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Untangling ciliary access and enrichment of two 
rhodopsin-like receptors using quantitative 
fluorescence microscopy reveals cell-specific 
sorting pathways

ABSTRACT  Resolution limitations of optical systems are major obstacles for determining 
whether proteins are enriched within cell compartments. Here we use an approach to deter-
mine the degree of membrane protein ciliary enrichment that quantitatively accounts for the 
differences in sampling of the ciliary and apical membranes inherent to confocal microscopes. 
Theory shows that cilia will appear more than threefold brighter than the surrounding apical 
membrane when the densities of fluorescently labeled proteins are the same, thus providing 
a benchmark for ciliary enrichment. Using this benchmark, we examined the ciliary enrich-
ment signals of two G protein–coupled receptors (GPCRs)—the somatostatin receptor 3 and 
rhodopsin. Remarkably, we found that the C-terminal VxPx motif, required for efficient en-
richment of rhodopsin within rod photoreceptor sensory cilia, inhibited enrichment of the 
somatostatin receptor in primary cilia. Similarly, VxPx inhibited primary cilium enrichment of 
a chimera of rhodopsin and somatostatin receptor 3, where the dual Ax(S/A)xQ ciliary target-
ing motifs within the third intracellular loop of the somatostatin receptor replaced the third 
intracellular loop of rhodopsin. Rhodopsin was depleted from primary cilia but gained access, 
without being enriched, with the dual Ax(S/A)xQ motifs. Ciliary enrichment of these GPCRs 
thus operates via distinct mechanisms in different cells.

INTRODUCTION
Cilia serve as sensory organelles that transduce physical and chemi-
cal signals found in the extracellular environment (Pazour and Wit-
man, 2003; Marshall and Nonaka, 2006; Singla and Reiter, 2006). To 
facilitate this role, signal transduction cascade proteins are enriched 
within cilia via transport machinery that is believed to use sequences 
of amino acids to direct them to the ciliary compartment, often re-
ferred to as ciliary targeting sequences (CTSs; Godsel and Engman, 

1999; Tai et al., 1999; Dwyer et al., 2001; Corbit et al., 2005; Jenkins 
et al., 2006; Mazelova et al., 2009; Emmer et al., 2010; Follit et al., 
2010; Wang and Deretic, 2014). One such motif, C-terminal VxPx 
(Deretic et al., 1998; Tam et al., 2000), was identified as being es-
sential for efficient enrichment of the G protein–coupled receptor 
(GPCR) rhodopsin (Rho) in vertebrate rod photoreceptor sensory 
cilia, the rod outer segments (ROS). Similar motifs containing a VxP 
sequence were subsequently identified in a number of ROS-en-
riched proteins, as well as in several proteins that are enriched in 
primary cilia. The olfactory cyclic nucleotide–gated channel subunit 
B1b (CNGB1b) contains a C-terminal RVxP sequence that was re-
ported to be necessary for ciliary enrichment of the heterotetra-
meric channel (Jenkins et al., 2006). The ciliary cation channel poly-
cystin-2 (PC-2), one of two proteins in which mutations cause 
autosomal dominant polycystic kidney disease (ADPKD), contains 
an RVxP motif near its N-terminus that appears to be required for 
ciliary localization in the absence of polycystin-1 (PC-1; Geng et al., 
2006). PC-1, the other ADPKD protein involved in cell adhesion 
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(Figure 1C). Instead, it contains a pair of Ax(S/A)xQ motifs in its i3 
loop that appear to be required for ciliary enrichment in IMCD3 
cells (Figure 1, C and D). Rho contains the C-terminal VxPx motif 
and possesses a single Ax(S/A)xQ in its i3 loop (Figure 1, C and D). 
To examine the effect of VxPx and Ax(S/A)xQ on ciliary enrichment 
in IMCD cells, we generated a range of chimeric proteins labeled 
with either enhanced green fluorescent protein (EGFP) or mKate2 
(Figure 1E), expressed them in IMCD cells under the cytomegalovi-
rus (CMV) promoter, and examined their subcellular distribution us-
ing live-cell three-dimensional (3D) confocal microscopy.

Expression patterns of SR3 and Rho in ciliated IMCD3 cells 
differ dramatically
The 3D scanning confocal images of IMCD3 cells expressing SR3-
GFP or Rho-GFP show that the distributions of these GPCRs are 
highly divergent (Figure 2). Fluorescence in SR3-GFP–expressing 
cells is brightest in the ciliary compartment, with variable but lower 
fluorescence levels in other cell structures (Figure 2A; see also later 
discussion of Figures 6E and 7C). In contrast, fluorescence in Rho-
GFP–expressing cells was widely dispersed, with fluorescence ap-
pearing throughout the cytoplasm and membrane structures often 
in foci of varying size (Figure 2B, left). The GFP fluorescence signal 
was rarely visible as a distinct ciliary structure. Therefore, to confirm 
that cilia were present and identify their location in Rho-GFP–ex-
pressing cells, we coexpressed SR3-mKate2 (Figure 2B, right, red). 
Despite identifying the location of the cilium in this way, it remained 
difficult or impossible to identify ciliary structures by visual inspec-
tion of the GFP channel images.

The inability to detect a ciliary structure in cells expressing Rho-
GFP was somewhat surprising, given that Rho contains an Ax(S/A)
xQ motif, which was implicated in ciliary enrichment of SR3 and Htr6 
(Berbari et al., 2008), as well as the VxPx motif, which is the putative 
Rho ROS targeting sequence. However, Berbari et al. (2008) showed 
that SR3 and Htr6 possessed two Ax(S/A)xQ motifs in their i3 loops 
and that both were needed to obtain the greatest ciliary enrich-
ment. In addition, their study showed that introducing the i3 loop of 
SR3 into SR5, a somatostatin receptor variant that does not normally 
enrich in cilia, as well as into Htr7, resulted in ciliary enrichment of 
the chimeras, suggesting that the pair of Ax(S/A)xQ motifs were 
necessary to confer ciliary enrichment. We thus wondered whether 
replacing the i3 loop of rhodopsin with that of SR3 would result in 
ciliary enrichment. To test this idea, we generated a chimera be-
tween Rho and SR3, replacing Rho-GFP amino acids (aa) 232–248 
with SR3 aa 236–258 (Rho-i3S-GFP; Figure 1). The distribution of 
Rho-i3S-GFP in ciliated IMCD3 cells was quite different from the 
distribution of Rho-GFP (Figure 2C). Most notably, cilia were easily 
detected in confocal images; SR3-mKate2 was not required for de-
tection by eye. However, the distribution was also different from that 
of SR3-GFP. EGFP signal in Rho-i3S-GFP–expressing cells seemed 
greater in other cell structures and membranes than the EGFP signal 
in SR3-GFP–expressing cells (Figure 2; see also later discussion of 
Figures 4A and 7D). Thus, whereas replacing the i3 loop of rhodop-
sin with that of SR3 seemed to result in ciliary access of the chimeric 
protein, it was not clear whether it resulted in ciliary enrichment rela-
tive to other cell structures. We therefore sought a way to quantify 
ciliary enrichment in living cells to differentiate between mere ac-
cess and true enrichment.

Quantification of GPCR ciliary enrichment: establishing 
an enrichment threshold
We reasoned that the most relevant definition for ciliary enrich-
ment of a GPCR is a higher spatial density of the GPCRs on the 

before ciliogenesis and in regulating the PC-2 channel once cilia 
elaborate, contains its own C-terminal RVxP motif required for ciliary 
enrichment (Ward et al., 2011). More recently, a VxP motif near the 
N-terminal of the Na+, K+ ATPase (NKA) α4 subunit was found to be 
the likely motif for flagellar enrichment of NKA, the cation trans-
porter responsible for maintaining the electrochemical ion gradient 
across the plasma membrane in sperm (Laird et al., 2015). The role 
of VxPx in targeting/sorting of proteins to ciliary compartments 
does not appear to be restricted to intrinsic membrane proteins: a 
peripheral membrane protein, photoreceptor-specific retinal dehy-
drogenase (prRDH), contains a (V/I)xPx sequence at its extreme C-
terminus that was reported to be required for enrichment within 
photoreceptor OSs (Luo et al., 2004).

The VxPx motif is not, however, the sole ciliary enrichment signal. 
Odorant GPCRs in Caenorhabditis elegans do not possess a VxPx 
motif, apparently relying instead on an FR sequence just after the 
seventh transmembrane helix for ciliary localization in olfactory neu-
rons (Dwyer et al., 2001). The somatostatin receptor type 3 (SR3) 
and the serotonin receptor type 6 (Htr6) are cilium enriched, but 
neither possesses the VxPx motif. These GPCRs appear to rely on 
two cilium-targeting consensus sequences, Ax(S/A)xQ, within their 
third intracellular (i3) loops for ciliary enrichment (Berbari et  al., 
2008). Of interest, Rho and several other GPCRs, including cone 
opsins, olfactory receptors, α-2A adrenergic receptor, melanin-con-
centrating hormone receptor 1 (Mchr1), muscarinic acetyl choline 
receptor M5, and chemokine orphan receptor 1, also possesses a 
single Ax(S/A)xQ consensus sequence within their i3 loops (Berbari 
et al., 2008). Although Mchr1 was shown to enrich in primary cilia of 
inner medullary collecting duct (IMCD) cells, it is unclear what role, 
if any, the single Ax(S/A)xQ sequence plays in enrichment of opsins 
within ROS or in ciliary enrichment of the other GPCRs that possess 
it. Adding to the complexity of the ciliary-targeting motif story, the 
serotonin receptor type 7 (Htr7) contains the VxP motif in its i3 loop 
but is not cilium enriched, suggesting that the motif is not sufficient 
to impart ciliary targeting on its own. The lack of ciliary targeting of 
Htr7 by the i3-loop VxP motif is not due to some other ciliary exclu-
sion signal within Htr7, however, because replacing the VxP with a 
stretch of the i3 loop of SR3 that contains the dual Ax(S/A)xQ motifs 
results in apparent ciliary enrichment of the chimeric GPCR (Berbari 
et al., 2008).

The multiple ciliary-targeting motifs and the variable effect of the 
VxPx motif on ciliary enrichment indicate that ciliary targeting of 
rhodopsin-like GPCRs involves multiple, perhaps competitive mech-
anisms. Assessing membrane protein enrichment within cilia, how-
ever, is significantly hampered by the geometry of the cell structures 
being examined and the optical properties of the confocal or epi-
fluorescence microscopes typically used to determine enrichment. 
Here we examined the ciliary enrichment activity of i3-loop Ax(S/A)
xQ and C-terminal VxPx motifs within two GPCRs—SR3 and Rho—
that are enriched in two different ciliated cells, using a quantitative, 
live-cell ciliary enrichment assay. Remarkably, we find that the C-
terminal VxPx motif that is required for ROS enrichment of rhodop-
sin disrupts ciliary enrichment of SR3 and Rho-SR3 chimeras ex-
pressed in IMCD3 cells.

RESULTS
Rho and SR3, seven-transmembrane-spanning GPCRs belonging 
to the rhodopsin-like family, are shown schematically in Figure 1, A 
and B. Despite the fact that SR3 is highly enriched in primary cilia 
of epithelial cells and Rho is highly enriched in ROS, the sequences 
of these GPCRs differ significantly in their putative CTSs. SR3 lacks 
the VxPx motif that is required for Rho enrichment in rod OSs 
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To quantify the relative density of GPCRs within these membrane 
compartments, one must take into account how the imaging system 
samples the membranes. We thus modeled the sampling of the cili-
ary and apical membranes by the microscope point spread function 
(psf; Figure 3). The ciliary membrane can be approximated as a right 
circular cylinder with diameter ∼300 nm and variable length up to 
∼10 μm (Figure 3A). Cilia that were imaged and analyzed were gen-
erally lying flat against the apical membrane surface of the cells and 

cilium membrane relative to that on the apical membrane. These 
two membranes are contiguous, albeit with a membrane protein 
diffusion barrier at or near the cilium base (Hu et  al., 2010). Al-
though the GPCRs may be found in other membrane structures 
within the cell or on the basolateral plasma membrane, a difference 
in density between the apical membrane and ciliary membrane 
would directly show active maintenance of a local concentration 
gradient.

FIGURE 1:  Location and structure of SR3 and bovine Rho ciliary-targeting sequences and the constructs used to probe 
their activity. (A) Structure of SR3, highlighting the dual ciliary-targeting sequences within the third intracellular loop (i3l). 
SCTS, SR3 ciliary-targeting sequence. (B) Structure of bovine Rho, highlighting the i3l SR3-like ciliary-targeting sequence 
(SlCTS) and the c-terminal VxPx motif. (C) Sequence comparison of the C-termini of SR3 and Rho. (D) Sequence 
comparison of the third intracellular loops of SR3 and Rho. (E) Constructs used in this study.
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thus were approximately orthogonal to the z-axis of the microscope 
system. Both membranes are on the order of a few nanometers thick, 
and the GPCRs tether the fluorescent protein labels to a region 
within a few nanometers of the intracellular leaflet of the membranes. 
The result of these geometries is that the EGFP-labeled GPCRs are 
sampled by a subvolume of the psf profile for any given acquisition 
voxel (Figure 3, A and B). Sampling of the ciliary membrane and the 
apical membrane by the psf was thus evaluated by comparing the 
intersections of the 3D psf with a cylinder of 0.3 μm diameter and 1 
μm length or a planar apical membrane of 1 μm2 (Figure 3B). Not 
surprisingly, this analysis shows that a larger effective area is probed 
when the psf samples the ciliary membrane than when it samples the 
apical membrane. It is also clear that, when the structures are cen-
tered on the psf, different regions of the psf profile are intersected by 
the structures: the apical membrane intersects the center, and thus 
brightest part of the psf, whereas the cilium membrane does not.

To quantify the effect of these differences in membrane sampling 
on estimation of the spatial density of GPCRs, we computed the 
integral of the element-wise matrix products of the model mem-
branes and the psf profile, assuming that both membranes were 
centered on the psf in z and that the apical membrane was perpen-
dicular to the optical z-axis. The ratio of the expected fluorescence 
obtained from the cilium membrane to that obtained from the api-
cal membrane was then found as Fcil/Fam = 2.3 (Figure 3C). This re-
sult shows that the cilium fluorescence is expected to be more than 
twofold brighter than that of the apical membrane when the two 
membranes have identical densities of GPCRs, that is, in the absence 

FIGURE 3:  Theoretical calculation of the threshold for ciliary 
enrichment. (A) Left, isointensity surface of the excitation psf (shown 
as (1/e)Imax; red ellipsoid) intersecting with a right circular cylinder 
with diameter 300 nm and length 1 μm, which represent the average 
cilium geometry, and a planar surface 1 μm square orthogonal to the 
z-axis (the optical axis, or axis of light propagation), which represents 
the apical membrane. Right, projected psf intensity profiles at the 
cylinder (cilium) and planar (apical membrane) surfaces, as obtained 

FIGURE 2:  SR3 and Rho distributions differ greatly within ciliated IMCD3 cells. (A) Fluorescence profiles of an SR3-GFP–
expressing cell in xy and xz appear mostly in the cilium (arrow). (B) The fluorescence in the Rho-GFP–expressing cell is 
broadly distributed, with focal hot spots. Location of the cilium (black outline and arrow) was ascertained from the 
coexpressed SR3-mKate2 (right). The cilium was not readily detectable in the EGFP channel in virtually all cells examined 
(n = 11). (C) Replacing the i3l of Rho with the i3l of SR3 resulted in cilia (white arrow) that were readily detectable, 
although other structures appeared brighter than in SR3-GFP–expressing cells.

by coordinate interpolation. (B) Projected psf intensity profiles at the 
cylinder and planar surfaces shown en face, where the cylinder has 
been sliced along one side and laid flat. The pixel dimensions of the 
two surfaces are identical and set by the angular frequency of the 
cylinder coordinates, thus allowing direct prediction of expected 
fluorescence intensity ratios between the cilium and apical 
membranes, assuming uniform density of fluorophore, by finding the 
quotient of the two-dimensional integration of each profile. 
(C) Predicted Fcil/Fam and (Fcil+ Fam)/Fam ratios. The latter predicts that 
the cilium will appear more than threefold brighter than the 
neighboring apical membrane in raw fluorescence images when the 
spatial density of fluorophores is identical within the two membrane 
compartments.
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membrane, we examined the Fcil/Fam ratio obtained from 3D confo-
cal scans of IMCD3 cells after ciliary elaboration (Figure 4A). To ob-
tain the average fluorescence of the ciliary membrane, Fcil, we aver-
aged the fluorescence z-profile, F(z), from within three regions along 
the cilium and subtracted fluorescence z profiles acquired near 
those positions (Figure 4, B and C). To isolate Fam, we processed the 
averaged F(z) profiles acquired near the positions where the ciliary 
profiles were obtained in order to remove fluorescence signal origi-
nating from GPCRs within cytoplasmic membrane structures lying 
below the apical membrane. Examination of F(z) in the regions near 
the cilium showed that the apical membrane could be distinguished 
from the fluorescence originating from structures below the apical 
membrane (Figure 4D). Fam was thus obtained by fitting the non–
apical membrane fluorescence with a Gaussian of arbitrary width, 
which was then subtracted from the off-cilium F(z) signal (Figure 4D). 
The resulting F(z, cm) and F(z, am) profiles were then fitted with 
Gaussians and Fcil/Fam obtained as the ratio of the Gaussian peaks 
(Fpk; Figure 4E).

Rho-GFP is depleted from IMCD3 primary cilia
The measurement of Fcil/Fam allows the unequivocal conclusion that 
SR3-GFP expressed in ciliated IMCD3 cells is highly enriched in 

of relative enrichment of either membrane. The effect is even more 
pronounced on visually examining the fluorescence images, that is, 
when the apical membrane fluorescence is not subtracted from the 
fluorescence in the region of the cilium. In this case, the cilium fluo-
rescence will appear at least 3.3-fold brighter than the apical mem-
brane, depending on the distance between the membranes, due to 
the convolution of the two membrane structures by the optical 
system (Figure 3C).

The Fcil/Fam = 2.3 thus serves as a benchmark for ciliary or apical 
membrane enrichment, which we term the enrichment threshold 
(ET). The implication of this result is that the ability to detect cilium 
fluorescence on the background of apical membrane fluorescence 
does not, in and of itself, indicate that the labeled membrane pro-
tein of interest is cilium enriched. Indeed, the ciliary membrane with 
lower density of GPCRs relative to the apical membrane can lead to 
cilium fluorescence that appears brighter than that of the apical 
membrane.

Quantification of GPCR ciliary enrichment: isolating ciliary 
membrane and apical membrane GPCR densities
To determine quantitatively the density of the expressed GPCRs 
within the ciliary membrane relative to their density in the apical 

FIGURE 4:  Strategy for isolating fluorescence originating from cilia and apical membranes. (A) Representative 3D 
z-stack of an IMCD3 cell expressing an EGFP-tagged GPCR. Yellow lines indicate planes of the displayed xy-, xz-, and 
yz-images. Bottom, red numbered boxes indicate regions of interest (ROIs) where z-profiles, averaged in xy, were 
obtained. (B) For each cell analyzed, three ROIs were selected along the length of the cilium and six were selected from 
the immediate vicinity of the cilium, and the respective z-profiles were averaged to obtain F(z, on cilium) and F(z, off 
cilium). (C) Fluorescence z-profile for the cilium alone (Fcil), obtained by subtracting F(z, on cilium) from F(z, off cilium). 
Green dashed line represents the scaled z-profile of the psf. (D) To better isolate the fluorescence emanating from the 
apical membrane, the region of F(z, off cilium) profile distal to the apical membrane was fitted with a Gaussian function, 
and the resulting z-profile was subtracted to yield Fam. (E) Overlay of the isolated F(z, cm) and F(z, am).
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possibility that Rho-GFP trafficking to the 
ciliary membrane compartment was simi-
larly interrupted and led to an apparent de-
pletion. The Rho-GFP-c8R construct (Figure 
1) repeats the eight C-terminal amino acids 
on the C-terminus of the EGFP label. 
Expression of Rho-GFP-c8R in IMCD3 cells 
resulted in an Fcil/Fam = 1.08 ± 0.23, not 
significantly different from the value for 
Rho-GFP (Table 1), and thus addition of a 
second VxPx at the C-terminus of Rho-GFP 
did not lead to improved ciliary enrichment. 
These results suggest that VxPx on Rho 
does not play a role in ciliary enrichment of 
Rho (or SR3) in the context of IMCD3 cells.

Given that SR3 and Rho undergo diffu-
sion in both the ciliary and apical membrane 
compartments (Hu et al., 2010; Trivedi et al., 
2012), these results confirm previous con-
clusions that GPCRs are actively held in 
steep gradients between the apical mem-
brane and ciliary membrane compartments 
(Hu et al., 2010). However, the exclusion of 
Rho-GFP from the ciliary compartment, and 
thus the enrichment in the apical membrane 
relative to the ciliary membrane, is a novel 
observation that shows that the mainte-
nance of steep gradients may occur in either 
direction.

Rho-i3S-GFP gains ciliary access but 
is not enriched
We next examined whether the putative cil-
iary-targeting sequences found in the i3 
loops of SR3 would allow Rho enrichment in 
the ciliary membranes. Expression of Rho-
i3S-GFP resulted in cilia that were easily 
identified by visual inspection (Figure 2C). 
However, quantification of the Fcil/Fam ratio 
was not significantly different from the en-
richment threshold value of 2.3, which indi-
cates that Rho-i3S-G is found at approxi-
mately equal density on the apical and 
ciliary membranes (Figure 5, C and D). This 
result shows that the Ax(S/A)xQ motifs per-
mitted Rho access to the ciliary compart-
ment but did not support enrichment.

A potential caveat to the foregoing con-
clusion, however, arises when the expres-
sion levels of the labeled GPCRs are exam-
ined. Rho-GFP and Rho-i3S-GFP are 
expressed at significantly higher levels, on 
average, than SR3-GFP (Table 1). Thus it 
seems plausible that higher expression lev-
els might lead to GPCRs being misdirected 

to the apical membrane if, for instance, the capacity of the ciliary 
membrane were exceeded. To examine this possibility, we plotted 
the Fcil/Fam ratio as a function of total GPCR expression (Figure 5, 
E–G). Remarkably, despite careful transfection of the cultured 
IMCD3 cells with identical concentrations of plasmid DNA, the aver-
age expression levels of Rho constructs significantly exceeded that 
of the SR3-GFP. To examine whether this higher expression was 

ciliary membranes by on average fivefold (Figure 5, A and D). To the 
contrary, Fcil/Fam << 2.3 shows that Rho-GFP is depleted from the 
ciliary membrane compartment relative to the apical membrane 
(Figure 5, B and D). Previously it was shown that bovine rhodopsin 
C-terminally labeled with EGFP did not traffic properly to the OS in 
mouse rods unless the eight C-terminal amino acids of Rho were 
repeated after the EGFP (Jin et al., 2003). We thus examined the 

FIGURE 5:  Quantification of Fcil/Fam reveals that Rho-i3S-GFP has access to, but is not enriched 
within, the ciliary membrane. (A–C) Fluorescence distribution images (left) and Fcil and Fam 
z-profiles (right) for three GPCR constructs. Solid lines represent the z-profiles; dashed lines 
represent Gaussian fittings of the profiles. (D) Averaged Fcil/Fam ratios obtained from the ratios 
of Gaussian fitting peaks (left). Error bars represent SEM (N’s provided in Table 1). Solid 
horizontal line is the enrichment threshold (ET). Right, significance tests; asterisks indicate 
significance with p < 0.05 as determined by post hoc analysis (Materials and Methods). 
(E–G) Individual Fcil/Fam ratios (symbols) plotted as a function of total GPCR expression (note 
different axis scaling). Solid lines represent linear regressions of the relations. R2 values are the 
coefficients of determination and indicate goodness of fit, where R2 = 1 indicates perfect fit 
(Materials and Methods). Triangles in F and G represent results from cells in which the 
expression levels of the Rh-GFP constructs were deliberately reduced, allowing direct 
comparison of ciliary enrichment between Rho and SR3 constructs at similar expression levels 
(see the text for details).
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structures (Figure 6A). The Fcil/Fam of SR3-i3R-GFP was 3.37 ± 0.55, 
indicating modest ciliary enrichment. Similar results were obtained 
when SR3-GFP lacking either (Figure 6, B and C) or both (Figure 6D) 
of the Ax(S/A)xQ motifs in the i3 loop were deleted. In each of these 
cases, the average Fcil/Fam ratios were at or slightly above the 2.3 
enrichment threshold but were significantly below the average 
Fcil/Fam ratio of SR3-GFP containing the dual Ax(S/A)xQ motifs 
(Figure 6F). These results are similar to those of Berbari et al. (2008). 
Together, the results presented here show that the Rho Ax(S/A)xQ 
motif was not responsible for depletion of Rho-GFP from the cilium. 
Of interest, the results show that, singly, the i3 loop Ax(S/A)xQ motif 
has no effect on SR3 access to or enrichment within the ciliary com-
partment. Only the dual Ax(S/A)xQ motif results in significant ciliary 
enrichment.

The results thus far do not explain why Rho-i3S-GFP, which pos-
sesses the dual motif, is not enriched in the cilium. We thus investi-
gated other sequences in Rho that might lead to ciliary depletion. 
Because VxPx is absent from SR3, we began by investigating the 
activity of the VxPx motif.

VxPx eliminates both Rho-i3S and SR3 ciliary enrichment
To investigate the effect of the VxPx motif on GPCR enrichment in 
the ciliary compartment, we generated several constructs that either 
added VxPx to SR3 or deleted it from Rho (Figure 1). Addition of the 
eight C-terminal amino acids of Rho to the C-terminus of SR3 pro-
duced the SR3-c8R-GFP chimera. Expression of SR3-c8R-GFP in 
IMCD3 cells resulted in dramatic reduction of the average Fcil/Fam 
ratio to just below the enrichment threshold (Figure 7, A and G). 
Of importance, the average Fcil/Fam ratio for SR3-c8R-GFP was not 

responsible for the lower ciliary enrichment of Rho constructs, we 
reduced their overall expression level by reducing the concentration 
of plasmid DNA used to transfect the cells fivefold (Table 1, Rho-
GFP [low expression] and Rho-i3S-GFP [low expression]) and se-
lected for low expressers when imaging. This approach resulted in 
capturing the distributions of Rho constructs expressing on average 
∼10-fold lower than at the higher transfection concentration used 
for all other constructs (Table 1), an expression level well within the 
range of the SR3-GFP constructs. Despite this dramatic reduction in 
expression level, the Fcil/Fam ratio of the Rho-GFP constructs did not 
increase, and the Fcil/Fam versus Ftotal plot did not show correlation 
(Figure 5, F and G, inverted triangles, and Table 1). In fact, the ratio 
for the Rho-GFP low expresser was approximately half that of the 
high expresser, a difference that was statistically significant.

The depletion of Rho-GFP and the failure of enrichment of Rho-
i3S-GFP suggest that certain features of rhodopsin inhibit its trans-
port to and enrichment within ciliary membranes. It is possible that 
the Ax(S/A)xQ motif within the rhodopsin i3 loop (AAAQQ) does 
not support ciliary entry. Alternatively, some other rhodopsin se-
quence might derail transport to the cilium.

Rhodopsin i3 loop does not affect SR3 ciliary access
To test the possibility that the i3 loop of Rho promoted the deple-
tion of Rho-GFP from the ciliary membrane, we generated the recip-
rocal chimera consisting of SR3 with its i3 loop replaced by the i3 
loop of Rho (Figure 1; SR3-i3R-GFP) and expressed it in IMCD3 cells 
(Figure 6). The fluorescence pattern of SR3-i3R-GFP was qualita-
tively similar to that of Rho-i3S-GFP, with the cilium readily discern-
ible but with significant fluorescence present in other membrane 

Construct N(cells) N(expt)
Mean 

 Fcil/Fam

Mean Ftotal  
counts/μs (×106)

Range Ftotal  
counts/μs (×106)

SR3-GFP 21 5 11.3 ± 1.27 0.36 ± 0.06 4.3

SR3-GFP (no cilia) 11 3 – 1.09 ± 0.18 2.0

SR3-c8R-GFP 10 3 2.07 ± 0.41 1.28 ± 0.19 2.7

SR3-GFP-c8R 36 6 1.87 ± 0.23 2.91 ± 0.41 10.7

SR3-c8Rm-GFP 12 3 5.87 ± 0.65 1.01 ± 0.08 1.2

SR3-i3R-GFP 21 5 3.37 ± 0.55 1.40 ± 0.27 3.7

SR3-ΔSCTS1-GFP 17 5 3.70 ± 0.55 0.89 ± 0.18 2.8

SR3-ΔSCTS2-GFP 14 4 3.01 ± 0.56 2.40 ± 0.36 4.5

SR3-ΔSCTS1,2-GFP 23 6 3.70 ± 0.27 0.50 ± 0.06 0.95

Rho-GFP 11 3 0.50 ± 0.04 3.05 ± 0.48 4.7

Rho-GFP (low expression) 16 3 0.27 ± 0.08 0.31 ± 0.29 0.67

Rho-GFP-c8R 23 5 1.08 ± 0.23 1.43 ± 0.48 10

Rho-Δc8-GFP 12 3 0.64 ± 0.14 0.82 ± 0.22 2.7

Rho-i3S-GFP 20 4 3.01 ± 0.46 3.49 ± 0.65 15

Rho-i3S-GFP (low expression) 21 3 2.75 ± 0.51 0.37 ± 0.10 1.6

Rho-i3S-GFP-c8R 17 4 4.48 ± 0.60 1.45 ± 0.40 7.3

Rho-i3S-Δc8R-GFP 8 3 7.61 ± 1.12 0.66 ± 0.09 0.98

Rho-i3S-Δc4R-GFP 13 3 8.54 ± 0.89 1.80 ± 0.50 5.7

N(cells) is the total number of cells analyzed. N(expt) is the number of discrete experiments (i.e., experiments that took place on different days with distinct cell 
cultures and ciliogenesis induction). Range refers to the highest value minus the lowest value in the data set. Low-expression experiments used lower concentrations 
of plasmid for transfection (20% of that used in all other experiments).

TABLE 1:  Summary of Fcil/Fam ratios and overall expression levels.
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important sequence or property that SR3 
possesses to allow low-level ciliary access.

Ciliogenesis leads to overall reduction 
of SR3-GFP expression
Quantitative examination of the expression 
levels of the various GPCR constructs in the 
IMCD3 cells revealed an intriguing differ-
ence. SR3-GFP underwent a significant 
down-regulation in expression in the IMCD3 
cells upon induction of ciliogenesis. Before 
ciliogenesis, SR3-GFP expression in trans-
fected IMCD3 cells was higher and more 
broadly distributed within the apical and ba-
solateral membranes (Figure 8A). Upon in-
duction of ciliogenesis, the overall expression 
of SR3-GFP decreased more than threefold, 
and the distribution of SR3-GFP shifted to-
ward enrichment in the cilia (Figure 8B). This 
result suggested that the enrichment of SR3-
GFP in the ciliary compartment involves an 
increase in retrieval and degradation of SR3 
from other membrane compartments upon 
ciliogenesis. The shift in SR3 away from the 
apical and basolateral membranes may in-
volve a change in the membrane delivery 
mechanism to one that favors the cilium com-
partment or a change in the balance between 
SR3-GFP delivery to and removal from the 
apical and basolateral membranes. Either 
way, the results show that the ciliary enrich-
ment of SR3 upon initiation of ciliogenesis 
must include significant SR3 degradation.

Expression levels of SR3-GFP chimeras 
that possessed either the VxPx-containing 
C-terminal eight amino acids of Rho or the 
mutated Rho C-terminus, however, were not 
significantly different than that of SR3-GFP 
before ciliogenesis (Figure 8B), suggesting 

that the C-terminus of SR3 may play a critical role in the switching 
between delivery modes and/or SR3 degradation. In addition, the 
expression level of SR3-GFP constructs that possessed fewer than 
two of the Ax(S/A)xQ intracellular loop 3 CTSs was higher than that 
of the SR3-GFP construct, and the ciliary enrichment was lower 
(Table 1), suggesting that the CTSs in the third intracellular loop of 
SR3 may also be involved in the regulation of expression level. To 
examine whether there was a quantifiable correlation between the 
overall SR3-GFP construct expression level and the degree of ciliary 
enrichment, we plotted the average Fcil/Fam ratio for the various 
constructs against their average Ftotal value (Figure 9). A clear in-
verse correlation was apparent that was well fitted with an exponen-
tial function (Figure 9A). Despite this clear dependence, the indi-
vidual constructs showed no such correlation (Figure 9B), indicating 
that overall expression level alone cannot account for ciliary enrich-
ment or lack thereof. These results, together with the lack of correla-
tion of ciliary enrichment and expression levels of the Rho constructs 
(Figure 5) and the ciliogenesis-dependent reduction in expression 
level and ciliary enrichment of SR3-GFP (Figure 8), strongly suggest 
that whereas ciliary enrichment is significantly correlated with overall 
expression levels of the GPCRs, this correlation is not due to satura-
tion of the sorting and retrieval mechanisms. Instead, the results in-
dicate that the correlation reflects genuine changes in the balance 

significantly different from that for Rho-i3S-GFP (Figure 7, D and G). 
These chimeras contain effectively the same set of trafficking mo-
tifs—both contained a VxPx at the C-terminus, as well as the dual i3 
loop Ax(S/A)xQ motifs. Mutating the VxPx to AAAA on the SR3 
chimera (SR3-c8Rm-GFP) reversed the depletion, resulting in an av-
erage Fcil/Fam ratio of 5.87 ± 2.24 (Figure 7, B and G), a value signifi-
cantly above those for SR3-c8R-GFP and Rho-i3S-GFP. Note that 
whereas the Fcil/Fam ratio of SR3-c8Rm-GFP was a little more than 
half of the ratio for SR3-GFP, this difference was not significant at the 
p = 0.05 level (Figure 7G).

Remarkably, deletion of the VxPx motif from Rho-i3S-GFP by de-
leting either the C-terminal four (Rho-i3S-Δc4-GFP) or eight (Rho-
i3S-Δc8-GFP) amino acids led to ciliary enrichment (Figure 7, E and 
G, and Table 1). Rho-i3S-Δc4-GFP produced an average Fcil/Fam ra-
tio of 8.54 ± 3.21 and Rho-i3S-Δc8-GFP a ratio of 7.61 ± 3.53. These 
values are significantly greater than the Rho-i3S-GFP Fcil/Fam ratio 
but are not significantly below that of SR3-GFP. These results sug-
gest that the VxPx motif acts to disrupt ciliary enrichment of the 
rhodopsin-like GPCRs. Of interest, deleting the eight C-terminal 
amino acids that contain the VxPx motif from Rho-GFP (Figure 1; 
Rho-Δc8-GFP) yielded an average Fcil/Fam ratio significantly less than 
that of SR3-i3R-GFP and well below the threshold for enrich-
ment (Table 1). This result indicates that Rho may lack some other 

FIGURE 6:  Ax(S/A)xQ motif found in the i3 loop of Rho is not a ciliary depletion signal. 
(A–E) Fluorescence distribution images (left) and Fcil and Fam z-profiles (right) for the indicated 
GPCR constructs. Solid lines represent the z-profiles; dashed lines represent Gaussian fittings of 
the profiles. (F) Averaged Fcil/Fam ratios obtained from ratios of the peaks of Gaussian fittings. 
Error bars represent SEM (N’s provided in Table 1). Asterisk indicates that Fcil/Fam ratio for each 
construct under the horizontal black line is significantly less than that of SR3-GFP, with p < 0.05 
as determined by post hoc analysis (Materials and Methods). Gray line indicates enrichment 
threshold.
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the interpretation of experiments aimed at elucidating molecular 
mechanisms of protein sorting in living cells. Specifically, we show 
that, in epithelial cells that express fluorescently tagged membrane 
proteins, observing fluorescence in cilia brighter than the fluores-
cence in neighboring apical membranes does not necessarily indi-
cate that the cilia are enriched in those proteins. Our approach of 
quantifying and comparing the density of membrane proteins on 

between delivery and degradation of the GPCRs that result from 
changes in the interactions of the receptors with the cellular delivery 
and degradation machinery.

DISCUSSION
Our study underlines the fundamental importance of understanding 
how optical systems sample specimens at a basic, physical level to 

FIGURE 7:  C-terminal VxPx reduces ciliary enrichment of SR3 and Rho-i3S. (A–F) Fluorescence distribution images (left) 
and Fcil and Fam z-profiles (right) for the indicated GPCR constructs. Solid lines represent the z-profiles; dashed lines 
represent Gaussian fittings of the profiles. Inset to F, overlay of Rho-GFP and SR3-mKate2, allowing determination of 
cilium location (black outline). (G) Averaged Fcil/Fam ratios obtained from the ratios of Gaussian fitting peaks (left). Error 
bars represent SEM (N’s provided in Table 1). Solid horizontal line is the enrichment threshold. Right, significance tests; 
asterisks indicate significance with p < 0.05 as determined by post hoc analysis (Materials and Methods). NS, not 
significant. Gray squares, not compared.
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enrichment of rhodopsin in rods, whereas in 
IMCD3, primary cilia VxPx significantly dis-
rupt ciliary enrichment of both SR3 and Rho-
i3S chimeras (Figure 7). Instead, dual Ax(S/A)
xQ motifs within the i3 loops of SR3 or the 
Rho-i3S chimera were required for ciliary ac-
cess and enrichment in IMCD3 cells (Figures 
5 and 7 and Table 1), in agreement with a 
previous study (Berbari et al., 2008). Of in-
terest, the deletion of the C-terminal VxPx 
from Rho that possessed the native Rho i3 
loop had no effect on its ciliary access (Table 
1), suggesting that the VxPx motif, on its 
own, possess no ciliary enrichment or deple-
tion activity in IMCD3 cells for either of the 
GPCRs we studied.

Taken together, the results presented 
here point to distinct pathways for enrich-
ment of rhodopsin-like GPCRs in IMCD3 
cell primary cilia and rod photoreceptor 
ciliary outer segments. Of importance, the 
VxPx motif, which is involved in post-Golgi 
sorting of rhodopsin in rod photorecep-
tors, a step required for proper outer seg-
ment rhodopsin delivery, does not appear 
to be required for delivery of these GPCRs 
to IMCD3 cell primary cilia. Instead. IMCD3 

cells rely on an as-yet-unidentified sorting mechanism that re-
quires the dual i3-loop Ax(S/A)xQ motifs with which the VxPx motif 
interferes. Thus the study of GPCR trafficking mechanisms in one 
cell type does not necessarily reveal the mechanisms used by an-
other cell type.

Is there a role for VxPx in enriching GPCRs or other 
membrane proteins within primary cilia?
At first blush, our conclusions that VxPx disrupts ciliary enrich-
ment of GPCRs containing the dual Ax(S/A)xQ sequences and has 
no effect on the distribution of GPCRs that lack them appear at 
variance with previous reports. Wang et  al. (2012) and Trivedi 
et al. (2012) reported that expression of Rho-GFP-c8R from the 
same vector we used here, which contains a repeat of the VxPx 
motif after EGFP, is localized to the ciliary compartment of IMCD3 
and hTERT-RPE1 cells. However, neither group investigated the 
role of VxPx on rhodopsin transport to the epithelial cell primary 
cilia. Moreover, neither group used quantitative approaches to 
examine ciliary enrichment. Examination of fluorescence micro-
graphs in those reports revealed considerable levels of Rho-GFP-
c8R in the apical membranes. Indeed, our direct analysis of im-
ages extracted from their work revealed Fcil/Fam ratios of 0.96 
(Wang et al. (2012) and 1.5 (Trivedi et al. (2012), both of which are 
well below the enrichment threshold that we introduced here. We 
also found occasional detectable cilia in cells expressing Rho-
GFP-c8R, particularly if the cilium extended over a neighboring 
cell that lacked expression or over a region absent of cells. How-
ever, the Fcil/Fam = 1.08 for Rho-GFP-c8R (Table 1) showed that 
the density in the ciliary membrane was lower on average than 
that in the apical membrane. Thus it appears that, upon quantifi-
cation, the distributions of rhodopsin in the primary cilium-pos-
sessing epithelial cells used in all of these studies are in good 
agreement, showing that rhodopsin density is lower in the ciliary 
membrane than in the apical membrane and therefore is not en-
riched within the cilium.

the ciliary and apical membranes allowed differentiation between 
mere access of the proteins to cilia and enrichment of the proteins 
within the ciliary membranes relative to the apical membrane and 
vice versa. The analysis quantitatively showed that SR3-EGFP is 
highly enriched in the ciliary membranes, by showing that the ciliary 
membrane density was fivefold higher than that of the apical mem-
brane. Although this may have seemed obvious from examination 
of fluorescence micrographs, without the quantitative analysis pre-
sented here, it would have remained uncertain. More surprising was 
the revelation that, despite being present in the cilium, rhodopsin 
expressed in IMCD3 cells was less dense in cilium membranes than 
in apical membranes.

IMCD3 cells and photoreceptors use distinct sorting and 
enrichment strategies for rhodopsin-like GPCRs destined 
for the ciliary compartment
A number of studies implicated the C-terminal VxPx motif in post-
Golgi Rho sorting using cell-free systems or reporter constructs 
transgenically expressed in photoreceptors (Deretic and Paper-
master, 1991; Deretic et  al., 1998; Deretic, 2006; Deretic and 
Wang, 2012; Tam et  al., 2000). Deleted or mutated VxPx motifs 
resulted in significant but incomplete shift in Rho distribution to-
ward the photoreceptor inner segment, perinuclear region, and 
presynaptic spherule when expressed in rho+/− mouse or Xenopus 
rods (Concepcion et  al., 2002; Concepcion and Chen, 2010; 
Lodowski et  al., 2013). Complete mislocalization of mutant Rho 
occurred when these mutants were expressed in rho−/− mice 
(Concepcion et al., 2002; Concepcion and Chen, 2010); the lack of 
rod outer segments in these retinas, however, makes the trafficking 
effect of the mutations difficult to interpret.

An important finding from the present study was that the pres-
ence of the C-terminal VxPx sequence on the two GPCRs examined 
had essentially the opposite effect on ciliary enrichment in IMCD3 
cells than it did for enrichment within the ciliary outer segment of 
rod photoreceptors. VxPx is required for proper outer segment 

FIGURE 8:  Ciliogenesis leads to reduced overall expression of SR3-GFP. (A) A 3D confocal stack 
of an SR3-GFP–expressing IMCD3 cell before ciliogenesis induction. Fluorescence is found 
broadly distributed throughout the cell membrane compartments, including the apical and 
basolateral membranes. (B) Bar chart showing the average total expression levels of indicated 
constructs. Error bars represent SEM (N’s provided in Table 1). Asterisk indicates significance 
with p < 0.05 and double dagger that with p < 0.01, as determined by post hoc analysis 
(Materials and Methods).
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Distinction between ciliary access and ciliary enrichment 
of rhodopsin-like GPCRs: implications for enrichment 
mechanisms
The distinction between mere ciliary access and ciliary enrichment 
leads to significant questions about the molecular and physical 
mechanisms by which membrane proteins gain access to the ciliary 
compartment and are retained there and how the relative densities 
of the proteins within the contiguous ciliary and apical membranes 
are regulated. A hint about these mechanisms comes from the ob-
servation that ciliogenesis leads to marked, approximately threefold 
reduction in the overall expression of SR3-EGFP (Figure 8). This re-
sult shows that ciliary enrichment of SR3 is effected, in part, by large-
scale retrieval of the GPCR from other membrane compartments 
upon ciliogenesis. Retrieval and degradation of GPCRs that have 
transported to membranes other than the ciliary membrane might 
therefore also play a role in maintaining their higher ciliary mem-
brane density at the steady state, when ciliogenesis is complete. 
Indeed, the average level of ciliary enrichment of the SR3 chimeras 
that we examined scaled inversely with the average expression 
level, whereas the ciliary enrichment of the individual constructs did 
not (Figure 9 and Table 1), suggesting that reduced overall expres-
sion by receptor retrieval from nonciliary membrane compartments 
and their subsequent degradation is a key element of ciliary enrich-
ment. Additional mechanisms resulting in reduced overall receptor 
expression with enhanced ciliary enrichment might be at play, in-
cluding changes in transcription and/or translation, together with 
changes in transport target from the apical membrane toward a 
more direct line to the cilium upon ciliogenesis. Further study is 
needed to identify these important mechanisms.

Conclusion
We presented a novel approach to quantifying the enrichment of 
membrane proteins in primary cilia that accounts for the specific 
geometry of the membranes and the optical properties of the imag-
ing system. Using this approach, we showed that, in cultured epithe-
lial cells, a bright cilium does not necessarily connote ciliary enrich-
ment of a fluorescently labeled membrane protein and that that 
ciliary enrichment of the somatostatin receptor 3 in IMCD3 cells is 
not likely achieved by any one mechanism. Ciliary enrichment of 
membrane proteins thus likely includes membrane and protein 
transport, sorting, retrieval, and degradation mechanisms acting in 
concert.

MATERIALS AND METHODS
DNA constructs and protein expression in IMCD3 cells
The somatostatin receptor 3-EGFP (SR3-EGFP) fusion construct was 
a gift from Kirk Mykytyn (Ohio State University, Columbus, OH). 
mKate2 was a gift from Erik Lee Snapp (Albert Einstein College of 
Medicine, New York, NY). The bovine rod opsin-EGFP construct, 
originally produced in the Oprian lab (Jin et al., 2003) and obtained 
from David S. Williams (Jules Stein Eye Institute, University of Cali-
fornia, Los Angeles, CA), consists of the full length of bovine opsin, 
followed by EGFP on the C-terminus and then the eight C-terminal 
amino acids of bovine opsin repeated after the EGFP. Although the 
opsin constructs would only be considered “rhodopsins” if the chro-
mophore 11-cis-retinal were bound to them, we refer to the protein 
products here as rhodopsin, or Rho.

DNA constructs (Figure 1) were created using standard cloning 
and mutagenesis methods. A rhodopsin chimera with third intra-
cellular loop of SR3 (T236–R258) replacing the third intracellular 
loop of rhodopsin (E232–K248), Rho-i3S, was constructed using 
the FastCloning method (Li et al., 2011). The reverse was done for 

Our results do not exclude the possibility that the VxPx or re-
lated motifs are important for access or enrichment of other mem-
brane proteins in primary cilia. For example, a C-terminal VxPx 
motif and the Arf4-mediated post-Golgi sorting machinery were 
implicated in the ciliary enrichment of polycystin-1 in human, 
mouse, and canine kidney epithelial cells (Ward et al., 2011). Ward 
et al. (2011) quantified ciliary access by counting the proportion of 
ciliated cells that are visible upon antibody labeling for the protein 
construct of interest, an approach that does not differentiate cilium 
access from cilium enrichment. Close examination of their results, 
however, clearly shows significant fluorescence in the apical mem-
branes adjacent to the cilia. It is thus unclear whether the polycys-
tin-1 chimeras studied in Ward et al. (2011) were enriched in the 
cilia or merely had access to the ciliary compartment. Moreover, a 
later study showed that the deletion of the VxPx motif did not af-
fect polycystin-1 localization in collecting duct epithelium cilia (Su 
et al., 2015).

FIGURE 9:  Ciliary enrichment correlates with average overall 
expression levels of different SR3 constructs but not with the variation 
in expression within a given construct. (A) Average Fcil/Fam of 
indicated SR3-GFP construct plotted against the average Ftotal for 
that construct. Vertical and horizontal error bars represent the SEM of 
the Fcil/Fam ratio and the Ftotal values, respectively. Red line represents 
fitting of the data by an exponential function. R2 is a measure of 
goodness of fit. where a value of 1 indicating perfect fit. (B) Scatter of 
Fcil/Fam vs. Ftotal for individual cells of the indicate SR3-GFP constructs. 
Lines are linear regressions through each of the scatter plots, showing 
a lack of significant correlation between Fcil/Fam and Ftotal for any of 
the constructs. Data for SR3-GFP are reproduced from Figure 5E.
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α such that αb = α/m, where αb is the corrected α, and m is the 
number of comparisons being made among the means.

Correlation analysis was performed to explore possible depen-
dences between Fcil/Fam and fusion protein expression level. Linear 
correlation was performed in Matlab using linear least squares re-
gression. Pearson’s product moment coefficients (r) were calculated 
to evaluate linear dependence. Coefficient of determination (R2) 
values were used to determine goodness of fit. To evaluate the pos-
sibility of nonlinear correlations, Spearman’s rank correlation analy-
ses were performed to obtain Spearman’s coefficient (ρ).

the creation of the SR3-i3R-GFP chimera. The SR3-mKate2 fusion 
protein was created by subcloning mKate2 in place of EGFP in the 
SR3-EGFP construct. The SR3-ΔCTS1-GFP, SR3-ΔCTS2-GFP, and 
SR3-Δ-CTS1&2-GFP constructs were created by the deletion of 
CTS1, CTS2, and both CTS1 and 2, respectively, from the original 
SR3-EGFP. These and all other constructs with deletions or addi-
tions of short stretches of amino acids were produced using the 
QuikChange protocol. All constructs were verified by sequencing 
the entire coding region of the plasmid. Expression in IMCD3 kid-
ney epithelial cells was driven by the CMV promoter, originally de-
rived from pEGFPN1 (Clontech). Most plasmids were transiently 
transfected into IMCD3 cells that were growing on #1 coverslips 
(Fisher) using JetPrime (Polyplus) at concentration of 4 μg DNA/200 
μl transfection buffer. To reduce the expression level of Rho-GFP 
and Rho-i3S-GFP, the plasmid concentration was reduced fivefold 
to 0.8 μg of DNA/200 μl of buffer.

Confocal microscopy
All imaging experiments were carried out using our custom confo-
cal/multiphoton microscopy setup described previously (Peet et al., 
2004; Calvert et  al., 2007, 2010). Live IMCD3 cells expressing 
fluorescently tagged proteins were grown to confluency on #1 cov-
erslips (Fisher) and then serum starved for 24–48 h to induce cilio-
genesis. Coverslips were then placed in an imaging chamber, and 
the chamber was placed in a Peltier temperature controller on the 
microscope stage (Warner Instruments) and maintained at 37°C. 
Expressing cells and their cilia were located using epifluorescence 
visualization. Because the fluorescence from the ciliary membrane 
of cells expressing some of the rhodopsin variants was not sufficient 
to discriminate it from the background apical membrane fluores-
cence, we coexpressed SR3-mKate2, which served to mark the 
cilium in red. Confocal 3D scans with at most 0.1-μm frequency in xy 
and a z-step of 0.1 or 0.2 µm were obtained with the 488-nm line of 
an argon-ion laser (Newport) focused to the diffraction limit with a 
60×/1.2 numerical aperture, water-immersion objective (Plan Apo 
VC; Nikon).

Direct measurement of the psf profile in our confocal microscope 
was performed by scanning 0.1-μm-diameter fluorescent micro-
spheres and fitting the fluorescence profiles with Gaussians, as de-
scribed previously (Peet et al., 2004; Najafi et al., 2012). This analysis 
yielded SDs in xy and z of σxy = 0.14 μm and σz = 0.56 μm, respec-
tively. To determine the theoretical enrichment threshold (Figure 3), 
we approximated the psf intensity profile as a 3D Gaussian,
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where a is the intensity maximum at the 3D center of the profile. For 

this analysis, we used a normalized psf profile, where I 1psfxyz∫∫∫ = .

Image analysis was performed using custom Matlab programs. 
Analysis programs are available upon request.

Statistical analysis
We compared mean Fcil/Fam ratios or mean total expression of mul-
tiple different fluorescently labeled proteins. Thus, for each discrete 
set of comparisons, a one-way analysis of variance was performed 
with α = 0.05, where the null hypothesis was that all mean values 
were equal. Upon rejection of the null hypothesis with p < 0.05, post 
hoc comparisons among the mean values were carried out by two-
sample t test. To account for the variance among the multiple pairs 
of mean values compared, the Bonferroni correction was applied to 
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