by defects in ciliary protein
trafficking. Among the primary cilia in the body, the most active
protein trafficking is that of photoreceptor sensory cilia of rod
photoreceptor neurons (rods). The tip of the photoreceptor sen-
sory cilium forms a specialized structure, the outer segment (OS).
The OS accommodates a high concentration of rhodopsin (�4
mM; Nickell et al., 2007) for efficient photon capture. Currently,
it is unclear how such a high concentration of rhodopsin can be
accomplished by protein trafficking mechanisms in the photore-
ceptor neurons. Efforts in the past two decades underscore the
important role of the last four amino acids of rhodopsin, VXPX
(Deretic, 2006; Sung and Chuang, 2010), which serves as a cilia-
targeting signal and is observed in other cilia-localized proteins

(Luo et al., 2004; Geng et al., 2006; Jenkins et al., 2006; Ward et al.,
2011).

Deficiencies in the C-terminal VXPX signal lead to rod degen-
eration and blindness via mistrafficking and mislocalization of
rhodopsin (Li et al., 1996; Tam et al., 2006; Concepcion and
Chen, 2010). The C-terminal tail region of rhodopsin appears to
play multiple roles in trafficking and accordingly interacts with a
small GTPase, Arf4 (Deretic et al., 2005); TcTex-1 dynein light
chain (Tai et al., 1999); and SARA, a protein involved in specific
vesicular targeting (Chuang et al., 2007). Furthermore, in addi-
tion to the VXPX motif, the rhodopsin C-terminal tail appears to
contain other signals for trafficking (Chuang and Sung, 1998;
Deretic, 2006; Wang et al., 2012). Those observations led to a
hypothesis that, in the absence of the primary VXPX motif, mis-
coordination of the other trafficking signals contributes to rho-
dopsin mislocalization.

Under normal conditions, active synthesis of rhodopsin is
balanced with its decomposition by phagocytosis of the distal OS
by neighboring retinal pigment epithelial (RPE) cells (Young and
Bok, 1969; Williams and Fisher, 1987). Under pathological con-
ditions, mislocalized rhodopsin sequesters in plasma membrane
locations that cannot access the RPE cells. If rhodopsin clearance
is compromised due to lack of access to the phagocytosis machin-
ery, overaccumulation of rhodopsin leads to misregulation of
protein quantity and quality control mechanisms. If rhodopsin is
cleared from the aberrant plasma membrane locations, such
clearance must involve a mechanism distinct from the conven-
tional shedding of the distal OS.

Using Xenopus laevis rods as a model, we studied the role of a
C-terminal targeting motif(s) for cilia-targeting efficacy. Com-
promised cilia targeting leads to mislocalization by sorting of
rhodopsin to non-OS plasma membrane locations. By investigat-
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ing sorting signal(s) for rhodopsin trafficking, we tested a hy-
pothesis that rhodopsin mislocalization is a facilitated, not a
default, process. We then studied a cellular mechanism to renew
and clear rhodopsins that were aberrantly localized to mem-
branes with no access to the RPE cells. These studies provide
novel insights into rhodopsin trafficking and mistrafficking that
are coordinated by multiple sorting signals.

Materials and Methods
DNA expression vectors. DNA expression vectors were generated by stan-
dard methods combining PCR, DNA recombination, and QuikChange
techniques. Sequences of the DNA expression vectors were confirmed
(Biotic Solutions). The coding region of Rho-Dend2-1D4 consists of the
full-length human rhodopsin cDNA fused to Dendra2 (Dend2) (Clon-
tech Laboratories), followed by the last 8 aa of human rhodopsin (the
1D4 epitope). This coding region was inserted into the pXOP-5HTR-
EGFP-RHO15 expression vector after removal of the 5HTR-EGFP-
RHO15 sequence, so that expression of Rho-Dend2-1D4 is driven by the
X. laevis opsin gene promoter (pXOP; Batni et al., 1996; Knox et al.,
1998). An SV40 polyadenylation signal was added downstream of the
1D4 epitope (Zhang et al., 2005). Two I-SceI sequences, 18 base pairs
each, were added upstream of the XOP sequence and downstream of the
SV40 polyadenylation signal, respectively, to readily excise and purify the
region encompassing the XOP, coding region, and polyadenylation se-
quence for our transgenic procedure. We introduced a variety of mu-
tations to our rhodopsin vector by QuikChange site-directed mutagenesis
(Agilent Technologies) and DNA recombination techniques. To generate
RhoQ344Ter-Dend2, the QVAPA sequence at the end of the human rho-
dopsin gene and before Dend2 was removed. The 1D4 epitope after
Dend2 was also removed because the 1D4 epitope contains the QVAPA
sequence. To generate Rho-Dend2, the 1D4 epitope after Dend2 was
removed. The Rho-Dend2 vector served as the backbone for the follow-
ing rhodopsin truncation mutants: Rho1-310-Dend2, Rho1-316-Dend2,
Rho1-321-Dend2, Rho1-326-Dend2, and Rho1-336-Dend2. The 1D4
epitope was added to Rho1-316-Dend2 to create Rho1-316-Dend2–1D4
and to RhoQ344Ter-Dend2 to create RhoQ344Ter-Dend2–1D4. To generate
MyrPalm-Dend2, MyrPalm-Dend2-bPRPH312-346 was synthesized by
GenScript and inserted into a TOPO vector between the pXOP and the
SV40 polyadenylation signal using NheI and AflII. The bPRPH312-346

sequence was removed by BstI and ClaI, which can ligate to each other. As
with the rhodopsin vectors used in this study, I-SceI sequences flanked
the XOP and the SV40 polyadenylation signal. The vector used in our
Golgi colocalization experiment contains an X. laevis rod arrestin prox-
imal promoter, the human �-1,4-galactosyltransferase 1(1-61) gene and
the mTurquoise2 fluorescent protein. To create this vector, we obtained
the pmTurquoise2-Golgi vector from Addgene (plasmid 36205; Goed-
hart et al., 2012). This vector contains a trans-Golgi glycosyltransferase,
the �-1,4-galactosyltransferase 1 (1-61) gene, and mTurquoise2. X. laevis
genomic DNA was the source of the arrestin promoter. As with the
rhodopsin vectors used in this study, I-SceI sequences flanked the arres-
tin promoter and the SV40 polyadenylation signal.

Animals. All animal procedures were approved by the institutional
animal care and use committee at Case Western Reserve University and
were performed in accordance with the Association for Research in Vi-
sion and Ophthalmology Statement for the Use of Animals in Ophthal-
mic and Vision Research. Adult female (9� cm) and male (7.5 cm)
albino X. laevis frogs were purchased from Nasco. Frogs were housed at
16°C under a 12/12 h light/dark cycle. All tadpoles used for experiments
were �1 month old and were housed in a 16°C incubator.

Transgenesis of X. laevis. Transgenic X. laevis were generated using the
intracytoplasmic sperm injection method (Sparrow et al., 2000; Smith et
al., 2006), which is a modified version of the restriction-enzyme-
mediated integration method developed by Kroll and Amaya (Kroll and
Amaya, 1996; Amaya and Kroll, 1999). Injected eggs were housed at
16°C. Nondividing eggs were removed daily until 8 d after fertilization,
when the tadpoles were screened for the presence of green fluorescence in
their eyes using a Leica MZ16F fluorescence stereoscope. Tadpoles were
divided into three categories, light, medium, and bright, according to the

intensity of green fluorescence in their eyes. To avoid any photobleaching
of fluorescent proteins and possible light-dependent degeneration,
transgenic tadpoles were reared in the dark.

Photoconversion of Dend2 in tadpole eyes. Tadpoles were anesthetized
in 0.026% tricaine methanesulfonate MS-222 (Sigma-Aldrich) then
placed in 6% methyl cellulose (Sigma-Aldrich). A 405 nm light source
was directed at their heads for 15–20 min, with periodic breaks. Tadpoles
that were dissected immediately after photoconversion were 9 –14 d old
(stage range of 41– 47 with a mode of 43) at the time of photoconversion,
and tadpoles that were dissected 2 or 6 d after photoconversion were
either 9 –10 d old (stage range of 41– 46 with a mode of 43) or 21–22 d old
(stage range of 45–50 with a mode of 47) at the time of photoconversion.
All the tadpoles used in the experiments were staged as described previ-
ously (Nieuwkoop and Faber, 1967).

Retina culture. Nonphotoconverted tadpoles were either 9 –10 d old
(stage range of 41– 46 with a mode of 43; at these stages, rod cells were
cone shaped; Kinney and Fisher, 1978) or 21–22 d old (stage range of
45–50 with a mode of 47; at these stages, rod cells were rod shaped) at
time of decapitation. Photoconverted tadpoles were killed either imme-
diately after, 2 d after, or 6 d after photoconversion. Tadpoles were placed
in 0.26% tricaine methanesulfonate for 2–3 min followed by decapita-
tion. Retinas were extracted from both eyes and placed in poly-D-lysine-
coated 35 mm glass-bottom dishes (MatTek) on top of a coating of
Cell-Tak (BD Biosciences) and held down by a custom-made weight. The
weight was a donut-shaped stainless wire encased in biocompatible ep-
oxy glue with a permeable membrane on one end that allowed cells access
to gas and media while keeping them flat against the surface of the glass-
bottom dish. Retinas were incubated in a modified version of Wolf
amphibian culture medium (55% MEM; Invitrogen; 31% Earle’s
sodium-free BBS, 10% FBS, 30 mM NaHCO3, 700 mg/l, D-glucose) inside
a sealed chamber (DMIRB/E ONICS-D35; Tokai Hit) that maintained
the proper temperature, humidity, and gas concentrations (95% O2 and
5% CO2) on the microscope during the imaging procedures. Retinas
were incubated for 1–5 h depending on the experiment.

Immunolabeling. Tadpoles were anesthetized, decapitated, and their
heads fixed in 4% PFA for 6 h at room temperature. To cryoprotect the
tissues, the fixed heads were placed in phosphate buffer solutions with
progressively higher concentrations of sucrose from 5–20% for 30 min
each. The heads were then placed in a mixture of O.C.T. Compound
(Tissue-Tek, Sakura Finetek) and 20% sucrose solution overnight at 4°C.
Frozen heads were sectioned on a cryostat (CM1850; Leica) at �20°C.
Sections (12 �m thick) were blocked in 1.5–5% normal goat serum di-
luted in PBS with either 0.1% or 0.5% v/v Triton X-100 (PBST). Primary
antibody was applied to the sections for either 1 h at room temperature or
overnight at 4°C. Secondary antibody was applied for 1 h at room tem-
perature. Both antibodies were diluted in PBST. Sections were washed
three times with PBST after incubation with each antibody. Primary
antibodies used were a monoclonal anti-ATPase Na �/K � � (1:500;
DSHB), a polyclonal anti-early endosome marker (EEA1, 5 �g/ml; Ab-
cam), a polyclonal anti-LAMP1 (10 �g/ml; Abcam), monoclonal anti-
rhodopsin 11D5 (8 �g/ml, a kind gift from Dr. Dusanka Deretic, The
University of New Mexico Health Sciences Center, Albuquerque, NM;
Deretic and Papermaster, 1991), and a polyclonal anti-GFP (2 �g/ml;
Novus). The anti-GFP was used to detect the mTurquoise2 fluorescent
protein in the Golgi localization experiment. Secondary antibodies used
were goat anti-mouse Cy3 and donkey anti-rabbit Cy3 (both at 7.5 �g/
ml; Jackson ImmunoResearch Laboratories). Alexa Fluor 633-
conjugated wheat germ agglutinin (Invitrogen) was applied at a
concentration of 10 �g/ml and incubated overnight at room temperature
in PBS with 0.5% v/v Triton X-100. Tadpoles used in these experiments
were medium or bright in intensity and either 9 –10 d old or 21–22 d old.

Confocal microscopy. Living retinas and fixed retinal sections were im-
aged using the HCX PL APO CS 40.0� 1.25 oil UV objective of a Leica
TCS SP2 laser scanning confocal microscope equipped with four lasers
for excitation: a 488 nm argon ion, 543 nm HeNe, 633 nm HeNe, and a
tunable Ti:Sapphire laser (Chameleon XR; Coherent Technologies). Im-
ages were acquired using Leica Confocal Software version 2.61. Leica Lite
software was used to construct maximum projection images from
z-stacks. All images used for fluorescence quantification were taken using
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the same laser power, zoom factor, image averaging, and resolution, but
with different photomultiplier tube (PMT) settings in the acquisition
software (see below for image analysis).

Electron microscopy. Tadpole heads (14 –15 d old, stage 45– 46) were
fixed in 4% w/v formaldehyde containing 0.1% w/v glutaraldehyde in 0.1 M

HEPES buffer, pH 7.0 (Electron Microscopy Sciences) at room temper-
ature for 6 h, then dehydrated in ethanol and embedded in LR White
resin (Polysciences). Thin sections were blocked with PBS containing 1%
w/v BSA, 1% v/v normal goat serum, and 0.01% v/v Tween 20 (PBGT).
Grids were then incubated with antibody against Dend2 at a 1:50 dilution
in PBGT for 12 h at 4°C. Negative controls included preimmune rabbit
serum and PBGT in place of the primary antibody. After washing, grids
were incubated for 1 h in 10 nm gold-conjugated goat anti-rabbit IgG
(Ted Pella) diluted 1:30 in PBGT, rinsed with PBS, and fixed with glutar-
aldehyde to stabilize the gold particles. Gold-labeled thin sections were
stained first with 2% uranyl acetate in 50% methyl alcohol at 38°C for 30
min, then with the triple lead stain of Sato as modified by Hanaichi et al.
(1986), and then examined in a JEOL 1200EX electron microscope.

Expression and purification of 6xHis-Dend2. The coding region of
Dend2 was cloned into NcoI/HindIII sites of the expression pET-30a
vector (Millipore). Fusion protein was expressed in the Escherichia coli
BL21 (DE3) strain and induced by isopropyl-�-D-thiogalactoside (1
mM). His-tagged Dend2 was purified from cell lysates by using HisPur
Ni-NTA resin (Thermo Scientific). The concentration of Dend2 in stock
solution before (green) and after (red) photoconversion was determined by
measuring absorbance at 490 and 553 nm, respectively (��490 � 45,000 M

�1

cm�1 and ��553 � 35,000 M
�1 cm�1 (Chudakov et al., 2007a). Serial dilu-

tions of Dend2 stock solutions before and after photoconversion were pre-
pared and then visualized by confocal microscopy and analyzed by ImageJ
and Cell Profiler. All measurements were done in triplicate. Calibration
curves for Dend2 analysis were constructed by plotting average pixel inten-
sity against known Dend2 concentrations.

Image analysis and quantification. Levels of our protein of interest
fused to Dend2 were quantified using MBF-ImageJ or Cell Profiler soft-
ware (Carpenter et al., 2006). Individual z-stack images were used for
quantification unless otherwise noted. For images quantified using Im-
ageJ, images were loaded and the shape tools were used to encompass the
regions of interest to be measured. Saturated cells were ignored using the
hi-lo indicator. Background intensities for each image were taken with an
n of 3 and subtracted from all measurements taken. All measurements
were exported to Excel. For images quantified using Cell Profiler, images
were first corrected for illumination using the CorrectIlluminationCal-
culate module. The integrated intensity of entire cells and the mean
intensity of the OS were obtained using the IdentifyPrimaryObjects and
IdentifyObjectsManually modules, respectively. Cells were identified as
objects using the background threshold method and were usually defined
as between 40 and 80 pixels in width. Objects that came into contact with
the sides of the image were discarded. Objects that were not identified
properly were not selected. Data were measured from confocal images
using the MeasureObjectIntensity module and exported to Excel using
the ExportToSpreadsheet module.

Once in Excel, the data from both ImageJ and Cell Profiler were nor-
malized against a calibration curve as follows. To compare images taken
at different PMT settings accurately in the Leica Confocal Software ver-
sion 2.61, a calibration curve was generated by taking n � 3 measure-
ments of 500 �M FITC (or rhodamine) at various PMT settings that were
used when the original images were taken. The pixel intensity values were
measured using ImageJ and averaged. This average was divided by the
concentration of FITC to create a list of coefficients that could be applied
to the raw pixel values of any image at any PMT to standardize the values
to that concentration of FITC. Arbitrary intensity units measured for
quantification were divided by these coefficients to keep the values stan-
dard regardless of which PMT setting was used to obtain them. To create
a more accurate representation of the protein concentration in each cell,
various dilutions of pure Dend2 protein were measured and then ana-
lyzed at 700 PMT. With a known Dend2 concentration and a known
average pixel intensity value, an additional calibration curve was gener-
ated to convert all values from a standard concentration of FITC to an
exact measurement of Dend2 protein (expressed as a micromolar con-

centration). The raw pixel values were divided by the coefficient for 700
PMT to have the same units as every other measurement taken using this
system, and then a direct conversion from this standard to the empiri-
cally measured Dend2 concentrations was made possible by plotting
Dend2 concentration versus standard FITC pixel intensity values.

Fluorescence intensities of extracellular vesicles were compared with
those of the plasma membrane regions in 27- to 28-d-old RhoQ344Ter-
Dend2, 6 d after photoconversion using ImageJ as follows. The maxi-
mum projections were used for this analysis because the projections
allow us to take into account the brightest vesicles existing in the z-stacks.
For simplicity, the green channel was depicted for this analysis; however,
similar results were obtained in the red channel. A region of interest was
defined and used to measure the average intensity values of the inner
segment plasma membrane, extracellular vesicles, and punctate struc-
tures on the calyceal processes for each channel. Intensities were back-
ground subtracted and the average intensity of each region was
normalized against the average intensity of the inner segment plasma
membrane for each cell, making the value of each inner segment plasma
membrane equal to 1, with all other values relative to it.

The surface plot in Figure 9F was generated using the Interactive 3D
Surface Plot plugin for ImageJ. This plugin interprets the luminance of
each pixel as the height for the plot. The maximum projection image (Fig.
9E) was used to create the surface plot and plugin parameters were se-
lected to highlight the differences between cells with more or less active
protein synthesis. Pixel luminance below an arbitrarily chosen threshold
limit (84% in the software) does not appear on the plot. To display the
varying degrees of pixel intensity of the calyceal processes and inner
segments so that they are translated into easily distinguishable z-heights
on the plot, the uppermost tips (on the z-axis) of the lines representing
the most intense pixels on the plot are not shown.

Live cell imaging and inner segment structure analysis. Tadpoles ex-
pressing Rho-Dend2-1D4 and RhoQ344Ter-Dend2 were dissected imme-
diately after photoconversion and their retinas were incubated in the
microscope chamber for up to 2 h. Images were captured periodically
(5–22 s time intervals between images) starting 30 – 45 min after photo-
conversion. Each image taken was in a different z-plane, which, when
combined, resulted in a z-stack covering the entire width of the cell.
Videos were generated using all the images taken during the course of the
live-imaging session, with maximum projection images representing
each frame in the video.

To calculate the movement of inner segment (IS) green punctate
structures toward the OS over time, videos were examined to identify
cells with structures that moved from a starting point in the IS to the base
of the OS and then disappeared. The speed at which the structure moved
was calculated by measuring the total distance the structure moved (in
micrometers) and dividing that by the time (in seconds) it took the
structure to move from its point of origin to the base of the OS.

To calculate the size of IS punctate structures, a circle or oval was
drawn around each structure using ImageJ and the Feret’s diameter was
measured. The Feret’s diameter (Merkus, 2009) is defined as the length
between the farthest two points of a shape drawn around an object and
was used instead of diameter because most of the IS punctate structures
are slightly misshapen circles. Circles/ovals were only drawn around
structures that were distinguishable as separate entities. Because IS punc-
tate structures were observed infrequently for Rho-Dend2-1D4, circles
were drawn in the center of the IS to define a region for a concentration
calculation when structures were not visible.

Statistical analysis. Statistical pairwise comparisons to determine sig-
nificance were made using the Mann–Whitney rank sum test (MWRST)
or the t test, with � set to 0.001 or 0.05, respectively (SigmaPlot 11; Systat
Software). Because the combined variability of transgenic protein ex-
pression levels and synthesis rates generally lead to a distortion of normal
distribution, a nonparametric statistic such as the MWRST is the most
appropriate test to determine significance in most of our pairwise com-
parisons. Unless otherwise noted, all experiments were conducted with at
least three independent animals. Error bars indicate 1 SD.

Dot blot. Eyes collected from 14-d-old (stage range of 43– 46 with a
mode of 46) transgenic or nontransgenic tadpoles were solubilized in
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buffer (4� SDS loading buffer with 4% �-mercaptoethanol diluted to
0.5� with PBS containing a complete protease inhibitor mixture
[Roche]) and diluted 75 times in PBS. Samples were loaded onto nitro-
cellulose membrane using a Bio-Dot apparatus (Bio-Rad Laboratories).
Membrane was blocked overnight with 1% BSA in PBS. Membranes were
initially probed with either mouse anti-B6-30N (2 �g/ml; a kind gift
from Drs. David Salom and W. Clay Smith) that recognizes the N termi-
nus of both endogenous (X. laevis) and transgenic (human) rhodopsin
(Tam and Moritz, 2007) or with a rabbit polyclonal antibody that was
raised against the entire peptide sequence of Dend2 (1:5000, rabbit anti-
Dendra2_138 serum) to detect only transgenic rhodopsin fused to
Dend2. Secondary antibodies used were anti-mouse IgG-HRP (1.7 ng/
ml; Cell Signaling Technology) and anti-rabbit IgG-HRP (4 ng/ml; Santa
Cruz Biotechnology). After initializing chemiluminescence detection
(HyGLO) membranes were visualized using a FluorChem M imager
(ProteinSimple). The integrated density for each spot was obtained using
the Gilles Carpentier Dot Blot Analyzer plug-in for ImageJ. Background
for all of the B6-30N spots was judged as the value of the nontransgenic
eye exposed to only anti-mouse IgG-HRP. Background for all of the
Dend2 spots was judged as the value of the nontransgenic eye exposed to
only anti-rabbit IgG-HRP. Eyes from nontransgenic animals and puri-
fied recombinant Dend2 protein were used to calculate levels of trans-
gene expression in nanograms. Total rhodopsin levels were normalized
to the endogenous rhodopsin level in nontransgenic tadpole eyes. Each
spot represents a single eye from an independent tadpole.

TUNEL staining and analysis. Cryosections were thawed and then re-
hydrated in PBS. Sections were treated with Proteinase K (Sigma-
Aldrich) at 4 �g/ml for 5 min at 37°C, followed by immersion in 4% PFA
for 10 min and a PBS wash. Sections were incubated in PBS with 0.3% v/v
Triton X-100 for 1 h at room temperature. Positive control sections were
treated with DNase (Promega) for 1 h at 37°C and then washed in PBS.
Sections were equilibrated with reaction buffer for 10 min at room tem-
perature (25 mM Tris-HCl, 0.25 mg/ml BSA, 185 mM sodium cacodylate
trihydrate, 1.85 mM CoCl2, hexahydrate, and 185 �M DTT), followed by
a 1 h incubation at 37°C with fresh reaction buffer containing final con-
centrations of 5 �M Alexa Fluor 546-14-dUTP (Invitrogen), 10 �M dATP,
23.5 mM Tris-HCl, 100 �M EDTA, and 600 U/ml recombinant terminal

deoxynucleotidyl transferase (Roche); in negative controls, recombinant
terminal deoxynucleotidyl transferase was omitted. The reaction was
stopped by immersing slides in 2� SSC for 5 min. Nuclei were counter-
stained with 20 �M Hoechst 33342 (Invitrogen) and washed with PBS.
Sections were immersed in 4% PFA for 2 min, washed in PBS, mounted,
and imaged using a Leica DM6000 B microscope. The total number of
TUNEL-positive nuclei in three or four consecutive sections from each
animal was averaged and six to eight were analyzed for each transgene.

Results
Rhodopsin requires the C-terminal trafficking motif for
enrichment to the OS
To determine the role of the C-terminal tail in rhodopsin local-
ization, we fused full-length human rhodopsin (Fig. 1A) directly
to Dendra2 (Dend2) fluorescent protein (Chudakov et al., 2007a,
2007b; Rho-Dend2; Fig. 1B). Rho-Dend2 localized specifically to
the OS (Fig. 2A). Although the proper localization was observed
for Rho-Dend2, a previous report suggested that expression of
rhodopsin fused directly to a fluorescent protein causes degener-
ation of photoreceptor cells (Chan et al., 2004), likely due to
partial blockage of the cilia-targeting motif adjacent to the fluo-
rescent protein. Accordingly, we also tested an improved version
of the rhodopsin fusion construct in which Rho-Dend2 is fol-
lowed by a 1D4 epitope tag (Rho-Dend2-1D4; Fig. 1B). The 1D4
monoclonal antibody epitope is the last 8 aa of rhodopsin that
concludes with VAPA (MacKenzie et al., 1984). This new con-
struct arrangement allows the fusion protein to maintain the
functional signaling properties of rhodopsin while preserving
proper OS localization in X. laevis (Jin et al., 2003) and proper
primary cilia localization in cultured cells such as hTert-RPE1
(Trivedi and Williams, 2010) and IMCD3 (Wang et al., 2012). As
expected, Rho-Dend2-1D4 localized to the rod OS (Fig. 2B).
Therefore, in the presence of the cilia-targeting motif VXPX, rho-
dopsin is trafficked to the OS.

Figure 1. Schematic showing rhodopsin and its constructs used in the experiments. A, Secondary structure of rhodopsin. The region around the C terminus (boxed) was dissected by generating
the constructs listed in B. B, Ten rhodopsin constructs were designed to assess the roles of trafficking signals. The location of Dend2 (green oval) with respect to additions and deletions of amino acid
residues is shown. ETSQVAPA is the 1D4 tag after Dend2 in Rho-Dend2-1D4, RhoQ344Ter-Dend2-1D4, and Rho1-316-Dend2-1D4. Dend2 is not drawn to scale.
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To determine the cellular effect of a VXPX motif deficiency,
we expressed the Q344Ter mutant of rhodopsin fused to Dend2
(RhoQ344Ter-Dend2; Fig. 1B) in X. laevis rods. In humans, the
Q344Ter truncation mutant of rhodopsin leads to removal of the
VXPX motif and causes autosomal dominant retinitis pigmen-
tosa (Sung et al., 1991). RhoQ344Ter-Dend2 was observed in the
plasma membrane and intracellular structures of the IS (Fig.
2C,D,F–I). In the plasma membrane, RhoQ344Ter-Dend2 was
particularly enriched in the distal region of the IS plasma mem-
brane (Fig. 2C, arrow), as evidenced by colocalization with the IS
plasma membrane marker Na�/K�-ATPase (Fig. 2D). Rho-
Dend2-1D4 did not localize with Na�/K�-ATPase (Fig. 2E),
demonstrating that accumulation in the distal IS plasma mem-
brane is a unique feature of RhoQ344Ter-Dend2. RhoQ344Ter-
Dend2 was also observed in the calyceal processes (Fig. 2C,D,
arrowhead), which are protrusions of the distal IS plasma mem-
brane. To further define the detailed intracellular localization, we
tested the colocalization of RhoQ344Ter-Dend2 with several mark-
ers of subcellular organelles. The IS intracellular structures partly
overlapped with the Golgi apparatus (Fig. 2G, arrow), lysosomes
(Fig. 2H, arrow), and endosomes (Fig. 2I, arrow). Localization to

Golgi apparatus and endosomes may in-
dicate that these structures serve as a way-
point for protein mistrafficking, whereas
localization to lysosomes may suggest that
at least a fraction of the RhoQ344Ter-Dend2
is degraded intracellularly before reaching
the plasma membrane. Consistent with
the fluorescence microscopy results, im-
munoelectron microscopy (Fig. 3) re-
vealed localization of RhoQ344Ter-Dend2
to the distal IS plasma membrane (Fig.
3A,B, arrows with thin arrowheads), ca-
lyceal processes (Fig. 3A,B, arrowheads),
structures consistent with Golgi cisternae
(Fig. 3C), and electron-dense vesicular
structures (Fig. 3C, arrows) within the IS.
Although the majority of RhoQ344Ter-
Dend2 is excluded from the OS, weak
green fluorescence was still observed in
the rod OS (Fig. 2F). The disk mem-
branes, where the majority of rhodopsin is
usually housed, were robustly labeled with
wheat germ agglutinin, suggesting that the
weak labeling by RhoQ344Ter-Dend2 is not
due to a secondary disk morphogenesis
defect, but to inefficient targeting to the
disks (Fig. 2F ). Therefore, rhodopsin
requires the C-terminal cilia-targeting
motif for efficient targeting to the OS.

To understand the contribution of the
VXPX motif to OS enrichment, the OS
concentrations of Rho-Dend2-1D4, Rho-
Dend2, and RhoQ344Ter-Dend2 were com-
pared. We imaged unfixed, living retinas
because chemical fixation could have led
to a compromise in fluorescence quantity
as observed for GFP and RFP (Sakhalkar
et al., 2007). The OS concentrations of
various Dend2 fusion proteins were deter-
mined by calibrating fluorescence intensi-
ties to known quantities of soluble Dend2.
The average OS concentration of Rho-

Dend2-1D4 was 12 times higher than that of RhoQ344Ter-Dend2
(Fig. 4A, p � 0.001 by MWRST for comparison of OS concentra-
tions). The OS concentration of Rho-Dend2 was also higher than
that of RhoQ344Ter-Dend2 (Fig. 4A, p � 0.001 by MWRST), but
lower than that of Rho-Dend2-1D4 (Fig. 4A, p � 0.001 by
MWRST). The lower OS concentration of Rho-Dend2 to Rho-
Dend2-1D4 is likely due to a partial steric blockage of the VXPX
motif by Dend2. These results indicate that the VXPX motif ac-
celerates cilia-directed trafficking.

In our quantitative image analysis (Fig. 4A), a high variability
of OS concentrations was observed among individual cells be-
cause the expression levels in individual animals and cells vary in
the X. laevis transient transgenic system (Moritz et al., 2001). We
took advantage of this feature to analyze and clarify the relation-
ship between protein expression level and OS concentration in
individual cells. For this analysis, we generated a scatter plot in
which the Dend2 concentration in the OS was plotted against the
protein expression level for each individual cell. The protein ex-
pression level of individual cells was calculated by selecting the
area encompassing the entire OS and IS in single confocal sec-
tions and then integrating the fluorescence intensities of the two-

Figure 2. RhoQ344Ter-Dend2 is predominantly mislocalized to IS membrane structures. A–C, Localization of Rho-Dend2 (A),
Rho-Dend2-1D4 (B), and RhoQ344Ter-Dend2 (C). Rho-Dend2 and Rho-Dend2-1D4 were predominantly localized to the OS, whereas
RhoQ344Ter-Dend2 mislocalized to the distal IS plasma membrane (arrow) and calyceal processes (arrowhead). D, E, RhoQ344Ter-
Dend2 (green) colocalizes with Na �/K � ATPase (red) in the distal IS plasma membrane (yellow, arrow) and calyceal processes
(yellow, arrowhead; D), whereas Rho-Dend2-1D4 does not (E). F, Disk membranes are robustly stained with wheat germ agglu-
tinin (red), so weak disk membrane labeling by RhoQ344Ter-Dend2 is not due to a disk morphogenesis defect. G, RhoQ344Ter-Dend2
(green) partially colocalizes with the Golgi marker �-1,4-galactosyltransferase 1 (1-61) fused to mTurquoise (red, arrow) intro-
duced by transgenesis. Colocalization is represented by yellow. H, RhoQ344Ter-Dend2 (green) partially colocalizes with the lysosome
marker LAMP1 (red) in IS vesicles (yellow, arrow) and calyceal processes (yellow, arrowheads). An asterisk indicates a rod cell that
did not express RhoQ344Ter-Dend2. LAMP1 does not accumulate to the calyceal processes in negative cells. I, RhoQ344Ter-Dend2
(green) partially colocalizes with the endosome marker EEA1 (red) in IS vesicles (yellow, arrow). Dend2 was not photoconverted
and exhibits only green fluorescence. Images are maximum projections of optical slices (A–C, F, G) or single confocal images (D, E,
H, I ). Images are of live, unfixed retinas (A–C). Animals were 9 –10 d old (A–C, F–I ) or 21–22 d old (D, E). Scale bars, 10 �m.
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dimensional area (OS � IS). OS concentration data used for the
scatter plots were also assessed statistically (Fig. 4A, the same
group of cells was used for analysis in Fig. 4B). Because Rho-
Dend2-1D4 is observed in the OS almost exclusively, the ratios of
OS concentration to protein expression level were high, resulting
in the distribution of plots to the upper region of the graph (Fig.
4B, green). Because RhoQ344Ter-Dend2 mislocalizes to the IS, the
ratios of OS concentration to expression level were low, resulting
in the distribution of plots to the lower region of the graph (Fig.
4B, red). Despite using the same X. laevis rhodopsin promoter
and a cohort of animals with the highest expression levels (rep-
resenting the top 37% for each transgenic construct), the OS of
the RhoQ344Ter-Dend2 mutant consistently showed distribution
to a low concentration range. Because of variable expression
levels in individual cells, cells expressing Rho-Dend2-1D4
showed a wide concentration range. Nevertheless the majority
of cells showed concentrations higher than RhoQ344Ter-Dend2-
transgenic cells even in the same low expression range (Fig. 4B,
rectangle). Both Rho-Dend2-1D4 and Rho-Dend2 distributed
to the high expression range (Fig. 4B, green and blue, high),
whereas RhoQ344Ter-Dend2 distributed only to the low expres-
sion range (Fig. 4B, red, low). Therefore, this individual cell

analysis demonstrates that the mislocalization of RhoQ344Ter-
Dend2 is not due to overexpression of proteins and that the
VXPX motif facilitates trafficking to the disk membranes and
increases the rhodopsin concentration in the OS in all of the
expression ranges tested.

Mislocalization of RhoQ344Ter-Dend2 is facilitated by a
secondary targeting signal
RhoQ344Ter-Dend2 is specifically enriched to plasma membrane
and intracellular structures of the IS, as well as the calyceal pro-
cesses (Fig. 2). Because of this specific localization pattern, we
investigated whether RhoQ344Ter-Dend2 has a secondary target-
ing signal that operates in the absence of the primary VXPX cilia-
targeting motif. If this hypothetical secondary signal were to
facilitate mislocalization of RhoQ344Ter-Dend2, then removal of
this signal would rescue rhodopsin localization to the OS. We
created several truncation mutants to test this hypothesis (Figs.
1B and 5). To potentially remove this hypothetical signal(s), the
entire C-terminal tail was truncated to create Rho1-310-Dend2
(Fig. 1B) and the majority of the C-terminal tail was removed to
create Rho1-316-Dend2 (Fig. 1B). We found that both Rho1-310-
Dend2 (Fig. 5A) and Rho1-316-Dend2 (Fig. 5B) localized predom-

Figure 3. Mislocalization of RhoQ344Ter-Dend2 to IS plasma membrane structures. A–D, Immunoelectron microscopy of RhoQ344Ter-Dend2 in rods reveals that the following structures are heavily
decorated with gold-particle-labeled antibodies and are therefore regions of RhoQ344Ter-Dend2 enrichment: distal IS plasma membrane (A, B, arrows) and calyceal process (A, B, arrowheads); Golgi
apparatus and vesicles of the IS (C, arrows) and extracellular vesicles (D, arrows). Animals were 14 –15 d old. Scale bars: A, C, D, 1 �m; B, 0.5 �m.
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inantly to the OS. Therefore, the C-terminal tail of rhodopsin is
not essential for OS localization. The predominant OS localiza-
tion of Rho1-316-Dend2 indicates that a secondary targeting signal
exists within the region 317–343 aa. Rho1-316-Dend2 localized to
the OS disks more effectively than RhoQ344Ter-Dend2, but not as
effectively as Rho-Dend2 or Rho-Dend2-1D4 (Fig. 4A, p � 0.001
by MWRST for each comparison of OS concentrations between
RhoQ344Ter-Dend2 and three other constructs). The ratios of OS
concentration to expression level were higher in cells expressing
Rho1-316-Dend2 (Fig. 6A, right, encircled) than RhoQ344Ter-
Dend2. This higher ratio is consistent with the above observation
that Rho1-316-Dend2 is primarily localized in the OS whereas
RhoQ344Ter-Dend2 is not. Therefore, the secondary signal within
317–343 aa facilitated the mislocalization of RhoQ344Ter-Dend2
to regions outside of the OS and prevented the majority of the
mutant protein from entering the OS.

To verify that this specific mislocalization pattern is not a
result of the addition of Dend2 to our constructs, we expressed
MyrPalm-Dend2 in rods. MyrPalm-Dend2 possesses a myris-
toyl and palmitoyl group for membrane localization, but does
not contain any trafficking or mistrafficking signals originat-
ing from rhodopsin. MyrPalm-Dend2 localized randomly
throughout the membrane domains of the OS and IS, with no
particular enrichment to the calyceal processes or distal IS
plasma membrane (Fig. 5H ). Similar localization was ob-
served for a lipidated form (myristoylated or palmitoylated) of
GFP expressed in rods (Tam et al., 2000). Our results indicate
that the specific mislocalization of RhoQ344Ter-Dend2 to the
calyceal processes or distal IS plasma membrane is not due to
the Dend2 protein, but rather to the secondary signal within
317–343 aa.

To further define the secondary targeting signal that is absent
in Rho1-316-Dend2, we gradually extended the C-terminal tail
from residue 316. First we investigated whether the eighth helix of
rhodopsin (Palczewski et al., 2000) contains the mistrafficking

signal. The eighth helix, which was disrupted in Rho1-316-Dend2,
was completely recovered in Rho1-321-Dend2 (Fig. 1B). Rho1-321-
Dend2 localized in a pattern similar to Rho1-316-Dend2, with the
majority of protein being targeted correctly to the OS (Fig. 5C).
Therefore, the eighth helix is not essential for the mislocalization
to the distal IS plasma membrane. We then extended the C-terminal
tail to residue 326 (Rho1-326-Dend2; Fig. 1B). Rho1-326-Dend2 mis-
localized to the calyceal processes (Fig. 5D, arrow). Due to the
facilitated mistrafficking caused by these additional residues
(322–326 aa), the OS concentrations of Rho1-326-Dend2 tend to
be lower than that of Rho1-316-Dend2 (Fig. 4A, p � 0.001 by
MWRST for comparison of OS concentrations, indicated by a
bracket plus a large asterisk). This low OS concentration is not
a result of lower expression, but rather poor OS trafficking.
Accordingly, the IS � OS total expression levels are similar
between Rho1-316-Dend2 and Rho1-326-Dend2 (Fig. 6A,
x-axis). Consistent with the lower OS concentration, Rho1-326-
Dend2 is lower on the scatter plot than Rho1-316-Dend2, indi-
cating that more Rho1-326-Dend2 is in the IS, and therefore
mislocalized, than Rho1-316-Dend2 (Fig. 6A, y-axis). Qualita-
tively, Rho1-326-Dend2 (Fig. 5D) appeared to localize to the
calyceal processes less than RhoQ344Ter-Dend2 (Fig. 2C).
Therefore, to determine whether this secondary signal extends
further downstream than residue 326, we created Rho1-336-
Dend2 (Fig. 1B). Compared with Rho1-326-Dend2, Rho1-336-
Dend2 was more enriched in the calyceal processes and other
IS plasma membrane locations (Fig. 5E), with a localization
resembling that of RhoQ344Ter-Dend2 (Fig. 2C). These obser-
vations suggest that the essential portion of the secondary
mistrafficking signal is from 322–336 aa.

Modular and cooperative nature of the primary and
secondary signals
There are at least two trafficking signals in rhodopsin, one located
at the very C terminus (VXPX, the primary signal) and another

Figure 4. The VXPX motif enhances rhodopsin’s enrichment to the OS disks. A, OS concentrations are higher in the presence (Rho-Dend2-1D4 and Rho-Dend2) than in the absence (RhoQ344Ter-
Dend2, Rho316-Dend2, and Rho326-Dend2) of the VXPX motif. The OS concentrations of Rho-Dend2-1D4, Rho-Dend2, Rho316-Dend2, and Rho326-Dend2 are significantly higher than that of
RhoQ344Ter-Dend2 ( p � 0.001 by MWRST, indicated by four small asterisks). The OS concentration of Rho316-Dend2 was significantly higher than the OS concentration of Rho326-Dend2 ( p � 0.001
by MWRST, indicated by a bracket plus a large asterisk). B, Scatter plot reveals the relationship between protein expression level (IS � OS; x-axis) and OS disk concentration (y-axis) in individual cells
(each dot represents a single cell). A.I., arbitrary intensity units. Rho-Dend2-1D4 and Rho-Dend2 are expressed at high levels in a large fraction of cells (high), but RhoQ344Ter-Dend2 is
expressed only at low levels (low). Even in the low expression range, the OS concentrations of Rho-Dend2-1D4 and Rho-Dend2 are higher than that of RhoQ344Ter-Dend2 (black rectangle).
Animals were 9 –10 d old.
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located at 322–336 aa (the secondary sig-
nal). We investigated whether the primary
VXPX signal acts independently of the
secondary mistrafficking signal. The VXPX
primary signal was added to Rho1-316-
Dend2, which lacks both signals (Rho1-316-
Dend2-1D4; Fig. 1B). This addition led to
an increase in the OS concentration, along
with an increased expression level (Figs. 5F,
6B), making the OS concentration and ex-
pression level of Rho1-316-Dend2-1D4 sim-
ilar to that of Rho-Dend2 (Fig. 6A,B, black
brackets). Therefore, the VXPX motif can
act independently of the secondary signal to
increase the efficacy of disk targeting.

We then added the VXPX motif to the
end of RhoQ344Ter-Dend2, which contains
the secondary signal (RhoQ344Ter-Dend2-
1D4; Fig. 1B). RhoQ344Ter-Dend2-1D4
(Fig. 5G) mislocalized to the IS plasma
membrane similar to RhoQ344Ter-Dend2
(Fig. 2C). Although a slight increase in the
OS concentration of RhoQ344Ter-Dend2-
1D4 (Fig. 6B, right, light blue, encircled)
was observed over RhoQ344Ter-Dend2
(Fig. 6B, right, red), the concentration of
RhoQ344Ter-Dend2-1D4 was lower than
that of Rho-Dend2 (compare Fig. 6A,
blue, B, light blue). This observed mislo-
calization of RhoQ344Ter-Dend2-1D4 is
because the primary VXPX signal and the
secondary signal are separated by Dend2.
When the VXPX motif is contiguous with
the rest of the C-terminal tail sequence, as
is the case with Rho-Dend2, rhodopsin lo-
calized more accurately to the OS (Fig.
2A). In this case, the VXPX motif neutral-
ized and negated the mislocalizing effect
of the secondary signal.

Rod photoreceptor cells are capable of
clearing mislocalized RhoQ344Ter-Dend2
The localization of rhodopsin in the rod
photoreceptor cell is a result of the dy-
namic processes of trafficking to and
clearance from the destination mem-
brane(s). Conventional confocal imaging
of rhodopsin fused to fluorescent proteins
is incapable of deciphering these dynamic
processes. To understand the dynamic
process of rhodopsin localization and
mislocalization, we applied a new method
that we refer to as the photoconversion
technique. This technique takes advan-
tage of the photochemical property of
Dend2, which changes from emitting
green to emitting red fluorescence upon
being photoconverted by violet light.
We designed the experiment such that
all of the photoreceptor cells are photo-
converted at any given moment (Fig.
7Aa,Ab). This photoconversion is irre-
versible (Fig. 7Ab). After photoconver-

Figure 5. Identification of a secondary mistrafficking signal in rhodopsin. A–H, The localization patterns of rhodopsin mutants (A–G)
and MyrPalm-Dend2, a lipidated Dend2 designed to localize to membranes (H ). Rho1-310-Dend2 (A), Rho1-316-Dend2 (B), and Rho1-321-
Dend2 (C) localize predominantly to the OS, indicating that a secondary mistrafficking signal is missing in these mutants. D, E, Rho1-326-
Dend2 mislocalizes to the calyceal processes (D, arrow), and Rho1-336-Dend2 mislocalized further to the calyceal processes and other region
of IS plasma membrane (E). Therefore, Rho1-326-Dend2 and Rho1-336-Dend2 contain a mistrafficking signal. F, Rho1-316-Dend2-1D4 is
predominantly localized in the OS. G, RhoQ344Ter-Dend2-1D4 mislocalizes to the distal IS plasma membrane and calyceal processes, so the
mistrafficking signal is active. H, MyrPalm-Dend2 localized randomly to both the IS and OS, demonstrating that there is no unique traffick-
ing signal contained in Dend2. Images are maximum projections of optical slices. Images are of live, unfixed retinas. Animals were 9 –10 d
old. Scale bar, 10 �m.
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sion, all of the newly synthesized proteins are green and the old
proteins are red (Fig. 7Ac,Ad). As a proof of principle (Fig. 7A),
we initially applied the photoconversion technique to rods ex-
pressing Rho-Dend2-1D4. After photoconversion of Rho-
Dend2-1D4, bands of newly synthesized green protein are at the
base of the OS and bands of previously synthesized red protein
are at the top of the OS (Fig. 7B,C). This observation is consistent
with a renewal mechanism that involves the addition of new disks
at the base and decomposition of shed disks at the tip by RPE cells
(Young, 1976).

Unlike Rho-Dend2-1D4, which localizes almost exclusively to
the disk membranes, the majority of RhoQ344Ter-Dend2 in young
animals is mislocalized to membrane locations that have no di-
rect access to the RPE cells. Because the RPE is responsible for
decomposing the majority of rhodopsin under normal condi-
tions, it is unclear whether the cells are capable of clearing the

mislocalized mutant rhodopsin. Therefore, we assessed the dy-
namic exchange of the old and newly synthesized RhoQ344Ter-
Dend2, as well as the clearance of the old RhoQ344Ter-Dend2. Two
days after photoconversion, yellow fluorescence was observed in
the calyceal processes and distal IS plasma membrane (Fig. 7D,
arrows), which is indicative of new and old proteins being mixed
together. By 6 d after photoconversion, old red protein was pro-
gressively replaced with new green protein in the calyceal pro-
cesses and distal IS plasma membrane (Fig. 7E, arrows),
indicating that mislocalized RhoQ344Ter-Dend2 is gradually re-
placed. Accordingly, the ratio of red/green (R/G) fluorescence in
the distal IS plasma membrane is reduced more than 3-fold (p �
0.001 by MWRST for comparison of R/G ratios; animals were
9 –10 d old at time of photoconversion) from 2 d (mean �
1.277 � SD of 0.767, n � 34 cells) to 6 d (mean � 0.409 � SD of
0.292, n � 117 cells) after photoconversion. This reduction can

Figure 6. Effects of the primary VXPX motif and secondary mistrafficking signal on total protein expression and OS concentration in rod cells. A, B, Scatter plots reveal the relationship between
protein expression levels (IS � OS; x-axis) and OS disk concentration (y-axis) in individual cells (each dot represents a single cell). A.I., arbitrary intensity units. A, The OS concentrations of
Rho1-316-Dend2 and Rho-Dend2 are higher than those of RhoQ344Ter-Dend2 and Rho1-326-Dend2, in which the mistrafficking signal is active. B, The 1D4 signal (containing the VXPX motif) can
enhance the OS concentration and expression level in the absence of the mistrafficking signal (compare Rho1-316-Dend2-1D4 and Rho1-316-Dend2), but does not enhance the expression level when
the mistrafficking signal is active (RhoQ344Ter-Dend2-1D4). The bottom left corner of the plots on the left (within the black rectangles) are enlarged on the right. Animals were 9 –10 d old.
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Figure 7. Mislocalized rhodopsin is renewed. A, Schematic showing the photoconversion technique in a rod photoreceptor cell. The Dend2 fusion protein is green (Aa), but converts to red (Ab)
after photoconversion. Because this conversion is irreversible, old proteins stay red. Newly synthesized proteins (Ac, green) are trafficked to their destination (Ad). B, C, Newly synthesized
Rho-Dend2-1D4 (green) at the base of the OS 2 d (B) and 6 d (C) after photoconversion, with old Rho-Dend2-1D4 (red) at the tip. The gradual renewal of proteins from 2 d (D, yellow regions indicated
by arrows) to 6 d (E, green regions indicated by arrows) after photoconversion in RhoQ344Ter-Dend2. F, G, Two days after photoconversion in RhoQ344Ter-Dend2, vesicles were loaded with a mixture
of old (red) and new (green) proteins (F, white box, yellow) whereas 6 d after photoconversion, they were occupied with new proteins (G, white boxes, green). Green is nonphotoconverted, new
Dend2; red is photoconverted, old Dend2. Images are maximum projections of optical slices. Images are of live, unfixed retinas. Animals were 9 –10 d old at time of photoconversion. Scale
bar, 10 �m.
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be explained in two ways: (1) the physical removal of old protein
in this region or (2) the loss of red fluorescence due to the insta-
bility of red fluorescent protein. Relatively uniform axial distri-
bution of green Rho-Dend2 and Rho-Dend2-1D4 in the OS (Fig.
2A,B) indicates that green Dend2 is stable over time. Above the
distal IS plasma membrane, disk membranes were observed
weakly positive to RhoQ344Ter-Dend2 (Fig. 7D,E). We tested the
stability of red fluorescence in the old disks compared with the
green fluorescence in the disks synthesized after photoconver-
sion. This ratio of R/G fluorescent intensities can provide a the-
oretical 1:1 molar ratio of Dend2 fluorescence. Over a period of
4 d (2– 6 d after photoconversion), a decline (25%) of R/G fluo-
rescence was observed on average (mean at 2 d � 1.039 � SD of
0.385, n � 58 cells; mean at 6 d � 0.740 � SD of 0.360, n � 50
cells; p � 0.001 by MWRST for comparison of R/G ratios; ani-
mals were 9 –10 d old at the time of photoconversion), suggesting
instability of the red isoform of Dend2. Such a small degree of
instability, however, cannot account for the 	3-fold decline of
the R/G fluorescence ratio in the distal IS plasma membrane.
Instead, the decline of R/G is explainable by physical removal of
RhoQ344Ter-Dend2 from mislocalized regions.

The clearance of old RhoQ344Ter-Dend2 appears to involve two
mechanisms, secretion of rhodopsin-laden vesicles (Fig. 3D, ar-
rows) and lysosomal degradation. Vesicles can be seen in the
extracellular milieu of the rods at 2 and 6 d after photoconversion
(Fig. 7F,G). The color of the vesicles indicates where they origi-
nated and when they were released. Two days after photoconver-
sion, the majority of vesicles were yellow, suggesting that the
vesicles originated from the IS plasma membrane, where old and
new proteins were also mixed (Fig. 7F, white box). Six days after
photoconversion, the majority of vesicles became green, suggest-
ing that the older yellow vesicles had been removed and new
green vesicles released in 4 d (Fig. 7G, white boxes). The replace-
ment of yellow vesicles with green vesicles suggests there is a rapid
turnover of secreted vesicles within the extracellular space in
young animals. Therefore, the release of rhodopsin-laden vesicles
is one of the mechanisms used to clear excessive mislocalized
rhodopsin from the cells. Another clearance mechanism, which is

not mutually exclusive to the vesicle re-
lease, is lysosomal degradation. For such
degradation, the calyceal process may
play a major role. In the presence of
RhoQ344Ter-Dend2, we found significant
enrichment of the lysosome marker
LAMP1 in the calyceal processes (Fig.
2H, arrowheads), which was not seen in a
negative rod cell (Fig. 2H, asterisk). The
proximity of mislocalized RhoQ344Ter-
Dend2 and a lysosome marker suggests
the direct involvement of lysosomes in de-
grading/removing protein at the site
where mislocalized RhoQ344Ter-Dend2 is
highly enriched.

Short lifetime and downregulation of
RhoQ344Ter-Dend2 lead to dynamic
changes of the mislocalization pattern
The above experiments demonstrate
the predominant mislocalization of
RhoQ344Ter-Dend2 in young animals;
however, we unexpectedly observed ap-
parently correct OS localization in the
majority of rods in older animals (Fig. 8).

Mislocalization of RhoQ344Ter-Dend2 became attenuated,
whereas OS localization of RhoQ344Ter-Dend2 was maintained,
as the animals got older (21–28 d old). In the majority of the cells
(91%, n � 466 rods from 3 RhoQ344Ter-Dend2 animals) in old
animals (21–22 d old), RhoQ344Ter-Dend2 localized predomi-
nantly to the OS (Fig. 8A), similar to the localization of Rho-
Dend2-1D4. In a small population of the cells, RhoQ344Ter-Dend2
localized predominantly to the IS plasma membranes (Fig.
8B)—a pattern similar to but a population (9%) much less than
those seen at 9 –10 d old (93% of cells at 9 –10 d old, n � 118 rods
from 3 animals). Therefore, the retinas contain a heterogenous
population of cells showing different localization patterns
(Fig. 8C). Although the majority of cells display predominant
OS localization of RhoQ344Ter-Dend2, its OS concentrations
(mean � 5.275 �M Dend2 � SD of 1.779, n � 108 cells) were
11 times lower ( p � 0.001 by MWRST for comparison of OS
concentrations) than those observed for Rho-Dend2-1D4
(mean � 59.248 �M Dend2 � SD of 41.541, n � 122 cells) at
similar ages (21–22 d old). Therefore, regardless of the local-
ization pattern or age of the tadpoles, cilia targeting of
RhoQ344Ter-Dend2 is largely compromised.

The photoconversion technique allowed us to study the con-
tribution of new and old proteins to the steady-state level of
mislocalized rhodopsin in the IS plasma membrane. After pho-
toconversion of tadpoles at 21–22 d, they were allowed to synthe-
size new rhodopsin for up to 6 d. In the cells that showed aberrant
membrane localization, new green rhodopsin was observed in the
IS plasma membranes (Figs. 9A, arrow and solid arrowhead,
B,C), albeit at various levels. The cells with more new green pro-
teins were surrounded by red, yellow, and green vesicles (Fig. 9A,
arrow, B), suggesting that the observed vesicles are a result of
release from the plasma membrane over the past 6 d. The cells
with less new green protein were surrounded by yellow-red ves-
icles (Fig. 9A, solid arrowhead, C). The presence of yellow-red
vesicles surrounding the cells with yellow-red distal IS plasma
membrane and calyceal processes indicates these cells are still
actively clearing mislocalized protein from these regions even if
the delivery of new protein to these regions has decreased (Fig.

Figure 8. Attenuated mislocalization of RhoQ344Ter-Dend2 in aged animals. A–C, Two localization patterns in older RhoQ344Ter-
Dend2: OS-predominant localization (A) and mislocalization to the distal IS plasma membrane, calyceal processes, and IS (B). C,
Both patterns are seen in one retina, with the majority of cells having little mislocalized protein. Green is nonphotoconverted
Dend2. Images are maximum projections of optical slices. Images are of live, unfixed retinas. Animals were 21–22 d old. Scale bars,
10 �m.
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9C). A large variation in the brightness of extracellular vesicles
was observed (green fluorescence 1.2 � SD of 0.76 times brighter
than IS plasma membrane, n � 34 vesicles), with some appearing
brighter than the IS plasma membrane on average. Bright punc-
tate structures (Fig. 9A, open arrowhead) were also observed on
the calyceal processes (green fluorescence 1.7 � SD of 0.48 times
brighter than IS plasma membrane, n � 21 punctate structures),
likely due to a preconcentration step before releasing the
rhodopsin-laden vesicles to the extracellular space.

In the cells that showed predominant OS localization (Fig. 9A,
asterisk, D), RhoQ344Ter-Dend2 was downregulated (very low-
level expression). The majority of these cells are no longer sur-
rounded by extracellular vesicles, suggesting that in the absence
of mislocalized RhoQ344Ter-Dend2, no vesicle release occurs. We
then assessed the newly synthesized protein by focusing only on
the green fluorescence (Fig. 9E,F). The newly synthesized green
proteins were high in the IS and calyceal processes of cells with
robust membrane mislocalization (Fig. 9E,F, arrows), whereas
they were low in the IS and calyceal processes of cells with pre-
dominant OS localization (Fig. 9E,F, asterisks). Therefore, the
reduced mislocalization seen in the majority of cells in older an-
imals was caused by a downregulation of RhoQ344Ter-Dend2 and
completion of clearance from the plasma membrane, a structure
that originally contained RhoQ344Ter-Dend2 in the majority of
cells in younger animals. Such downregulation would occur ei-

ther by reduced synthesis of new protein or degradation of newly
synthesized proteins before entering the trafficking pathway, ei-
ther of which leads to a reduced amount of newly synthesized
proteins. We obtained additional evidence that newly synthe-
sized RhoQ344Ter-Dend2 is downregulated before entering the
trafficking pathway. The OS concentration of rhodopsin is deter-
mined by trafficking of newly synthesized rhodopsin, not by its
degradation, which does not occur within the OS. In the cells with
no mislocalization, we found that the average disk membrane
concentration (mean � 3.015 �M Dend2 � SD of 0.937, n � 40
cells) was less than half (p � 0.001 by MWRST for comparison of
OS concentrations; animals were 21–22 d old) that of the cells
with mislocalization (mean � 6.435 �M Dend2 � SD of 1.569,
n � 40 cells) in the most recently synthesized disk membranes.
Therefore, RhoQ344Ter-Dend2 is downregulated in the cells with
no mislocalization and this downregulation led to loss of mislo-
calized rhodopsin.

Secondary mistrafficking signal confers cellular toxicity
to rhodopsin
Compromised health or death of rods leads to a decreased level of
rhodopsin, a rod-specific marker. Therefore, a decline in endog-
enous rhodopsin levels is a sign of cellular toxicity (Tam et al.,
2006; Tam and Moritz, 2007). To determine whether the expres-
sion of mutant rhodopsin leads to a decline of endogenous rho-

Figure 9. AttenuatedmislocalizationisconcomitantwithadownregulationofRhoQ344Ter-Dend2. A–D,Sixdaysafterphotoconversion,relationshipsamongthesynthesis,mislocalization,andvesiclerelease
of RhoQ344Ter-Dend2 were studied. A, Three cell types in one retina are seen: a cell with robust mislocalization in which more new proteins are mislocalized in the calyceal processes and IS (arrow, highlighted in
B), a cell with intermediate mislocalization in which less new protein is delivered to the IS plasma membrane (solid arrowhead, highlighted in C), and a cell with marginal mislocalization in which new proteins
were not delivered to the IS plasma membrane (asterisk, highlighted in D). Red, yellow, and green vesicles surround the cell with more new protein (B), yellow-red vesicles surround the cell with less new protein
(C), and no vesicles surround the cell with a marginal level of new protein (D). The presence of vesicles indicates the cells are still actively clearing mislocalized RhoQ344Ter-Dend2. E, The green channel from A is
depicted to highlight cells with more (arrows) or less (asterisks) new protein. F, Differential fluorescence levels of the image in E are shown on the z-axis of a surface plot to reveal the cells with more new proteins
(arrows)andfewernewproteins(asterisks).GreenisnonphotoconvertedDend2andredisphotoconvertedDend2.Yellow-redcolor indicatescoexistenceofoldandnewDend2.Imagesaremaximumprojections
of optical slices. Images are of live, unfixed retinas. Animals were 21–22 d old at the time of photoconversion. Scale bars, 10 �m.
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dopsin in individual retinas, we conducted a quantitative dot blot
analysis (Fig. 10A). The anti-B6-30 monoclonal antibody can
detect both human and X. laevis rhodopsin (Tam and Moritz,
2007) and is suitable for quantifying the total rhodopsin level in
transgenic X. laevis tadpoles. To determine the level of transgene

product, we raised a Dend2 specific antibody and quantified the
levels of rhodopsin and its mutants fused to Dend2. The mea-
sured expression levels of total rhodopsin (endogenous � ex-
ogenous) in transgenic tadpoles were normalized to the
endogenous rhodopsin level of nontransgenic tadpoles (Fig. 10).

Figure 10. Dot blot and TUNEL analysis of mutant rhodopsin toxicity. A, Dot blot analysis of individual transgenic eyes. The density of the dots reveals the relative amount of total rhodopsin
(endogenous � transgenic, top three panels) or transgenic rhodopsin (bottom three panels) in each eye. Nontransgenic eyes and purified recombinant Dend2 protein were included as controls. B,
The expression level of Dend2-fused transgene product (x-axis) and level of total rhodopsin ( y-axis) were quantified and plotted for individual transgenic tadpole eyes expressing Rho-Dend2-1D4,
RhoQ344Ter-Dend2, or Rho1-316-Dend2. The expression of RhoQ344Ter-Dend2 caused a decrease in the level of total rhodopsin (dots below the horizontal line with the arrow), whereas the expression
of Rho-Dend2-1D4 did not, indicating that RhoQ344Ter-Dend2 is toxic. Removal of the secondary mistrafficking signal in Rho1-316-Dend2 lessened this toxic effect, because only a minor fraction of eyes
had low total rhodopsin levels (dots below the horizontal line with the arrow). The x-axis represents the quantity for 1/50 of one eye. C, Endogenous X. laevis rhodopsin was labeled with 11D5
antibody (red) that recognizes the extreme C terminus (Deretic and Papermaster, 1991). This antibody does not label RhoQ344Ter-Dend2, which lacks the extreme C terminus. RhoQ344Ter-Dend2
(green) does not colocalize with endogenous rhodopsin in the plasma membrane (arrowhead) or intracellular structures (arrow), suggesting that they are not cotrafficked. Nonuniform labeling of
OS is due to poor penetration of antibodies into densely packed disk membranes, as described previously (Tam et al., 2006). D, TUNEL staining for apoptotic cells. A significant increase in the number
of TUNEL-positive nuclei was seen in RhoQ344Ter-Dend2 compared with Rho-Dend2-1D4 ( p � 0.007), whereas a significant decrease was seen in Rho1-316-Dend2 compared with RhoQ344Ter-Dend2
( p � 0.004). Image is a maximum projection of optical slices. Animals were 14 –15 d old. Scale bar, 10 �m.
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Accordingly, a reduction in the normalized total rhodopsin level
(�1) is associated with a reduction in the endogenous rhodopsin
level of transgenic animals. As expected, the transgene expression
level varied largely among transgenic retinas (Fig. 10B, x-axis).
The expression of Rho-Dend2-1D4 did not cause a marked de-
crease in the total rhodopsin level (Fig. 10B, y-axis), an indication
that the cells were healthy in general. The expression of
RhoQ344Ter-Dend2 caused a marked decrease in the total rhodop-
sin level in 50% of the animals. These animals had levels lower
than the lowest observed among Rho-Dend2-1D4 (Fig. 10B, be-
low gray line). This decrease indicates that the cells were un-
healthy and that RhoQ344Ter-Dend2 is toxic. In these experiments,
the contribution of transgene product to the total rhodopsin level
is estimated to be very low. For Rho-Dend-1D4, the maximum
concentration accomplishable in the OS was �170 �M (Fig. 4B),
at least an order of magnitude lower than the estimated millimo-
lar concentration of endogenous rhodopsin (Haeri and Knox,
2012). Therefore, the low level of total rhodopsin is not due to
aberrant overexpression of RhoQ344Ter-Dend2, but rather to a
decline in the endogenous rhodopsin levels.

The low level of total rhodopsin is also not due to cotrafficking
and codegradation of endogenous rhodopsin with RhoQ344Ter-
Dend2, which could occur by dimerization of the two receptors.
Endogenous rhodopsin (Fig. 10C, red) was barely cotrafficked
with RhoQ344Ter-Dend2 (Fig. 10C, green) to the plasma mem-
brane (Fig. 10C, arrowhead) or intracellular structures (Fig. 10C,
arrow), consistent with a previous study (Tam et al., 2006). Fur-
thermore, the codegradation mechanism is inconsistent with a
lack of correlation between the expression levels of RhoQ344Ter-
Dend2 and total rhodopsin (Fig. 10B), because codegradation
would lead to a correlated reduction of both RhoQ344Ter-Dend2
and total rhodopsin. Therefore, although RhoQ344Ter-Dend2 can
exert a toxic effect to decrease the level of total rhodopsin, the
effect is likely not due to a direct interaction between RhoQ344Ter-
Dend2 and endogenous rhodopsin. Instead, we found that the
decline in the decreased total rhodopsin levels occurred concom-
itantly with the acceleration of photoreceptor cell death by
RhoQ344Ter-Dend2. We assessed the degree of cell death using
TUNEL staining, which detects apoptotic nuclei (Fig. 10D). In
retinas expressing Rho-Dend2-1D4, basal levels of TUNEL-
positive rods were observed, likely due to the apoptotic process
that is a part of retina remodeling during development. In retinas
expressing RhoQ344Ter-Dend2, a significant increase in the num-
ber of TUNEL-positive rods was observed compared with Rho-
Dend2-1D4 (p � 0.007, by t test). Therefore, the death of rod
photoreceptor cells is at least in part responsible for the decrease
of total rhodopsin levels.

The toxicity of RhoQ344Ter-Dend2 was ameliorated by re-
moval of the secondary signal. Rho1-316-Dend2, which lacks
the secondary signal, showed expression levels similar to those
of RhoQ344Ter-Dend2 (Fig. 10B, x-axis). However, unlike
RhoQ344Ter-Dend2, Rho1-316-Dend2 did not induce the decline of
total rhodopsin levels (Fig. 10B, y-axis) in most animals. Only
18% of animals expressing Rho1-316-Dend2 had total rhodopsin
levels less than the lowest total rhodopsin level observed among
those expressing Rho-Dend2-1D4 (Fig. 10B, below gray line). In
the retinas expressing Rho1-316-Dend2, a marked improvement
in the survival of rod photoreceptors was observed over those
expressing RhoQ344Ter-Dend2, as demonstrated by a significantly
lower number of TUNEL-positive cells (Fig. 10D, p � 0.004 by t
test). Those observations support the finding that the secondary
mistrafficking signal confers toxicity to rhodopsin lacking the
VXPX targeting motif.

RhoQ344Ter-Dend2 is transported to the OS more slowly and
with less dynamic movement than Rho-Dend2-1D4 in rod
photoreceptor cells
Rhodopsin transport carriers (RTCs) are IS vesicles that carry
rhodopsin from the site of synthesis toward the OS. To our
knowledge, this transport phenomenon has not been visualized
previously in vivo. We combined the photoconversion technique
and real-time confocal microscopy to visualize this phenome-
non, because photoconversion enhances the contrast for newly
synthesized and IS-localized rhodopsin over preexisting OS-
localized rhodopsin (Fig. 7A). It was reported previously that
individual disk morphogenesis occurs in the relatively short time
frame of minutes to 1 h (Besharse et al., 1977). In our imaging
conditions, Dend2 matured faster than the time it took rhodop-
sin to complete its trafficking to the OS, a feature essential for
visualizing rhodopsins in transit. After the initial observation of
newly synthesized proteins in the IS within 30 min of photocon-
version (Fig. 11A,B), we subsequently observed the delivery of
protein to the OS (Fig. 11C,D, arrows) 1.5 h after photoconver-
sion. Therefore, our imaging and photoconversion conditions
did not compromise the cilia-targeted trafficking events in rods,
making it suitable for visualizing RTCs.

We visualized newly synthesized green Rho-Dend2-1D4 and
RhoQ344Ter-Dend2 within minutes of photoconversion and fol-
lowed their movement over a few hours. A small number of ve-
sicular and transient tubulovesicular structures can be seen
moving toward the OS in tadpoles expressing both Rho-Dend2-
1D4 (Fig. 11E, arrows) and RhoQ344Ter-Dend2 (Fig. 11F, arrows),
suggestive of vectorial trafficking of RTCs (here, any rhodopsin-
containing vesicles that reach the base of OS are called RTCs).
Transient tubulovesicular structures (Fig. 11E, arrows) suggest
that tension is generated along the cytoskeleton (Upadhyaya and
Sheetz, 2004), and thus imply active trafficking by motor pro-
tein(s). We measured the speed of the structures moving toward
the OS in several cells with discernible RTCs, focusing on x–y
vectorial movements for simplicity. Rho-Dend2-1D4 (mean �
0.184 �m/s � SD of 0.087, n � 3 cells from 2 tadpoles) structures
move an average of �8 times faster (p � 0.005 by t test, animals
were 9 –14 d old at the time of photoconversion) toward the OS
than RhoQ344Ter-Dend2 (mean � 0.021 �m/s � SD of 0.013, n �
5 cells from 5 tadpoles) structures. The rate of vectorial traffick-
ing positively correlated with the concentrations in the OS (Fig.
4A), suggesting that those vectorially moving vesicles are cargos
delivering proteins to the OS. This experiment also demonstrates
that RTCs can indeed pass through the rod IS and reach the base
of the OS (Fig. 11E,F, arrows), a process requiring the active
transport of vesicles through the ellipsoid region, which is highly
enriched with mitochondria and has a very low volume of
cytoplasm.

We also provide evidence that the majority of IS structures
containing Rho-Dend2-1D4 and RhoQ344Ter-Dend2 are not
RTCs, but rather may be waypoints for rhodopsin. In the cells
expressing Rho-Dend2-1D4, the smaller structures are clustered
together in some cells (Fig. 11D, asterisks) and are more spread
out in others (Fig. 11D, arrowheads), consistent with the dy-
namic nature of Golgi apparatus. For both Rho-Dend2-1D4 and
RhoQ344Ter-Dend2, the motion of most IS structures does not
appear to be vectorial as a whole (Fig. 11E,F, arrowheads; non-
vectorial movements were observed over a period of 2 h), consis-
tent with their role as waypoints in sorting of protein, but not in
carrying cargos directly to their destination.
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Discussion
Our results indicate that rhodopsin harbors a recessive trafficking
signal responsible for facilitating its mislocalization to the so-
matic plasma membrane. This mistrafficking signal becomes ab-
errantly unmasked in the absence of the primary cilia-targeting
motif VXPX. Facilitated mistrafficking of rhodopsin is toxic to
rods, as demonstrated by a reduced total rhodopsin level and
enhanced cell death. Removal of the mistrafficking signal amelio-
rated this toxicity. The mistrafficking signal caused a decline in
the level of endogenous rhodopsin, which is an indicator of the
compromised health status of the rods. This negative indication
of decreased endogenous rhodopsin should not be confounded
with the beneficial effect of the decrease of mislocalized rhodop-
sin (Lopes et al., 2010). In our study, mislocalized RhoQ344Ter-
Dend2 was not reduced in conjunction with the reduced
endogenous rhodopsin. It is unclear why rhodopsin has a mis-
trafficking signal, which is not required for normal function. It is
feasible that this secondary signal has been conserved due to ad-
ditional roles that are as yet undefined. The existence of a second-
ary signal in rhodopsin was demonstrated previously using
MDCK cells, where the signal facilitated sorting to the apical
plasma membrane (Chuang and Sung, 1998). This apical-sorting
signal overlaps with the mistrafficking signal at 322–326 aa iden-
tified in this in vivo study. We demonstrated that the C-terminal
tail region at 327–336 aa plays an additional role in rhodopsin’s

mislocalization. These studies limit the mistrafficking signal
within the region as 322–336 aa.

In the absence of the VXPX motif, rhodopsin is deficient in
binding to Arf4, a small G-protein important for packaging RTCs
in IS. As the normal RTC packaging and trafficking became com-
promised, RhoQ344Ter-Dend2 accumulated or mistrafficked to IS
structures, including endosomes, lysosomes, and the Golgi appara-
tus. This observation underscores the important role of the VXPX
motif in rhodopsin’s exiting from the IS. Arf4 recruits other traffick-
ing components, such as ASAP1, Rab11, Rabin8, and Rab8, to the
RTCs (Wang et al., 2012). Some of these trafficking components
may bind to rhodopsin independently of Arf4 and VXPX, albeit at
low efficacy. For example, ASAP1 is capable of binding to the FR
motif independently of the VXPX motif. The FR motif is located at
aa 313 and 314 in helix 8. Although helix 8 appears to contribute
minimally to the mistrafficking based on our study, we cannot fully
exclude the possible contribution of ASAP1 in coordinating the
binding of trafficking components to the secondary mistrafficking
signal. Therefore, the facilitated mislocalization of rhodopsin can be
partly understood by miscoordination of these trafficking compo-
nents without Arf4 being bound.

By discriminating old and newly synthesized rhodopsin, we
found that mislocalized RhoQ344Ter-Dend2 is renewed, even if it
cannot proceed through the canonical disk-shedding route. Mis-
localization becomes attenuated over time due to the downregu-

Figure 11. Slow trafficking of RhoQ344Ter-Dend2 in the IS. A, B, Live imaging reveals that newly synthesized (green) Rho-Dend2-1D4 (A) and RhoQ344Ter-Dend2 (B) appear first in the IS within 30
min of photoconversion. C, D, Live imaging reveals newly synthesized Rho-Dend2-1D4 (green) is delivered to the OS disks (arrows) 1.5 h after photoconversion. Small IS punctate structures are
separate (D, arrowheads) or clustered together (D, asterisks), indicating that they may be waypoints for rhodopsin. D, Image was overexposed to see IS structures. E, F, Live imaging shows the
OS-directed movements of RTCs (arrows) and nonvectorial movements of IS vesicles (arrowheads) for Rho-Dend2-1D4 (E) or RhoQ344Ter-Dend2 (F ) over time. The RTCs carrying Rho-Dend2-1D4 (E)
move at a faster rate than those carrying RhoQ344Ter-Dend2 (F ). The rates were calculated based on the time it took each RTC to move from its point of origin (first image in the series) to the location
near the OS where the structure disappeared (last image in the series). Green is nonphotoconverted Dend2 and red is photoconverted Dend2. Images are maximum projections of optical slices.
Images are of live, unfixed retinas. Animals were 9 –10 d old (B) or 9 –14 d old (A, C–F ) at the time of photoconversion. Scale bars, 10 �m.
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lation of RhoQ344Ter-Dend2. Attenuation of the mislocalization
was also observed in rats expressing Ser334Ter rhodopsin at the
late stage of degeneration (Green et al., 2000). The clearance
mechanism appears to be constitutively active, so the amount of
RhoQ344Ter-Dend2 protein was consistently lower than that of
Rho-Dend2-1D4 in individual cells and retinas (Figs. 4B, 10B).
The clearance mechanism involves active secretion of rhodopsin-
laden vesicles. The mechanism may also involve lysosome-
mediated degradation or secretion (Blott and Griffiths, 2002),
which appears to be active at the calyceal processes. Accumula-
tion of rhodopsin-laden vesicles was observed in mouse models
expressing Q344Ter and P347S mutant rhodopsins (Li et al.,
1996; Concepcion and Chen, 2010) and mouse models deficient
in the gene encoding either Tulp1 (Hagstrom et al., 1999) or
IFT88 (Pazour et al., 2002), a component of the intraflagellar
transport particle. Tulp1 and intraflagellar transport particles are
considered to be involved in rhodopsin trafficking through the
connecting cilia (Hagstrom et al., 2001; Keady et al., 2011).
Therefore, these studies support the idea that compromised traf-
ficking at the level of cilia activates the unconventional clearance
of rhodopsin. It is feasible that this clearance is a mechanism to
protect the cells from toxic mislocalized rhodopsin. Low levels of
VXPX-deficient S334Ter rhodopsin (10% of endogenous rho-
dopsin) is well tolerated by the rods (Concepcion et al., 2002).
This tolerance is consistent with the attenuated toxicity, when the
clearance activity surpassed the trafficking of new proteins to
the plasma membrane, and is suggestive of the protective effect of
the clearance mechanism.

The C-terminal VXPX cilia-targeting motif facilitates the
trafficking of Rho-Dend2-1D4 to the OS by at least 10-fold.
Our results show that in facilitating targeting to the OS, the
VXPX motif neutralizes the mislocalization and toxic effect of
the mistrafficking signal. This neutralization is dependent on
the proximity of the VXPX motif to the mistrafficking signal.
In addition to the role of neutralizing the mistrafficking signal,
the VXPX motif can increase the rate of OS trafficking inde-
pendently of the mistrafficking signal. Accordingly, the con-
centration of Rho1-316-Dend2-1D4 was higher than that of
Rho1-316-Dend2, which does not contain the VXPX motif. In
the absence of the VXPX motif, Q344Ter rhodopsin can sup-
port only short and disorganized OS under a rhodopsin-
homozygous knock-out mouse background (Concepcion and
Chen, 2010). This poor OS formation would be mediated by
the lack of the facilitated cilia targeting or by active mistraf-
ficking, as demonstrated in this study.

Our experiments indicate that the VXPX motif is not strictly
required for OS localization. Such OS localization could be me-
diated by the default trafficking pathway (Baker et al., 2008) or an
additional cilia-targeting motif in the third intracellular loop
(Berbari et al., 2008). Consistent with such mechanisms, rhodop-
sin lacking the majority of the C-terminal tail (Rho1-310-Dend2
and Rho1-316-Dend2) can be trafficked to the OS in the ab-
sence of the VXPX cilia-targeting motif, albeit at lower effi-
ciency than that of Rho-Dend2-1D4. This low efficiency of
trafficking is also consistent with the dot blot analysis in which
Rho1-316-Dend2 levels were lower than Rho-Dend2-1D4 levels
despite using the same rhodopsin promoter. Because no ap-
parent extracellular vesicles were observed for cells expressing
Rho1-316-Dend2 (Fig. 5B), any rhodopsin that could not reach
the OS or IS plasma membrane may have been degraded in-
tracellularly by lysosomes or the ubiquitin/proteosome sys-
tem. A similar degradation mechanism may also apply to
RhoQ344Ter-Dend2, which could not reach the OS or IS plasma

membranes. Because of possible protein degradation, the OS-
trafficking mechanism that operates in the absence of the
C-terminal tail region is less efficient at targeting rhodopsin to
the cilia than the VXPX-mediated mechanism.

By monitoring the trafficking in real time, we discovered the
dynamic nature of rhodopsin movement. The majority of newly
synthesized proteins were observed in structures consistent with
the Golgi apparatus, whereas a small population of vesicles
showed movement consistent with RTCs, as described previously
using biochemical methods (Deretic and Papermaster, 1991).
RTCs traveled at �0.2 �m/s within the IS. This rate closely coin-
cides with a slow movement of rhodopsin-EGFP in connecting
cilia, which receive rhodopsin-EGFP from the IS, as measured by
FRAP (recovery t1/2 of 10 s for 1 �m cilia; Trivedi et al., 2012).
Currently, the motor protein(s) mediating IS trafficking of RTCs
is unknown. One of the attractive candidates is the dynein motor
that associates with rhodopsin via TcTex-1 (Tai et al., 1999). The
rate of purified cytoplasmic dynein ranges from 0.2 to 1.2 �m/s
(Schroer and Sheetz, 1991), with the low end consistent with our
observed rate of 0.2 �m/s. There is also a proposal that the
microtubule-dynein motor system may not mediate rhodopsin
trafficking in the IS (Vaughan et al., 1989). Therefore, to under-
stand the relationship between the molecular motor and the rate
of RTC movement, the responsible motor protein(s) and cyto-
skeletal components need to be investigated further. We visual-
ized a relatively small number of vectorially trafficked RTCs with
our experimental conditions, which may suggest that the major-
ity of RTCs had limited fluorescence quantity that did not exceed
the minimum threshold for microscopy observation. However,
we obtained evidence that this low fluorescence is not due to slow
maturation of fluorescent proteins in vivo. We could observe
newly synthesized rhodopsin in the Golgi apparatus within 30
min of photoconversion, before observing appreciable new
rhodopsin in the OS. Therefore, the photoconversion tech-
nique is suited for the study of protein trafficking in photore-
ceptor cells.

In summary, we have provided in vivo evidence that rhodop-
sin trafficking and mistrafficking are both facilitated by sorting
signals located at the C-terminal tail. Rhodopsin mislocalization
is observed in many blinding disorders. Rhodopsin mistraffick-
ing occurs by miscoordination of the trafficking signals in the
absence of the VXPX motif. Such miscoordination could also
occur by mutations in ciliopathy-causative genes, the protein
products of which may interact with the VXPX cilia-targeting
motif either directly or indirectly. Class I rhodopsin mutations
and retinal ciliopathies cause severe retinal degenerations. For
these diseases, a viable therapeutic strategy is to reduce the degree
of rhodopsin mislocalization; therefore, one of the most relevant
findings of the present study is that the deletion of the mistraf-
ficking signal reduced rhodopsin toxicity. Although the detailed
molecular basis is still unknown, inhibition of this mistrafficking
mechanism would be an attractive way to ameliorate rhodopsin
toxicity caused by mislocalization.
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