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Dysfunctional trafficking to primary cilia is a frequent cause
of human diseases known as ciliopathies, yet molecular
mechanisms for specific targeting of sensory receptors to
cilia are largely unknown. Here, we show that the targeting
of ciliary cargo, represented by rhodopsin, is mediated by a
specialized system, the principal component of which is the
Arf GAP ASAP1. Ablation of ASAP1 abolishes ciliary target-
ing and causes formation of actin-rich periciliary membrane
projections that accumulate mislocalized rhodopsin. We
find that ASAP1 serves as a scaffold that brings together
the proteins necessary for transport to the cilia including the
GTP-binding protein Arf4 and the two G proteins of the Rab
family—Rabll and Rab8—linked by the Rab8 guanine
nucleotide exchange factor Rabin8. ASAP1 recognizes the
FR ciliary targeting signal of rhodopsin. Rhodopsin FR-AA
mutant, defective in ASAP1 binding, fails to interact with
Rab8 and translocate across the periciliary diffusion barrier.
Our study implies that other rhodopsin-like sensory recep-
tors may interact with this conserved system and reach the
cilia using the same platform.
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Introduction

Primary cilia are specialized microtubule-based projections
that are found on the cell membranes of almost all eukaryotic
cell types. Defects in the formation and function of primary
cilia affect multiple tissues and organs and cause a wide
range of human diseases and developmental disorders,
known as ciliopathies, which are characterized by both cystic
kidneys and retinal degeneration and often combined with
obesity, polydactyly and sensory impairments (Blacque and
Leroux, 2006; Fliegauf et al, 2007; Gerdes et al, 2009;
Sang et al, 2011). Formation and maintenance of primary
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cilia involves the precisely orchestrated targeting of specific
proteins and lipids to the base of the cilia, followed by the
transport across the periciliary diffusion barrier, which likely
combines specific lipid ordering, Septin rings and transition
zone protein complexes that control selective admission
through the ciliary gate (Rosenbaum and Witman, 2002;
Vieira et al, 2006; Leroux, 2007; Emmer et al, 2010; Hu
et al, 2010; Nachury et al, 2010; Chih et al, 2012; Garcia-
Gonzalo and Reiter, 2012).

Although their architecture varies, primary cilia are exqui-
sitely organized for the capture of extracellular signals (Singla
and Reiter, 2006). Sensory receptors are highly concentrated
in ciliary membranes and together with other components
of the signal transduction complexes they allow for extra-
ordinary sensitivity to external stimuli. In the case of vision,
they ensure the capture of a single photon of light via the
unique light sensing organelle, the rod outer segment (ROS).
ROS is a modified sensory cilium that houses rhodopsin,
a prototypic G protein-coupled receptor (GPCR), and the
associated phototransduction machinery. The ROS axoneme
is filled with light sensitive disk membranes that are renewed
throughout the lifetime of the cell (Insinna and Besharse,
2008). The axoneme originates in the rod photoreceptor cell
body, the rod inner segment (RIS), where the endoplasmic
reticulum (ER), the Golgi and the trans-Golgi network (TGN)
are localized. The renewal of ROS membranes and the
delivery of rhodopsin to the base of the cilium in the RIS
are mediated by traffic intermediates known as rhodopsin
transport carriers (RTCs; Deretic, 2010). This process is
followed by the directional membrane flow to the ROS
through the transitional zone, also referred to as the
connecting cilium (Insinna and Besharse, 2008).

Previous studies have identified ubiquitous protein
complexes controlling the morphology and traffic of key
intracellular membranes; however, the regulation of the
directionality of membrane flow to the specialized organelles
such as the cilia remains unknown. Sorting of the ciliary
cargo is regulated by protein adaptors or complexes that
function as effectors of the Arf family of GTP-binding proteins
(Kahn et al, 2006; Donaldson and Jackson, 2011). Two such
complexes have recently been identified (Mazelova et al,
2009a; Jin et al, 2010). One of the complexes, named the
BBSome because of its involvement in Bardet-Biedel
Syndrome, functions as an effector of Arl6 at the base
of the cilium and sorts the GPCR Sstr3 (Nachury et al,
2007; Jin et al, 2010). The other complex functions as an
effector of Arf4 at the TGN, where it forms a targeting module
comprised of (1) the Arf GTPase activating protein (GAP)
ASAP1, (2) the small GTPase Rabll and (3) the Rab1l/Arf
effector FIP3, which sorts rhodopsin into ciliary-targeted
RTCs (Mazelova et al, 2009a). This complex serves many of
the same functions as coat complexes, including regulation
by a member of the Arf family, in this case it is assembled
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upon binding of Arf4 to the carboxyl terminal VxPx ciliary
targeting motif of rhodopsin (Deretic et al, 1998, 2005). The
highly conserved VxPx motif that regulates rhodopsin
targeting and Arf4 binding is also functional in polycystins
1 and 2, and the cyclic nucleotide-gated channel CNGB1b
subunit (Geng et al, 2006; Jenkins et al, 2006; Ward et al,
2011). Disruptions of the VxPx motif caused by mutations in
the rhodopsin gene (http://www.retina-international.com/
sci-news/rhomut.htm) lead to some of the most severe
forms of autosomal dominant retinitis pigmentosa (ADRP;
Bessant et al, 1999; Berson et al, 2002), suggesting a crucial
role of this ciliary targeting module in photoreceptor homeo-
stasis (Deretic, 2006). In addition to the VxPx motif, several
ciliary targeting sequences have been identified, including a
highly conserved FR motif that is also present in rhodopsin
(Corbit et al, 2005). Divergent targeting sequences identified
so far are likely to engage multiple binding partners that
regulate ciliary targeting, and they probably act at multiple
stages of membrane traffic (Corbit et al, 2005; Fan et al, 2007;
Berbari et al, 2008; Kizhatil et al, 2009; Tao et al, 2009;
Mazelova et al, 2009a; Follit et al, 2010; Jin et al, 2010).

The key component of the Arf4-based targeting complex,
ASAP1, belongs to a family of multifunctional scaffold pro-
teins that regulate membrane trafficking and actin remodel-
ling (Randazzo and Hirsch, 2004; Nie and Randazzo, 2006).
ASAP1 mediates GTP hydrolysis on Arf4, and functions as an
Arf4 effector that regulates RTC budding (Mazelova et al,
2009a). A point mutation in Arf4 (I46D) selectively abolishes
ASAP1-mediated GTP hydrolysis and disrupts RTC budding,
causing rhodopsin mislocalization and rapid retinal degener-
ation in transgenic animals. ASAP1 contains the Arf GAP
domain, pleckstrin homology (PH), SH3, proline-rich and
N-terminal BAR domain (Randazzo and Hirsch, 2004; Nie
and Randazzo, 2006). The BAR domain mediates membrane
tubulation and homodimerization of ASAP1, and acts as an
autoinhibitor of its GAP activity (Nie et al, 2006; Jian et al,
2009). Another component of the Arf4-based targeting
module, the GTPase Rabll, has also been identified as a
component of the ciliogenesis cascade (Knodler et al, 2010;

Westlake et al, 2011), which parallels the yeast budding
pathway (Ortiz et al, 2002).

In the present study, we show that the targeting of sensory
receptors is highly conserved in ciliated cells. In this process,
ASAP1 interacts in a hierarchical manner with the cargo and
activated Arf4, and with the constituents of the ciliogenesis
cascade: Rabll, the guanine nucleotide exchange factor
Rabin8 (Hattula et al, 2002) and its target Rab8, which is a
central regulator of polarized membrane traffic, carrier fusion
and ciliogenesis (Deretic et al, 1995; Moritz et al, 2001;
Nachury et al, 2007; Yoshimura et al, 2007; Kim et al, 2008;
Omori et al, 2008; Tsang et al, 2008; Bryant et al, 2010;
Murga-Zamalloa et al, 2010). Our findings reveal a principal
role for ASAP1 in the specialized system for targeting of
sensory receptors to primary cilia.

Results

Rhodopsin is correctly targeted to primary cilia of
kidney epithelial IMCD cells, in an ASAP1-dependent
manner

Because ASAP1 functions as an Arf4 GAP and an effector that
regulates RTC budding, we sought to further define its role in
the targeting of rhodopsin in ciliated cells. These studies were
performed in the mouse inner medullary collecting duct
(IMCD) cells because of the lack of retinal cell culture
systems suitable for siRNA and transient protein expression,
and because of the low transduction efficiency in intact
mature retinal photoreceptors. We expressed in IMCD cells
a fusion protein comprised of bovine rhodopsin followed by
eGFP followed by the repeat of eight C-terminal amino acids
of rhodopsin, which was necessary to preserve the accessi-
bility of the VxPx targeting signal and ensure proper targeting
of the protein (Figure 1A). The fusion protein used in our
study (Rh-GFP-VxPx hereafter) was previously shown to
correctly localize to cilia of hTERT-RPE1 cells (Trivedi and
Williams, 2010). Moreover, a nearly identical rhodopsin
fusion protein retained the wild-type phototransduction

Figure 1 Rhodopsin is targeted to primary cilia of kidney epithelial IMCD cells, in ASAP1-dependent manner. (A) Schematic representation of
the Rh-GFP-VxPx fusion protein. Structure of rhodopsin is presented as explained in Figure 3C. (B) IMCD3 cells transiently expressing Rh-GFP-
VxPx were fixed, stained with antibody to acetylated tubulin and analysed by confocal microscopy. Three consecutive confocal 0.9 um sections
are presented. Rh-GFP-VxPx (green) and acetylated tubulin (Cy3, red) colocalize in the ciliary axoneme (yellow). Boxed area is magnified in
the insets. Rh-GFP-VxPx is detected in the cilia tips (arrows). (C, D) IMCD3 cells were co-transfected with Rh-GFP-VxPx (green) and control
siRNA (C) or ASAP1 siRNA (D). Representative images from two Z-stacks (shown in Supplementary Figure S1A and B) ascending towards the
cilia are shown in (C) and (D). Boxed areas are magnified and shown in separate channels in the insets. XZ planes were taken along the yellow
line and YZ planes along the perpendicular line that crosses through the cilium. (C) Rh-GFP-VxPx and acetylated tubulin colocalize in a cell
transfected with control siRNA (yellow in merged, XZ and YZ, arrows in XZ). Arrows in insets indicate Rh-GFP-VxPx (green) localized at the tip
of the cilium. (D) In a cell transfected with ASAP1 siRNA, Rh-GFP-VxPx is localized in a ring (green, arrows) around the cilium (red), from
which a protrusion arises. In the XZ plane, Rh-GFP-VxPx filled protrusion (green, left arrow in XZ) is juxtaposed to the cilium (red, right
arrow). In the YZ plane, Rh-GFP-VxPx (green) surrounds the cilium. (E) Ciliary localization of Rh-GFP-VxPx was determined in five separate
experiments. The data were analysed using Student’s t-test (n =5, 5-15 cells in each experiment, a total of 40 cells for each condition) and
presented as the meansts.e.m. (***P<0.0001). (F) In a representative experiment, Rh-GFP-VxPx-acetylated-tubulin pixel colocalization
analysis was performed within the cilia and expressed by the Pearson’s coefficient (n =20 cells each for control and ASAP1 siRNA)
(***P<0.0001). (G, H): IMCD3 cells were co-transfected with Rh-GFP-VxPx (green) and control siRNA (G), or ASAP1 siRNA (H), and fixed
cells were stained with phalloidin (blue) and the antibody to acetylated tubulin (red). (G) Rh-GFP-VxPx (green) and acetylated tubulin (red)
colocalize in controls (yellow, arrow). Phalloidin staining (blue) is nearly undetectable around the cilium. (H) In ASAP1-depleted cells,
Rh-GFP-VxPx (green) colocalizes with phalloidin (blue, light blue in the merged image) in the juxtaciliary protrusion (left arrow), but not
with acetylated tubulin in the cilium (red, right arrow). Bar=10pum in (B); Spm in (C, D, G and H); 1 um in the insets in (C) and (D).
(I) Control siRNA-treated or ASAP1 siRNA-treated cells were lysed and proteins were separated by SDS-PAGE. Four different amounts of
the control lysate were compared to the lysate from ASAP1 siRNA-treated cells. The expression of ASAP1 and Rab6 was examined by
immunoblotting and quantified, as indicated in the figure, setting the control expression to 1. ASAP1 was diminished to ~30% of control
by siRNA treatment.
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activity and localization in transgenic Xenopus laevis (Jin
et al, 2003).

In IMCD3 cells, Rh-GFP-VxPx targeted to primary cilia,
which were detected with an antibody to acetylated tubulin
that labels the ciliary axoneme (Figure 1B, red). Confocal
sections taken in ascending order towards cilia showed ciliary
localization of Rh-GFP-VxPx, and its gradual accumulation at
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the tips of the cilia (Figure 1B, green, arrows in insets).
IMCD3 cells transfected with control non-targeting siRNA
were indistinguishable from non-silenced cells (Figure 1C;
Supplementary Figure S1A). Rh-GFP-VxPx (Figure 1C, green)
colocalized with acetylated tubulin present within the
axoneme (Figure 1C, red, yellow in merged images;
Supplementary Figure S1A and C). This colocalization was
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also visualized in the confocal XZ and YZ planes (Figure 1C,
XZ, arrows, yellow in merged image; YZ, yellow). Again,
Rh-GFP-VxPx (green) localized at the cilia tips devoid of
acetylated tubulin (Figure 1C, arrows in insets; Supple-
mentary Figure S1A, right arrows), indicating its entry into
and transport along the ciliary membrane.

Depletion of ASAP1 did not affect the length of the primary
cilia of IMCD3 cells (3.94+0.26 um axoneme in control
siRNA versus 3.78 £0.25um in ASAP1 siRNA-treated cells,
n=16). However, the ciliary localization of Rh-GFP-VxPx
was profoundly altered. Nearly 40% of ASAP1-depleted cells
displayed Rh-GFP-VxPx enriched rings around the cilia,
which gave rise to ectopic membrane projections in the
immediate vicinity of the cilia that accumulated mislocalized
Rh-GFP-VxPx (Figure 1D, green, arrows in insets; Supple-
mentary Figure S1B, arrows; Supplementary Figure S1D).
Furthermore, Rh-GFP-VxPx (Figure 1D, XZ, green, arrows
on the left; YZ, green) was absent from the cilium stained
with an antibody to acetylated tubulin (XZ, red, arrows on
the right; YZ, red). Whereas ~85% of the cells transfected
with control siRNA correctly targeted Rh-GFP-VxPx, only
~30% of the cells treated with ASAP1 siRNA localized
Rh-GFP-VxPx to primary cilia (P=4.47E %) (Figure 1E).
The pixel colocalization of Rh-GFP-VxPx with acetylated
tubulin was significantly reduced in ASAPI1-silenced cells
(P=1.34E~°) (Figure 1F). Notably, control cells had rela-
tively low Rh-GFP-VxPx-acetylated-tubulin pixel-by-pixel
colocalization because of the predictable incomplete overlap
of membrane-localized rhodopsin with axonemal acetylated
tubulin. The ASAP1 siRNA resulted in a decrease of protein
to ~30% of control levels, while having no effect on the
expression of an unrelated protein Rab6 (Figure 1I). The
correct targeting of Rh-GFP-VxPx in a small population of
ASAP1 siRNA-silenced cells may be due to the residual
expression of ASAP1 in ~30% of treated cells.

Rhodopsin is localized in actin-rich juxtaciliary
protrusions in ASAP1-depleted cells

Because ASAP1 is a known regulator of actin dynamics
(Randazzo et al, 2000), we examined if actin reorganization
was involved in the atypical membrane sprouting seen in

ASAP1 siRNA-treated cells. We labelled control and ASAP1
siRNA-treated IMCD3 cells with phalloidin (Figure 1G and H).
In control siRNA-treated cells, Rh-GFP-VxPx (Figure 1G,
green) was correctly targeted to cilia labelled with acetylated
tubulin (Figure 1G, red, arrow, yellow in merged images).
Periciliary region of cells treated with non-targeting siRNA
was devoid of actin filaments, as revealed by the negligible
phalloidin staining (Figure 1G, blue). By contrast, in ASAP1
siRNA-silenced cells, Rh-GFP-VxPx (Figure 1H, green) colo-
calized with phalloidin-stained actin filaments (Figure 1H,
blue, left arrow, light blue in merged images) in membrane
projections adjacent to, but clearly separated from primary
cilia containing acetylated tubulin (Figure 1H, red, right
arrow).

Rhodopsin sequentially interacts with activated Arf4,
ASAP1 and Rab11 during progression out of the
Golgi/TGN and into ciliary-targeted carriers (RTCs)

To further dissect the specific interactions that regulate ciliary
membrane transport, we employed primary retinal photore-
ceptors that are particularly amenable to biochemical and
morphological analysis as they generate a single major type
of ciliary-targeted carriers, the RTCs. We examined the asso-
ciation of the Arf4-, ASAPI1- and Rabll-based trafficking
complex with rhodopsin as it transits out of the photoreceptor
TGN and into post-TGN carriers (RTCs), as schematically
depicted in Figure 2A. Post-nuclear supernatant (PNS) pre-
pared from isolated retinas was fractionated on sucrose
density gradients, following our standard protocol (Deretic
and Mazelova, 2009). ASAP1 and Rabll co-fractionated
with both the Golgi/TGN-enriched membrane fractions
(Golgi/TGN hereafter) and the RTCs, whereas Arf4 associ-
ated only with the Golgi/TGN (Figure 2B; Supplementary
Figure S2A). The Golgi/TGN preparation that contained
Arf4 was supplemented with the slowly hydrolysable
GTP analogue GppNHp and used for immunoprecipitation
experiments with antibodies specific for Arf4, ASAP1 and
Rabl1l. Antibodies to Arf4 and Rabll immunoprecipitated
ASAP1 (Figure 2C), as also described previously (Mazelova
et al, 2009a). Remarkably, in co-IP experiments antibodies
to Arf4, ASAP1 and Rabll also co-immunoprecipitated

Figure 2 Arf4, ASAP1 and Rab1l sequentially interact with rhodopsin transiting from the Golgi/TGN into ciliary-targeted RTCs. (A) Diagram of
a photoreceptor cell. Primary cilium elaborates the ROS. Golgi and the TGN are localized in the myoid region (M) of the RIS. RTCs that bud from
the TGN are targeted to the cilium (arrow), through the ellipsoid region (E) filled with mitochondria. AJ, adherens junctions; BB, basal body;
m, mitochondria; N, nucleus; Sy, synapse. (B) PNS isolated from one retina was fractionated on sucrose gradients and RTCs and Golgi/TGN
membranes were analysed by immunoblotting (IB), as indicated. All antibodies were tested on a single blot. (C) Golgi/TGN membranes were
subjected to immunoprecipitation (IP) with specific antibodies, or control IgG, bound to protein-A beads. Immunoprecipitates were analysed
by IB, as indicated. ASAP1, Rhodopsin and Arf4 were detected on a single blot and all lanes come from the same gel. Rab11l was detected on a
duplicate blot. (D) PLA was performed with a single antibody to ASAP1. No red fluorescence was detected. Retinal section was visualized by
DIC and annotated as in (A). OLM, outer limiting membrane (comprised of AJs); ONL, outer nuclear layer; OPL, outer plexiform layer,
containing photoreceptor synapses. Nuclei were stained with TO-PRO-3 (blue). (E, F) PLA was performed with an antibody to rhodopsin (E), or
with antibodies to rhodopsin and a Golgi-associated protein G20 (F). No red fluorescence was detected, signifying absence of protein-protein
interactions. (G) Rhodopsin-Arf4 interaction sites (red dots) were detected by PLA. The same experiment was repeated for (H) rhodopsin-
ASAP1, (I) rhodopsin-Rabll, (J) ASAP1-Arf4 and (K) Rab11-ASAP1. (L, M) Rhodopsin-Arf4 PLA (red dots) was subsequently stained with
antibody to the trans-Golgi marker Rab6 conjugated to Alexa Fluor 488 (green). Arrows in (L) indicate rhodopsin-Arf4 interaction sites
juxtaposed to the trans-Golgi. Arrows in (M) indicate rhodopsin-Arf4 interaction sites (red) at the tips of the trans-Golgi cisternae (Rab6,
green). (N) Quantification methodology is summarized on a rhodopsin-ASAP1 PLA. White dashed lines outline individual photoreceptors and
the RIS/ROS border. Yellow dashed lines demarcate the border of the ellipsoid (E) and myoid (M) region of the RIS, which is detectable in the
DIC image by the change in optical properties associated with the tight mitochondrial packing. Red dots within the myoid were counted as the
Golgi/TGN interaction sites, whereas those in the ellipsoid were counted as RTC interaction sites. The image contains 1 um bar from confocal
software. C, cilia. Bar =5 pm in (D-K); 1 pm in (L-N). (O) Red fluorescent signals were quantified as outlined in (N). The data from a representative
experiment (one of three separate experiments) were expressed as a per cent of total interaction sites within the RIS, analysed using Student’s
t-test (n=062) and presented as the means *s.e.m. (***P<2.27E7°). (P) A diagram summarizing Golgi/TGN and RTC interaction sites of
rhodopsin with Arf4, ASAP1 and Rabll, as detected by co-IPs and PLA. Figure source data can be found with the Supplementary data.
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rhodopsin from the Golgi/TGN preparation (Figure 2C).
While specificity was striking in our co-IP experiments,
we sought a second, independent assay of protein-protein
interactions to confirm these findings.

We performed the proximity ligation assay (PLA) that has
the specificity and sensitivity capable of revealing precise
subcellular localization of stable and transient protein-
protein interactions in situ (Soderberg et al, 2006). PLA is
based on the dual recognition of a target protein complex
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by two primary antibodies detected by specific secondary
antibodies attached to oligonucleotides. Oligonucleotides
that are <16nm apart guide the formation of circular DNA,
which is amplified; the product is hybridized to fluorescently
labelled oligonucleotides (excitation 598 nm) that generate an
output in a form of red fluorescent dots of ~0.5pum in size,
which are visualized by microscopy. For the PLA, we took
advantage of the layered structure of vertebrate retinas
that are composed of neuronal cell bodies and synapses.
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Retinal photoreceptor cells are well aligned and organized in
a single retinal layer, which is readily identified by DIC and
nuclear staining (Figure 2D) or with specific organelle mar-
kers (Supplementary Figure S2B-E). To investigate protein-
protein interactions in 100 um thick retinal sections by con-
focal microscopy, we employed the modified PLA adapted for
brain slices (Trifilieff et al, 2011), which was also used in
mouse retinas (Blasic et al, 2012). To establish the specificity
of the assay, we determined that retinas treated with a single
antibody to ASAP1 (Figure 2D), or rhodopsin (Figure 2E),
showed no red fluorescent signal in the photoreceptor cell
layer. Furthermore, thodopsin showed no interactions with a
control Golgi-associated protein G20 (Figure 2F), which was
previously shown not to co-immunoprecipitate with the Arf4/
ASAP1 complex (Mazelova et al, 2009a). Finally, ASAP1
showed no interaction with SNAP-25 (Supplementary
Figure S2F), although it is partially localized in close proxi-
mity to the RIS plasma membrane that contains SNAP-25
(Mazelova et al, 2009a, b). Having established the specificity
of the assay, we determined the localization of five different
protein pairs detected in IP complexes described above.
These are shown in Figure 2G-K and in Supplementary
Figure S2G-K. As shown in Figure 2G and Supplementary
Figure S2G, rhodopsin and Arf4 colocalized (red dots) almost
exclusively in the Golgi area in the myoid region of the RIS.
Rhodopsin colocalized with ASAP1 on the TGN-derived
nascent buds, where we have localized ASAP1 previously
(Mazelova et al, 2009a), as well as on RTCs that traverse
the mitochondria-rich ellipsoid region en route to cilia
(Figure 2H; Supplementary Figure S2H). Rhodopsin and
Rabll colocalized in the same region (Figure 2I; Supple-
mentary Figure S2I). ASAP1 colocalized with Arf4 predomi-
nantly in the Golgi area (Figure 2J; Supplementary Figure
S2J), and with Rabll at the TGN and on RTCs (Figure 2K;
Supplementary Figure S2K), consistent with our published
report. To ascertain that the observed rhodopsin-Arf4 inter-
action sites were associated with the Golgi, following PLA
we co-stained retinal sections with antibody to Rab6, which
specifically detects the trans-Golgi cisternae (Mazelova
et al, 2009a; Supplementary Figure S2D and E). Rhodopsin
and Arf4 colocalized (arrows in Figure 2L and M;
Supplementary Figure S2L and M) along the trans-Golgi
cisternae stained with Rab6 (green). A fraction of the
rhodopsin-Arf4-positive dots (red, arrows, Figure 2M;
Supplementary Figure S2M) was observed at the tips of the
trans-Golgi cisternae.

To quantify the number of specific interaction sites, we
performed the count of red fluorescent signals within the
ellipsoid and myoid regions of individual photoreceptors,
as outlined in Figure 2N. We assigned the signals in
the myoid region to the Golgi/TGN and in the ellipsoid
region to RTCs because their localization within the RIS
is well established. The number of interaction sites in a
representative experiment was expressed as a per cent of
total interaction sites within the RIS and is shown in
Figure 20. The per cent of rhodopsin-Arf4 interaction
sites on RTC was negligible and significantly different from
that for rhodopsin-ASAP1 (P=9.69E ~°), rhodopsin-Rab1l
(P=2.36E~'%) and Rabll-ASAP1 (P=1.45E~'2, n=62
for all pairs). Likewise, the per cent of ASAP1-Arf4 inter-
action sites on RTCs was low and significantly different
from the RTC interaction sites for rhodopsin-ASAP1
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(P=2.27E %), rhodopsin-Rab1ll (P=2.26E %) and Rabll-
ASAP1 (P=2.29E 8, n =62 for all pairs). These data indicate
that interactions of rhodopsin and ASAP1 with Arf4 happen
nearly exclusively at the Golgi/TGN, whereas rhodopsin-
ASAP1-Rabll interactions encompass the TGN-derived nascent
buds and the RTCs, as schematically summarized in Figure 2P.

Rhodopsin forms a complex with Arf4 and ASAP1,
which recognize its VxPx and FR ciliary targeting motifs,
respectively

Given that Arf4 directly binds to the VxPx motif of rhodopsin
(Deretic et al, 2005), we asked whether the binding of ASAP1
to rhodopsin is also direct. For these experiments, we used
recombinant 6His-ASAP1 BAR-PZA (Nie et al, 2006; Jian
et al, 2009) (BAR-PZA hereafter), which contains the BAR,
PH, Arf GAP and ankyrin repeat domains of ASAP1
(Figure 3A). We chose BAR-PZA because it fulfills functions
as a GAP for Arf4 that stimulates RTC budding in vitro
(Mazelova et al, 2009a). To examine the role of the BAR
domain in rhodopsin interactions, BAR-PZA was first
compared to the recombinant 6His-PZA, lacking the BAR
domain (Supplementary Figure S3A and B). Using GHis pull-
down assays, we tested thodopsin-BAR-PZA or -PZA inter-
actions in native Golgi/TGN membranes and RTCs mixed
with cytosol (Supplementary Figure S3C). In both prepara-
tions, BAR-PZA pulled down rhodopsin significantly better
than PZA (P<0.05, n=3), indicating that the BAR domain is
important for rhodopsin-ASAP1 interactions.

Next, we performed 6His pull-downs of purified bovine
rhodopsin with or without recombinant Arf4 pre-loaded with
GppNHp, using BAR-PZA or the full-length ASAP1. BAR-PZA
pulled down purified rhodopsin directly, significantly better
than the 6His control (P<0.005, n=3) (Figure 3B). Arf4-
GppNHp significantly stimulated direct rhodopsin-BAR-PZA
binding (P<0.0002, n=3) resulting in a four-fold increase in
rhodopsin bound to Ni-NTA beads (Figure 3B). Arf4-GppNHp
also considerably enhanced binding of purified rhodopsin to
full-length ASAP1, although this association appeared less
efficient than binding to BAR-PZA (Figure 3B).

To examine if the VxPx motif also participates in binding of
ASAP1 to rhodopsin, we tested if the monoclonal antibody
11D5, which binds the VxPx motif (Deretic et al, 2005) could
inhibit the direct binding of recombinant ASAP1, or BAR-
PZA, to purified bovine rhodopsin. In 6His pull-down
experiments, mAb 11D5 surprisingly improved BAR-PZA
pull down of purified bovine rhodopsin in the absence of
Arf4 (Supplementary Figure S3D, compare to Figure 3B),
indicating that the bound antibody had likely constrained
the 3D structure such that BAR-PZA could more readily bind
rhodopsin at a separate binding site. In the presence of Arf4,
mAb 11D5 significantly inhibited interaction of BAR-PZA,
both with rhodopsin (P<0.005) and with Arf4, preventing
the formation of the rhodopsin-Arf4-ASAP1 tripartite com-
plex (P<0.005, n=3) (Supplementary Figure S3D). MADb
11D5 had no effect on the direct binding of Arf4 to ASAP1
in the absence of rhodopsin (Supplementary Figure S3E).

To determine the exact binding site of ASAP1 on rhodopsin,
we surveyed the cytoplasmic surface of the crystal structure
of rhodopsin (Palczewski et al, 2000). The C-terminal ciliary
targeting VxPx motif lies in close proximity to the cytoplasmic
o helix H-8, which contains another conserved ciliary targeting
signal, known as the FR motif (Corbit et al, 2005; Figure 3C).
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Figure 3 ASAP1 recognizes the FR ciliary targeting motif of rhodopsin. (A) Schematic of ASAP1 with BAR-PZA (AA 1-724) indicated.
(B) Recombinant 6His-ASAP1 (full-length), 6His-BAR-PZA or 6His control was incubated with purified bovine rhodopsin, with or without
recombinant human Arf4 bound to GppNHp (5 pug of each protein). Rhodopsin and Arf4 bound to Ni-NTA agarose beads were detected by
immunoblotting. The 6His-fusion proteins were detected with anti-6His antibody (arrowheads, rhodopsin trimers and tetramers are also
visible). Rhodopsin monomer and Arf4 were quantified, the data were analysed using Student’s t-test (n=3) and presented as the
means = s.e.m. (***P<0.0005; **P<0.005). (C) Schematic of bovine rhodopsin with protein backbone shown with a transparent surface,
chromophore in purple, palmitic acid residues in green and oligosaccharides in blue (after Palczewski et al, 2000). The cytoplasmic C-terminal
VxPx motif, which is the Arf4 binding site and also the antigenic site of mAb 11D5, is circled. The FR motif is within o helix H-8 (AA 310-321).
(D) Rhodopsin peptides were expressed as GST-fusion proteins, as indicated, and incubated with 6His-ASAP1. Bound ASAP1 was detected with
anti-ASAP1, whereas GST-fusion proteins were detected with anti-GST. GST-Rh Ct containing the VxPx motif is also detected by mAb 11D5.
Bound ASAP1 was quantified exactly as in (B) (*P=0.01; NS, P> 0.05). Figure source data can be found with the Supplementary data.

We therefore sought to determine if the FR motif of rhodopsin
binds ASAP1. We compared the binding of ASAP1 to a GST-
fusion protein containing the peptide corresponding to rho-
dopsin H-8 (AA 310-321) WT, or the rhodopsin H-8 FR-AA
mutant. As shown in Figure 3D, ASAP1 bound rhodopsin H-8
WT and the FR-AA mutation abolished this interaction. We
also tested ASAP1 binding to the GST-fusion protein contain-
ing rhodopsin C-terminal peptide (AA 327-354, RhCt) that
was previously shown to bind Arf4 (Deretic et al, 2005) and
the truncated fusion protein lacking the VxPx motif (AA 327-
349, RhCt AVxPx) that does not bind Arf4. ASAP1 did not
significantly discriminate between the two C-terminal fusion
proteins, demonstrating that the VxPx motif is dispensable
for rhodopsin-ASAP1 association (Figure 3D). This suggests
that the cytoplasmic o helix H-8 and likely the membrane-
proximal part of the C-terminal domain constitute at least a
part of the ASAP1 binding site on rhodopsin.

Rhodopsin FR-AA mutant defective in ASAP1 binding
fails to translocate across the periciliary diffusion barrier
and to engage Rab8

To test if the recognition of the FR signal by ASAP1 consti-
tutes an obligatory step in ciliary targeting of rhodopsin,
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we generated the [FR-AA]Rh-GFP-VxPx mutant and examined
its localization in IMCD3 cells. Rh-GFP-VxPx (green), which
served as a control, localized in the ciliary membrane,
including the cilia tips (Figure 4A-C, F and H, arrows in
insets), as before. By contrast, the ciliary localization of the
mutant [FR-AA]JRh-GFP-VxPx was completely abolished
(Figure 4D, E, G and I and insets). Of the cells examined
(n=42) 100% localized Rh-GFP-VxPx to the cilium, com-
pared to 0% (n=42) of the cells expressing the FR-AA
mutant. Analysis of pixel colocalization expressed by the
Pearson’s coefficient showed a negative correlation for [FR-
AA]Rh-GFP-VxPx-acetylated tubulin, which was significantly
different from that found for Rh-GFP-VxPx-acetylated tubulin
(P=4.46E *°) (Figure 4J). Furthermore, as depicted in
Figure 4D, E and G, the area encircling the base of the cilium
was remarkably devoid of the FR-AA mutant (arrows in
insets). The rhodopsin-exclusion area around the cilium
was 1.1 £0.1um (n=28), which is comparable to the size of
the periciliary diffusion barrier of 1.2-1.8 um (Vieira et al,
20006). [FR-AA]Rh-GFP-VxPx frequently accumulated at sites
near the exclusion zone (Figure 4G and I, arrowheads
in insets) that adjoined the cilium devoid of rhodopsin
(Figure 4G and I, arrows in insets). Interestingly, this location
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Figure 4 Rhodopsin FR-AA mutant is deficient in ASAP1 binding and fails to translocate across the periciliary diffusion barrier. (A-C) IMCD3
cells transiently expressing Rh-GFP-VxPx were fixed, stained with antibody to acetylated tubulin and analysed by confocal microscopy.
Confocal 0.9 um sections are presented. Rh-GFP-VxPx (Rh, green) and acetylated tubulin (red) colocalize within the ciliary axoneme (yellow).
Boxed areas are enlarged and shown in insets in separate channels and in merged images. Arrows in green panels point to Rh-GFP-VxPx in the
ciliary axoneme. (D, E) IMCD3 cells transiently expressing mutant [FR-AA]JRh-GFP-VxPx ([FR-AA]Rh) were processed, as above. [FR-AA]Rh
(green) is absent from the cilia. Boxed areas are shown in insets as in (A-C). Arrows in green panels indicate periciliary areas devoid of [FR-
AA]JRh. (F, H) Two consecutive confocal sections of a cell expressing Rh-GFP-VxPx. Arrows in insets indicate colocalization of Rh with
acetylated tubulin in the axoneme (F), and the cilia tips (H). (G, I) Confocal sections of two cells expressing [FR-AA]Rh-GFP-VxPx. (G) En face
view of the primary cilium shows [FR-AA]Rh (green, arrowheads in insets) in a structure near the cilium (red, arrows in insets). The cilium is
devoid of mutant rhodopsin and appears as a black hole, similar to that shown in (E). (I) [FR-AA]JRh (green) accumulates in the proximity of
the ciliary base (arrowhead), but is excluded from the cilium (arrow). (J) Ciliary localization of Rh and [FR-AA]Rh was determined in five
separate experiments (n=5, 5-16 cells in each experiment, a total of 42 cells for each condition). Rh-GFP-acetylated-tubulin pixel
colocalization was expressed by the Pearson’s coefficient. The data were analysed using Student’s ¢ test (n=5) and presented as the
means * s.e.m. (***P=4.46E %) (K) Rh-GFP-VxPx-ASAP1 interaction sites (red dots) were detected by PLA. (L) [FR-AA]Rh-GFP-VxPx-
ASAPI1 interaction sites were examined by PLA. No red fluorescence was detected. Bar =5 um in (A-I), (K), (L) and insets in (A-E), (K) and
(L); 2 pum in insets in (F-I).

resembled the sites of outgrowth of the protrusions caused by binding of Rh-GFP-VxPx, or the FR-AA mutant to ASAP1. As
the absence of ASAP1 (see Figure 1D). To further examine the shown in Figure 4K, ASAP1-Rh-GFP-VxPx interaction sites
direct interaction of rhodopsin with ASAP1, we compared the visualized by PLA (red dots) were readily detectable through-
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Figure 5 Rhodopsin FR-AA mutant is excluded from the Rab8-positive periciliary structures. (A) Two consecutive confocal sections of IMCD3
cells expressing Rab8-GFP (green), which is localized to the periciliary foci (arrows) and also colocalizes with acetylated tubulin (red) in the
ciliary axoneme (yellow in merged images). (B) Rh (green) colocalizes with acetylated tubulin (red) and Rab8 (blue) at the ciliary axoneme
(arrow). (C) [FR-AA]Rh (green) localizes to a tubulo-vesicular structure that extends between the Rab8-positive structure (blue) and the cilium
(Ac tub, red). Arrows in merged images indicate their discrete localization. (D) [FR-AA]Rh surrounds the Rab8-positive structure (yellow
arrowhead) at the base of the cilium. (E) Doughnut-shaped [FR-AA]Rh-positive membranes envelop the Rab8-positive foci (yellow arrow-
heads) in the proximity of the cilium. (F) Six consecutive confocal 0.5 pm sections of a cell expressing Rh-GFP-VxPx are shown. Rh-GFP-VxPx-
Rab8 interaction sites detected by PLA (red dots) distributed throughout the cell (arrows). (G) [FR-AA]Rh-GFP-VxPx-Rab8 interaction sites
were examined by PLA. No red fluorescence was detected. [FR-AA]Rh-GFP-VxPx accumulated below the cilium (arrowheads). Panels 3-6 are
four consecutive confocal 0.5 pm sections. Two single sections between panels 1 and 3 were omitted to better illustrate the site of accumulation

of the [FR-AA]JRh mutant. Bar=5um in (A), (F), (G) and insets in (A); 2 um in (B-E).

out the cell and in the immediate vicinity of the cilium (arrow
in inset). Colocalization was examined in three separate ex-
periments. In a representative experiment, the average number
of ASAP1-Rh-GFP-VxPx interaction sites per cell was 3.5+ 0.3
(n=15). By clear contrast, cells expressing [FR-AA]Rh-GFP-
VxPx showed no red fluorescent signal (Figure 4L) and the
number of interaction sites was 0 (n = 15), confirming that this
mutant is indeed defective in ASAP1 binding.

Because Rab8 regulates rhodopsin trafficking (Deretic et al,
1995; Moritz et al, 2001), and Rab8-GFP localizes to cilia and
a focal site below the cilium (Figure SA, arrows in insets, see
also Westlake et al, 2011), we considered the possibility that
Rab8-postive foci are the site of accumulation of [FR-AA]Rh-
GFP-VxPx. In the cilia of control cells, Rh-GFP-VxXPx
(Figure 5B, green) colocalized with acetylated tubulin (red)
and Rab8 (blue, arrow in merged image). By contrast, the
FR-AA mutant colocalized neither with acetylated tubulin
nor with Rab8 (Figure 5C-E). Tubulo-vesicular structures

©2012 European Molecular Biology Organization

containing [FR-AA]JRh-GFP-VxPx appeared to be extend-
ing between the cilia and the Rab8-positive (blue) foci
(Figure 5C, arrows in merged image), encircling the Rab8-
positive foci in the proximity of the cilia (Figure 5D, yellow
arrowheads), or surrounding them in doughnut-shaped
structures (Figure SE, yellow arrowheads). We further tested
rhodopsin-Rab8 interactions by serial confocal sections of
IMCD3 cells analysed by PLA. Similarly to ASAP1, Rab8
bound Rh-GFP-VxPx throughout the cell (Figure SF, arrows),
but did not interact with [FR-AA]Rh-GFP-VxPx, which accu-
mulated below the cilium (Figure 5G, arrowheads). In a
representative experiment (one of three), the average number
of Rab8-Rh-GFP-VxPx interaction sites per cell was 2.8 £0.2
(n=15), whereas the number of interaction sites with the
FR-AA mutant was 0 (n=15). Collectively, these data indi-
cate that the mutant rhodopsin defective in ASAP1 binding
fails to engage Rab8 and translocate across the periciliary
diffusion barrier for delivery to the primary cilium.
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Figure 6 ASAPI acts as a scaffold for the Rablla-Rabin8-Rab8 complex. (A) Anti-Rabin8, or the control IgG bound to protein-A beads was
incubated with frog retina PNS and GTPyS, or GDPBS. Immunoprecipitates were analysed by immunoblotting, as indicated. Arrow points to
the precipitate containing ASAP1, Rabin8 and Rab8®PP. (B) Specific antibodies bound to protein-A beads were incubated with IMCD3 lysate,
and precipitated proteins were detected on a single blot. The blot was sequentially probed with a polyclonal anti-Rabl1l, followed by a
monoclonal anti-Rab8. Arrow points to the precipitate containing Rabin8, Rab8“"" and ASAP1. (C) Myc-Rabin8 bound to anti-Myc beads was
incubated with Rab11aWT, Q70L or N124I mutant, with or without recombinant ASAP1. Bound proteins were detected by immunoblotting, as
indicated. (D) A confocal optical section of the frog retina (0.9 um). ASAP1 (blue) and Rabin8 (red) localize to the punctate structures
associated with the trans-Golgi, revealed by Rab6 (green). Boxed area is magnified in (E). Cilium is indicated with an asterisk. (E) Magnified
Golgi area from (D) is shown in separate channels to better visualize colocalization of Rabin8 and ASAP1 in nascent buds (arrows). (F) Rabin8
(red) colocalizes with Rab1l (green, yellow in merged image) on RTCs (arrows), traversing the mitochondria-rich ellipsoid area on the way to
cilia. (G-M) Specific protein-protein interaction sites (red dots) were detected by PLA, as indicated in individual panels. Retinal sections were
visualized by DIC. Nuclei were stained with TO-PRO-3 (blue). Specific protein-protein interaction sites are shown as follows: (G, H) Rab8-
ASAPI, (I) ASAP1-Rabin8, (J) Rab8-Rabin8, (K) Rabl1-Rabin8, (L) Rhodopsin-Rabin8 and (M) Rhodopsin-Rab8. Bar =5 um in (F-M); 2 pm
in (D) and (E). (N) Red fluorescent signals were quantified as in Figure 2. The data from a representative experiment (one of three) were
expressed and presented as in Figure 2 (n=62). (0O) Molecular interactions and the sequence of events likely taking place en route to cilia, as
determined by our study.
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Concomitant with RTC budding, ASAP1 acts as a in the formation of the ciliary targeting complex with ASAPI.

scaffold for the Rab11a-Rabin8-Rab8 ciliary targeting
complex

Because Rab8 has been identified as a component of the
ciliogenesis cascade, along with Rabll (Bryant et al, 2010;
Knodler et al, 2010; Westlake et al, 2011), we asked if ASAP1
is linked to the Rablla-Rabin8-Rab8 ciliogenesis cascade.
We first wanted to determine if Rablla or Rab11b participates
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We predicted the involvement of Rablla, since polyclonal
anti-Rablla (Lapierre et al, 2003) specifically recognized
the endogenous photoreceptor protein (L Lapierre and
J Goldenring, personal communication). We performed GST
pull-down assays using purified proteins and reconstituted
binding to bovine rhodopsin of recombinant human Arf4,
Arf5 or Arf6, BAR-PZA, and GST-Rablla or Rabllb, in the

©2012 European Molecular Biology Organization



presence of GppNHp. Rablla bound rhodopsin directly,
nevertheless Arf4 and BAR-PZA further enhanced their
binding (Supplementary Figure S3F).

Next, we analysed the distribution of the Rab8 GEF Rabin8
in photoreceptor cells, by subcellular fractionation and con-
focal microscopy. Using the Rabin8 antibody (Hattula et al,
2002) that recognized the photoreceptor protein of ~50kDa
(Supplementary Figure S4B), we determined that Rabin8 is
present on the photoreceptor Golgi/TGN and RTCs, as well as
in the cytosol (Supplementary Figure S2A). We performed
immunoprecipitation experiments from retina PNS supple-
mented with GTPyS or GDPfS (Figure 6A) using anti-Rabin8
antibody. We expected to observe the interaction of Rabin8
with Rab11¢™ and Rab8®P’, but found that Rabll was not
detected in the precipitates, likely due to antibody disrup-
tion of the Rab11°T’-Rabin8 complex. Notably, anti-Rabin8
co-precipitated Rab8“PF along with ASAP1 (Figure 6A, arrow).
Anti-Rabin8 also specifically precipitated ASAP1 from the
RTCs (Supplementary Figure S4A, arrow), better than from
the Golgi/TGN membranes. To confirm the direct interaction
of Rab11a®™ and Rabin8, we performed Myc-Rabin8 pull-
down experiments with recombinant Rablla and ASAP1
(Figure 6C). Myc-Rabin8 pulled down Rablla WT and the
‘active’ Rablla Q70L mutant, but not the ‘inactive’ Rablla
N1241 mutant (Figure 6C). When the full-length ASAP1 was
also added, it was pulled down by Myc-Rabin8 regardless of
the presence of WT or mutant Rablla (Figure 6C). The
Rablla N124I mutant bound neither Rabin8 nor ASAPI.
Importantly, the specificity of Myc-Rabin8 for the active
form of Rablla remained in the context of bound ASAPI,
suggesting that Rablla and ASAP1 separately bind Rabin8.
We also examined the cell specificity of the Rabin8-ASAP1
interactions. Anti-Rabin8 precipitated ASAP1 along with
Rab8 from IMCD3 cell lysates in the presence of GDPfS
(Figure 6B, arrow), indicating that Rabin8-Rab8“P" associate
with ASAP1 in other ciliated cells as well.

By confocal analysis of retinal sections that were not
permeabilized before fixation, Rabin8 showed both cytosolic
and membrane localization. Membrane-bound Rabin8 loca-
lized predominantly to ASAP1- and Rabll-positive nascent
buds at the TGN and colocalized with Rabll and Rab8
on RTCs (Figure 6D-F; Supplementary Figure S4C-I).
Particularly striking colocalization of Rabin8 and Rab1l was
observed on RTCs traversing the ellipsoid region (Figure 6F).
Again, we examined protein-protein interactions by PLA, to
confirm these findings. We determined the localization of the
interaction sites of four different protein pairs detected in IP
complexes (Figure 6G-K) and examined the interactions of
Rab8 and Rabin8 with rhodopsin (Figure 6L and M). Notably,
Rab8 and ASAP1 colocalized on RTCs and the TGN-derived
nascent buds (Figure 6G and H, arrows indicate RTCs), as did
ASAP1 and Rabin8 (Figure 6I), Rab8 and Rabin8 (Figure 6J),
and Rabll and Rabin8 (Figure 6K). Rhodopsin also coloca-
lized with Rabin8 (Figure 6L) and with Rab8 (Figure 6M), in
the same structures. We performed the count of fluorescent
signals, as in Figure 2, to determine the number of interaction
sites associated with the Golgi/TGN or RTCs. Quantification
of the interaction sites in a representative experiment was
expressed as a per cent of total within the RIS and is shown
in Figure 6N. As these data were collected in a series of
overlapping experiments with those presented in Figure 20,
we also performed the combined analysis, as shown
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in Supplementary Figure S4J. The per cent of Rab11-ASAP1
interaction sites on the Golgi/TGN was significantly higher
than that for Rab8-ASAP1 (P=0.01; Supplementary Figure
S4J). Likewise, the per cent of rhodopsin—~ASAP1 interaction
sites on the Golgi/TGN was significantly higher than that for
rhodopsin-Rab8 (P=0.01, n=62) (Supplementary Figure
S4J). The distribution of interaction sites within the RIS
(Supplementary Figure S4K) suggested that ASAP1-Rabll
complex is upstream of ASAP1-Rabin8-Rab8 complex.
Furthermore, the number of interaction sites for Rabll-
ASAP1 and Rab8-ASAP1 on the TGN showed significant
differences (2.39 £0.18 versus 1.56+0.14, P=0.0004), but
on RTCs it was nearly equal (0.94 +0.08 versus 0.95 +0.09,
P=0.9, n=62), suggesting that the Rab8-containing
nascent buds are likely the immediate precursors of
RTCs. Interestingly, the number of rhodopsin-ASAP1 and
rhodopsin-Rab8 interaction sites was comparable between
the photoreceptors and IMCD3 cells, but they were grouped
along the trans-Golgi in photoreceptor cells and dispersed
throughout the IMCD3 cells. Collectively, our data indicate
that the advancement of rhodopsin from the Golgi/TGN into
post-TGN carriers proceeds in several stages and that the
assembly of the ASAP1-Rablla-Rabin8-Rab8 complex at the
TGN is a crucial step in directing rhodopsin to the ciliary
membrane. These findings also help explain why the rho-
dopsin FR-AA mutant defective in ASAP1 binding fails to
interact with Rab8 and reach the primary cilium. Figure 60
outlines the sequence of events associated with the move-
ment of rhodopsin to the primary cilia of photoreceptor cells,
consistent with the results of our study. Although the ciliary
pathway in photoreceptors is topographically more stream-
lined than in kidney epithelial cells, our data indicate that the
molecular machineries and mechanisms regulating mem-
brane delivery to the cilia are highly conserved.

Discussion

Our study shows that the targeting of ciliary cargo, repre-
sented by rhodopsin, is mediated by sequential interactions
with the regulatory complexes coordinated by Arf4 and the
Arf GAP ASAP1. In these processes, ASAP1 acts as a scaffold
that links the ciliary-targeted post-TGN carriers to the
Rablla-Rabin8-Rab8 complex to ensure their proper delivery
to the cilium. ASAP1 recognizes the FR ciliary targeting motif
of rhodopsin. Consequently, the FR-AA rhodopsin mutant
defective in ASAP1 binding cannot engage Rab8 and fails to
enter the ciliary membrane. Thus, ASAP1 likely is a key
player in the directional movement of a subset of sensory
receptors to the primary cilia.

The molecular interactions underlying the regulation of
membrane targeting by ASAP1 are unclear at present. We
demonstrate that the ciliary cargo sorting at the TGN involves
a synergistic interaction of ASAP1 with Arf4 and rhodopsin.
Arf4 is probably first activated at the trans-Golgi, by the
Arf-GEF GBF1 (Szul et al, 2007). We find that activated
Arf4 bound to rhodopsin’s VxPx ciliary targeting motif
significantly enhances the binding of ASAP1 to the second
ciliary targeting signal, the FR motif, which is present in
rhodopsin and other GPCRs (Corbit et al, 2005). The
rhodopsin FR-AA mutant defective in ASAP1 binding
does not localize to cilia and therefore is comparable
to smoothened Ciliary Localization Deficient (CLDSmo)
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mutant (Corbit et al, 2005). Interestingly, the GPCR Sstr3,
which is the BBSome cargo, contains two neighbouring
ciliary targeting motifs: the FK and the FR (Corbit et al,
2005). The FK motif is apparently not employed in the
ciliary targeting of Sstr3 (Berbari et al, 2008); however, the
function of the FR motif is unknown.

Phylogenic analysis of the structure and the architecture of
membrane-deforming modules indicates that they essentially
belong to three categories: protocoatomer-derived, ESCRT
and BAR domain-associated complexes (Field et al, 2011).
Our data indicate that the targeting of ciliary cargo presented
in the context of Arf4 involves a stepwise assembly of
ASAP1 BAR domain-associated complexes, unlike the ciliary
sorting by the BBSome, which forms a protocoatomer-derived
complex that functions ‘en bloc’, although it lacks the
capacity to deform the membrane (Jin et al, 2010). ASAP1
regulates ciliary targeting through a ternary complex with
Rablla and the Arf/Rabll effector FIP3 (Inoue et al, 2008;
Mazelova et al, 2009a). Since ASAP1 and FIP3 act as
homodimers, they may oligomerize to form a membrane-
deforming protein coat. The differences in putative coats for
ciliary targeting parallel the differences in the COPI and COPII
coat protein complexes involved in bi-directional ER-Golgi
trafficking (Lee et al, 2004). Some functions of ASAP1
resemble those of the Sec23 component of the COPII coat,
which acts as a GAP for the Arf family GTPase Sarl, and
controls the forward direction of vesicle traffic (Lord et al,
2011).

ASAP1 (also known as DDEF1, DEF1, AMAP1 and cen-
taurin B4) is known to assemble a multitude of regulatory
complexes involved in membrane-cytoskeletal interactions
that affect membrane outgrowth, cell shape and motility. Its
expression is highly regulated and the upregulation of ASAP1
has been linked to increased formation of cellular protru-
sions, cell spreading and the development of cancer (Lin
et al, 2008; Sabe et al, 2009; Muller et al, 2010). Prolonged
depletion of ASAP1 in cultured cells causes reduction of
ciliated cell numbers (Kim et al, 2010). However, we found
that the loss of ASAP1 does not directly block ciliogenesis,
because cilia appear normal after short-term depletion.
Rather, ASAP1 regulates ciliary access of specific compo-
nents, so its prolonged depletion may cause the reduction
in particular essential constituents, leading to the loss of
cilia. Surprisingly, we found that the most prominent
feature of the ASAP1-depleted cells is the formation of
actin-rich periciliary membrane protrusions to which ciliary
receptors are mistargeted. As actin dynamics also affect
ciliation (Kim et al, 2010), our data suggest that ASAP1 may
function at the ciliary base by integrating regulatory signals
coordinating membrane traffic and cytoskeletal changes,
possibly by preventing actin polymerization at the base of
the cilia and providing ciliary access to membrane carriers.
These functions are compatible with the structure of ASAP1
that likely evolved through accretion of many functional
domains that cooperatively form a protein complex that
orchestrates trafficking of specific membrane receptors.
The assembly of other individual molecules fulfilling compa-
rable functions may direct similar regulation in homologous
trafficking pathways.

We believe that ASAP1 acts in ciliary traffic both as a
scaffold for protein complex assembly and as a temporal
regulator through GTPase hydrolysis of Arf4. We find that
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ASAP1-Rabl1-Rabin8 complex is already formed at the
Golgi/TGN, comparable to the Golgi association of Sec2p,
the yeast counterpart of Rabin8 that is recruited cooperatively
by phosphatidylinositol 4-phosphate (PI4P), and the Rabll
counterpart Ypt32 (Mizuno-Yamasaki et al, 2010). Our previ-
ous study (Mazelova et al, 2009a) suggested that Rab1l and
ASAP1 were present on nascent post-TGN carriers, but that
ASAP1 was absent from the periciliary RTCs, as inferred from
two populations of Rab11-positive RTCs that differed in their
buoyant density on sucrose gradients. We now believe that
the low-density Rab1l-positive-ASAP1-negative RTCs were a
product of partial dissociation of peripherally associated
membrane proteins such as ASAP1 and FIP3. Our current
analysis by the exquisitely sensitive PLA shows unequi-
vocally that ASAP1 persists both on periciliary RTCs and
at the ciliary base in IMCD3 cells. It is important to note
that although the molecular machineries and mechanisms
regulating membrane delivery to the cilia appear to be
conserved, there are distinct differences in the topography
of the terminally differentiated photoreceptor cells and the
IMCD3 cells used as a model in our studies. Photoreceptor
cells are exquisitely adapted to accommodate an extreme
case of efficient unidirectional ciliary receptor targeting.
By contrast, the regulators of ciliary targeting in IMCD3
cells are not equally dedicated to the trafficking of the hetero-
logously expressed rhodopsin. This is best exemplified by
Rab8, which is mostly localized on RTCs in photoreceptors,
but in IMCD3 cells appears to be associated with a separate
periciliary compartment, possibly a recycling endosome,
which transiently interacts with the ciliary targeted cargo,
perhaps serving as a way station on the road to cilia (Garcia-
Gonzalo and Reiter, 2012).

Our study indicates that ASAP1 serves as an affinity
adaptor for spatially restricted activation of Rab8. The failure
of a sensory receptor to engage the ASAP1-based scaffold
would thus result in the inability of ciliary-targeted carriers to
acquire Rabin8 and Rab8 and deliver cargo to the ciliary
membrane. This is exactly what we observed with the
rhodopsin FR-AA mutant. ASAP1 may control ciliary target-
ing by allowing only the cargo presented in the context of
Arf4 to interact with Rab8 and pass across the periciliary
diffusion barrier. We find that, in addition to ASAP1, rho-
dopsin also binds Rabll and Rab8, similar to other ciliary
sensory receptors (Follit et al, 2010; Ward et al, 2011). Both
Rablla and Rab8a interact with the Sec6/8 complex (Bryant
et al, 2010) that also tethers the Rab1l-positive membranes to
midbodies during cytokinesis (Fielding et al, 2005). The
Sec6/8 complex is localized at the base of the cilium in
photoreceptors (Mazelova et al, 2009b) and in epithelial
cells, consistent with its role as a tethering factor for
ciliary-targeted carriers and an effector for the Rablla-
Rabin8-Rab8 ciliogenesis module responsible for membrane
delivery to primary cilia. We find that once in the ciliary
membrane, rhodopsin moves to ciliary tips, likely through
the wubiquitous IFT machinery (Pazour et al, 2002;
Rosenbaum and Witman, 2002; Bhowmick et al, 2009;
Keady et al, 2011).

Recognition of the targeting signals and the correct delivery
of sensory receptors to the ciliary membrane are processes
that are adversely affected by mutations in rhodopsin that
cause ADRP. Although the precise role of the interaction
of the rhodopsin FR ciliary targeting signal with ASAP1

©2012 European Molecular Biology Organization



in retinal photoreceptors remains to be delineated, the data
presented here implicate ASAP1 as an emerging key player
in ciliary membrane biogenesis and compartmentalization of
signalling receptors. Our studies provide a framework for the
future investigation of molecular interactions that govern the
biogenesis of cilia and cilia-derived sensory organelles and
the involvement of the specific members of this machinery in
ciliopathies and other human diseases.

Materials and methods

Materials

Mammalian expression vector encoding bovine rhodopsin eGFP
was a kind gift of David Williams (UCLA). Purified bovine rhodop-
sin was a gift of Kris Palczewski (Case Western Reserve University).
Primary antibodies used in this study were rabbit polyclonal anti-
Arf4 (Mazelova et al, 2009a); anti-rhodopsin C-terminus mAb 11D5
(Deretic and Papermaster, 1991); monoclonal anti-ASAP1, anti-Rab8
and anti-Rabll (BD Biosciences); rabbit polyclonal anti-ASAP1
(Randazzo et al, 2000), a gift of Paul Randazzo (NCI); rabbit
polyclonal anti-Rab6 and goat polyclonal anti-Rab1l (Santa Cruz
Biotechnology); mouse anti-acetylated tubulin (Sigma), goat anti-
GST (Amersham Biosciences), rabbit anti-6His (Novus Biologicals)
and mouse anti-6His (Qiagen). Rabbit polyclonal anti-Rabin8
(Hattula et al, 2002) and Myc-Rabin8 were gifts of Johan Peranen
(University of Helsinki). Duolink II Rabbit/Mouse Red Kit
(excitation: 598 nm; emission: 634 nm) was from Olink Bioscience.

Preparation of the photoreceptor-enriched PNS and retinal
subcellular fractionation

These experiments were performed according to established proce-
dures that were recently described in detail (Deretic and Mazelova,
2009). Briefly, following pulse-chase labelling of isolated frog retinas,
ROS were removed and retinal pellets were homogenized in 0.25M
sucrose and centrifuged at 1300 g5y, for 4 min to pellet the nuclei and
retinal fragments. The PNS obtained after this centrifugation was
further subfractionated by sedimentation followed by equilibrium
sucrose gradient centrifugation. PNS was centrifuged at 17 500 g, for
10min to obtain a pellet enriched in Golgi/TGN membranes.
Resuspended Golgi/TGN-enriched membranes and the supernatant
containing cytosol and RTCs were overlaid on two linear 20-39% (w/
w) sucrose gradients and centrifuged at 100 000 g5y, for 13 h. Fourteen
fractions were pooled into six pools, diluted and centrifuged at
336000 g,, for 30 min. To obtain purified RTCs, supernatant contain-
ing cytosol and RTCs was loaded on a step sucrose gradient and
centrifuged for 90 min at 100000 g,,. RTCs were recovered from the
20% /2.1 M sucrose interface and either pelleted or further fractio-
nated on sucrose density gradients as described above.
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Transfection of rhodopsin-eGFP WT and AA mutant

Mouse IMCD3 cells were transiently transfected with a pcDNA™3.1
mammalian expression vector encoding bovine rhodopsin followed
by eGFP followed by the repeat of eight C-terminal amino acids
of rhodopsin (Rh-GFP-VxPx), or the rhodopsin FR-AA mutant
([FR-AA]Rh-GFP-VxPx), as described in Supplementary Methods.

Proximity ligation assay (PLA)

Fluorescence assay was performed using Duolink II Rabbit/Mouse
Red Kit (Olink Bioscience #92101) following manufacturer’s proto-
col, with modifications as described (Trifilieff et al, 2011). Frog
retinal sections were prepared as described in Supplementary
Methods and incubated in blocking solution provided by the
manufacturer for 1h at RT. Sections were incubated with two
primary antibodies overnight at 4°C. Two PLA probes were applied
to samples and incubated overnight at 4°C. All washes were
performed using buffers provided by the manufacturer. Ligases in
ligation solution were added to samples and incubated for 1h at
37°C, followed by the Amplification-Polymerase solution for
200 min at 37°C. Some samples were incubated with antibody to
Rab6 conjugated to Alexa Fluor 488 and sections were counter-
stained with the nuclear stain TO-PRO-3. Confocal optical sections
were generated as described in Supplementary Methods.

All other methods are described in Supplementary data.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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