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Summary

Nonmotile cilia on olfactory sensory neurons (OSNs)
compartmentalize signaling molecules, including
odorant receptors and cyclic nucleotide-gated (CNG)
channels, allowing for efficient, spatially confined re-
sponses to sensory stimuli [1-3]. Little is known about
the mechanisms of the ciliary targeting of olfactory
CNG channels, composed of three subunits: CNGA2,
CNGA4, and CNGB1b [4]. Recent reports suggest
that subunit composition of the retinal CNG channel
influences localization, leading to disease [5, 6]. How-
ever, the mechanistic role of subunits in properly
targeting native olfactory CNG channels remains un-
clear. Here, we show that heteromeric assembly with
CNGB1b, containing a critical carboxy-terminal motif
(RVxP), is required for ciliary trafficking of olfactory
CNG channels. Movement of proteins within the cilia
is governed by intraflagellar transport (IFT), a process
that facilitates bidirectional movement of cargo along
microtubules [7, 8]. Work in C. elegans has established
that heterotrimeric and homodimeric kinesin-2 family
members play a critical role in anterograde transport
[9-11]. In mammalian systems, the heterotrimeric
KIF3a/KIF3b/KAP-3 complex plays a clear role in IFT;
however, no role has been established for KIF17, the
mammalian homolog of OSM-3 [12]. Here, we demon-
strate that KIF17 is required for olfactory CNG channel
targeting, providing novel insights into mechanisms
of mammalian ciliary transport.

Results

To investigate the role of subunit composition in ciliary
targeting of olfactory CNG channels, we expressed
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yellow fluorescent protein (YFP)-tagged CNGA2 in
Madin-Darby canine kidney (MDCK) cells. These cells
contain a nonmotile primary cilium extending from their
apical surface and are an established heterologous sys-
tem for the study of mammalian ciliary transport. When
expressed alone, CNGA2-YFP was restricted to the
cytoplasm and failed to colocalize with acetylated tubu-
lin (0/30 cells), which labels stabilized microtubules
including the ciliary axoneme (Figure 1, top). Coexpres-
sion of CNGA2-YFP with CNGA4 did not result in any
detectable ciliary localization (0/20 cells) (Figure 1,
middle) but rather colocalization of the proteins in
the cytoplasm (Figure S1). Surprisingly, coexpression
of CNGA2-YFP with CNGB1b resulted in the targeting
of channel protein to primary cilia where the YFP signal
colocalized with both acetylated tubulin (30/30 cells)
(Figure 1, bottom) and CNGB1b-3xFlag (Figure S1)
in a punctate pattern along the entire length of the
cilia (Figure S2). When expressed alone, both CNGA4
and CNGB1b were confined to the cytoplasm, consis-
tent with reports that these subunits do not efficiently
form tetramers capable of cell-surface expression [13]
(Figure S1).

Amino acid sequence comparison revealed a potential
ciliary targeting motif (RVSP; amino acids 821-824) in
the carboxy-terminus of CNGB1b (Figure 2A). The
RVxP motif has been implicated in the ciliary localiza-
tion of another membrane protein, polycystin-2 [14],
and is absent from both the CNGA2 and CNGA4 sub-
units (Figure 2A). Mutation of positions R821, V822,
and P824 to alanines (AASA mutant) resulted in the
loss of ciliary targeting of CNGA2-YFP (Figures 2B and
2C), although this mutant CNGB1b subunit was still
able to assemble with CNGA2 as determined by coim-
munoprecipitation (Figure S3). In contrast, alanine sub-
stitution at position S823 had no effect on CNGA2 local-
ization to cilia, suggesting a specific requirement for the
RVxP motif (Figure 2D). Indeed, single alanine substitu-
tions of positions R821, V822, or P824 led to a statisti-
cally significant decrease in ciliary targeting (Figure S4).
These data are consistent with previous reports de-
scribing alanine substitutions of a putative flagellar
targeting motif [15]. Notably, insertion of the RVSP motif
26 amino acids from the C terminus of CNGA2 was
not sufficient to confer targeting of CNGA2 to the pri-
mary cilia (Figure 2E). Together, these data show that
heteromeric assembly with CNGB1b is necessary but
not sufficient for targeting of olfactory CNG channels
to cilia.

Having defined the subunit requirements for olfactory
CNG channel targeting to cilia, we next sought to iden-
tify the motors responsible for transporting this cargo.
Consistent with microtubule-based transport, destabili-
zation of microtubule organization by demecolcine
treatment resulted in a loss of cilia and accumulation
of CNG channels at the basal body in MDCK cells (Fig-
ure S5). To test whether the main IFT anterograde motor
kinesin-ll plays a role in targeting of CNG channels,


mailto:martensj@umich.edu

Current Biology
1212

Acetylated Tubulin

CNGA2-YFP + Ad4 CNGA2-YFP

CNGAZ2-YFP + B1b

we transfected MDCK cells with a dominant-negative ki-
nesin-ll construct (KIF3aDN) that lacks the motor do-
main [16]. As predicted, expression of KIF3aDN resulted
in a complete loss of cilia, consistent with its role in cil-
iary assembly and maintenance (Figure S5) [17, 18]. An-
other kinesin family member, KIFC3, has been impli-
cated in transport of cargo to the minus end of the
microtubules at the apical surface of MDCK cells [19].
Interestingly, expression of a dominant-negative KIFC3
construct did not affect targeting of CNG channels to
the cilia (Figure S5). Together, these results demonstrate
that although the primary machinery for anterograde
IFT previously characterized in invertebrates also partic-
ipates in mammalian ciliary transport, the trafficking
of CNG channels to cilia may occur through a novel
mechanism.

A second kinesin-2 enzyme, the homodimeric OSM-3
kinesin, has been shown to transport IFT cargoes to-
gether with the heterotrimeric kinesin-2 (KLP20/KLP11/
KAP-1) complex in C. elegans [8]. A role for the mamma-
lian homolog of OSM-3, KIF17, in IFT has not been deter-
mined. Rather, KIF17 was proposed to have a brain-
specific function in dendritic transport [12]. We show
that KIF17 is endogenously expressed in MDCK cell cilia
(Figure 3A) as well as in the ciliary layer of the olfactory
epithelium (Figure 3B), with a staining pattern indistin-
guishable from the ciliary-enriched type-Ill adenylyl cy-
clase (AC-Ill) [20] (Figure S6). Furthermore, KIF17 was
coimmunoprecipitated with CNGA2 antibodies, demon-
strating that endogenous CNG channels and KIF17 are
part of a complex in native rat olfactory epithelium
(Figures 3F and 3G). To test whether KIF17 plays a role
in ciliary transport of CNG channels, MDCK cells were
transfected with a dominant-negative KIF17 construct

Figure 1. Ciliary Enrichment of CNGA2 Re-
quires CNGB1b but Not CNGA4

Representative images of MDCK cells trans-
fected with CNGA2-YFP alone (top),
CNGA2-YFP + CNGA4-3xFlag (middle), or
CNGA2-YFP + CNGB1b-3xFlag (bottom).
YFP fluorescence is shown at left (green),
and immunostaining for acetylated tubulin is
shown at center (red). Merged (right) signals
from YFP and acetylated tubulin; yellow indi-
cates colocalization. Bar represents 10 um.

(KIF17DN). Expression of KIF17DN inhibited ciliary trans-
port of CNG channels (CNGA2-YFP + CNGB1b) as no
YFP fluorescence signal was detected in the cilia (Fig-
ure 3C) in any of the cells examined (0/11) (Figure 3D).
Mislocalization was specific for ciliary proteins as local-
ization of apical and basolateral proteins were unaf-
fected (Figure S7). In addition, expression of full-length
KIF17 did not alter CNG channel targeting to cilia (data
not shown). Interestingly, unlike KIF3aDN, expression
of KIF17DN did not change the average length of primary
cilia (p = 0.7564, one-way ANOVA), indicating that these
two motors may be functionally specialized in mamma-
lian cilia (Figure 3E).

A major technical obstacle to the real-time study of
protein movement in living cilia has been the successful
expression of fluorescent-tagged proteins in vertebrate
cilia. The ciliary targeting of the YFP-CNGA2/CNGB1b
complex provided a model to monitor movement of
membrane proteins in MDCK cell primary cilia and per-
mitted the first measurements of CNG channel mobility.
We used fluorescence recovery after photobleaching
(FRAP) to measure CNG channel dynamics in the ciliary
compartment. For these experiments, CNGA2 channels
were tagged with citrine, a photostable variant of YFP
[21]. A 3-5 square micron region in the middle of cilia ly-
ing horizontal in a single confocal z plane was bleached
(Figure 4A). Fluorescence within the bleached region
was normalized to account for both prebleach intensity
and photobleaching of the sample during recovery. Sin-
gle exponential fit of the averaged data revealed that
nearly 75% of the fluorescent signal recovers with a
time constant of approximately 600 s. (Figure 4B). The
fact that 25% of the channel isimmobile or of limited mo-
bility would have been predicted based on its role as



Mechanisms of CNG Channel Ciliary Targeting
1213

664
575
846
846
B46
668

645 TVLERVSEHTKMI

Fluorescence (a.u.)
@
g

/\/\//_\
2 SZ,(»\H_._,;/!

Figure 2. A Carboxyl-Terminal Motif in
CNGB1b Is Necessary but Not Sufficient for
Ciliary Trafficking of CNG Channels

(A) Sequence alignment of final 30 carboxyl-
terminal amino acids of wild-type CNGA2,
CNGA4, CNGB1b, and mutant constructs.
Alignment of the RVxP motif in CNG channel
constructs is outlined in the red box. Amino
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a transmembrane signaling protein [22]. Recovery of
fluorescent channel signal in the cell body was nearly
four times more rapid (Figure S8), illustrating the differ-
ences in ciliary and cellular trafficking. Fluorescence
recovery in the cilia occurred from both sides of the
bleached region (Figure S8). As a chemosensory-signal-
ing protein, the vast majority of ciliary CNG channel is
likely localized within the plasma membrane. Technical
limitations hinder the ability to resolve the combination
of lateral diffusion within the plasma membrane and re-
covery because of IFT. The recovery time course in our
experiments, therefore, most likely reflects membrane
diffusion of a large population of channels that masks
the minority of CNG protein undergoing IFT. This is sup-
ported by the fact that CNG channel recovery in cilia oc-
curred slower than predicted for IFT (rates of 1-2 pm/s).
Of note, a similar time constant of recovery on the order
of hundreds of seconds was recently reported for the
lipid raft-associated Kv2.1 channel [23]. As CNGA2 tar-
gets to lipid raft microdomains [24], perhaps raft associ-
ation confines the channel to a restricted diffusional
microdomain.
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(B) Plot of normalized fractional cilia length
versus average fluorescence intensity in arbi-
trary units (a.u.) for both channel signal (blue)
and acetylated tubulin (orange) in cells ex-
pressing CNGA2-citrine and CNGB1b-
AASA-3xFlag (n = 3). Dotted line marks the
beginning of cilia as determined by concen-
trated acetylated tubulin signal. Values are
mean + SEM.

(C) Representative image of MDCK cell trans-
fected with CNGA2-citrine (green, left) and +
CNGB1b-AASA-3 xFlag mutant and immuno-
stained with antiacetylated tubulin (red, cen-
ter) shown with merged image (right). Scale
bar represents 10 um.

(D) Representative image of MDCK cell
transfected with CNGA2-citrine (green) and
CNGB1b-RVAP-3xFlag. Acetylated tubulin
shown in (red). Merged image shown on right
with yellow indicating colocalization. Scale
bar represents 10 um.

(E) Representative image of MDCK cell trans-
fected with CNGA2-RVSP-citrine. Acetylated
tubulin shown in (red). Scale bar represents
10 pm.
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Discussion

Our studies demonstrate that heteromeric assembly
with CNGB1b is needed for localization of olfactory
CNG channels to ciliain MDCK cells. An RVxP motif con-
served across species (including human) is necessary,
but not sufficient, for ciliary targeting; however, its posi-
tion within the CNGB1b sequence can vary. These
results demonstrate a mechanistic role of CNGB1b
subunits in proper ciliary targeting of olfactory CNG
channels and suggest a delegation of functional respon-
sibilities among subunits.

Our results constitute the first demonstration of a role
for KIF17 in mammalian ciliary transport. This kinesin-2
motor is not brain specific [12] but rather is present in
both MDCK cell cilia and OSNs. In vertebrate sensory
cilia, the Kif3a complex and KIF17 likely have partially
redundant yet functionally distinct roles in IFT because
the KIF3aDN resulted in a complete loss of cilia, whereas
the KIF17DN did not change average cilia length. This
work provides strong support for the idea that OSM-3/
KIF17 is an “accessory” IFT motor whose cilia-specific
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Figure 3. KIF17 Is Endogenously Expressed
in Both MDCK Cells and OSNs and Mediates
Ciliary Enrichment of the CNG Channel

(A) Untransfected MDCK cells stained with
rabbit polyclonal anti-KIF17 (green) and
mouse monoclonal anti-acetylated tubulin
(red). Overlay shows merged images together
with nuclear staining by using DAPI (blue);
yellow indicates colocalization. Bar repre-
sents 10 um.

(B) Mouse olfactory epithelium stained with
rabbit polyclonal anti-KIF17 antibodies (red).
Olfactory epithelium (OE), nasal cavity (NC).
Bar represents 50 pum.

(C) Representative image of MDCK cell trans-
fected with CNGA2-citrine, CNGB1b-3 xFlag,
and myc-KIF17DN (801-1028). Arrowhead
marks base of cilium. Signal shown from
CNGAZ2-citrine fluorescence (left, green),
acetylated tubulin immunostaining (center,
red), and merge (right). Bar represents 10 um.
(D) Plot of normalized fractional cilia length
versus average fluorescence intensity in arbi-
trary units (a.u.) for both channel signal (blue)
and acetylated tubulin (orange) from MDCK
cells expressing CNGA2-citrine, CNGB1b-
3xFlag, and myc-KIF17DN (n = 11). Dotted
line marks the beginning of cilia as deter-
mined by concentrated acetylated tubulin
signal. Values are mean + SEM.

(E) Average length of analyzed cilia from
MDCK cells transfected with CNGA2-citrine,
B1b-3xFlag, and either no KIF17 (white, n =
14), KIF17DN (black, n = 10), or KIF17 full-
length (gray, n = 5) constructs. KIF17DN had
no statistically significant effect on cilia
length (p = 0.7564, one-way ANOVA). Values
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functions can cooperate with, yet functionally comple-
ment, the “canonical” Kif3a IFT motor [9-11]. Future ex-
periments are required to determine whether KIF17 is
important for the transport of other ciliary proteins or if
this motor functions primarily on singlet microtubules
at the distal segments. Interestingly, a recent report
shows that a majority of olfactory CNG channels are lo-
calized to the distal segments of frog olfactory cilia [25].
The possibility remains that the Kif3a complex also con-
tributes to ciliary targeting of CNG channels because
expression of the KIF3aDN led to a complete loss of
cilia. In addition, our work also does not exclude the
role of additional uncharacterized motors such as a
mammalian homolog to the recently described KLP-6
in C. elegans [26].

IP: CNGA2
Probe: CNGA2

30=— —
0 ¢ 20 m—
) 20— =
25
IP: CNGA2
Probe: KIF17

cates band for Kif17 with an approximate mo-
lecular weight of 170 kDa.

(G) Lane 2F was stripped and reprobed with
anti-CNGA2 antibodies (1:200). Arrows indi-
cate bands for CNGA2 with the lower, nongly-
cosylated form running at approximately 75
kDa and the upper glycosylated form running
as a smear between 90-150 kDa.
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Detailed Experimental Procedures can be found in Supplemental Data.
Supplemental Data

Supplemental Data include 8 figures and Supplemental Experimen-

tal Procedures and can be found with this article online at http://
www.current-biology.com/cgi/content/full/16/12/1211/DC1/.
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Figure 4. A Significant Fraction of CNG Chan-
nels Is Mobile in the Primary Cilia of MDCK
Cells

(A) Selected images from a confocal FRAP
experiment at 25°C in living MDCK cells trans-
fected with CNGA2-citrine and CNGB1b-
3xFlag showing fluorescence signal from
CNGAZ2-citrine in cilia prebleach, immediately
postbleach (t = 0 s), and after recovery (t =
600 s). Box represents area of photobleach
(dimensions of box). Bar represents 5 um.
(B) Average recovery after photobleach for
CNGA2-citrine signal from the cilia of MDCK
cells. Data shown are mean = SE, n = 5 cells.
The solid line through the data is a single-
exponential fit to the average data. Fit
parameters: mobile fraction = 0.734 = 0.07,
T=628.4s, R?=0.952.
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