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SUMMARY
The Hedgehog (Hh) signaling pathway initiates an evolutionarily conserved developmental program
required for the proper patterning of many tissues. Costal2 (Cos2) is a requisite component of the
Hh pathway, whose mechanistic role is not well understood. Cos2 was initially predicted, based on
its primary sequence, to function as a microtubule-associated (MT) molecular motor. However,
despite being identified over a decade ago, evidence showing that Cos2 function might require
kinesin-like properties has for the most part been lacking. Thus the prevailing dogma in the field is
that Cos2 functions solely as a scaffolding protein during Hh signal transduction. Here, we provide
the first evidence that Cos2 motility is required for its biological function, and that this motility may
be Hh regulated. We show that Cos2 motility requires an active motor domain, ATP and
microtubules. Additionally, Cos2 recruits and transports other components of the Hh signaling
pathway, including the transcription factor Cubitus interruptus (Ci), throughout the cell. Drosophila
expressing cos2 mutations that encode proteins that lack motility are attenuated in their ability to
regulate Ci activity and exhibit phenotypes consistent with attenuated Cos2 function. Combined,
these results demonstrate that Cos2 motility plays an important role in its function, regulating the
amounts and activity of Ci that ultimately interpret the level of Hh to which cells are exposed.
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RESULTS AND DISCUSSION
Cos2 associates with the transcription factor Ci [1,2], the transmembrane protein Smoothened
(Smo) [3–6], and a number of protein kinases [7–10] that regulate the Hh pathway, consistent
with it acting as a scaffolding protein [7,10–12]. We have previously shown, by subcellular
fractionation of Drosophila cell extracts, that the majority of Cos2 migrates with a vesicular
membrane enriched fraction [13]. Conversely, Cos2 enriches in a cytoplasm enriched fraction
when isolated from cells exposed to Hh, indicating that its membrane association is negatively
regulated by Hh. Although Hh appears to regulate the affinity of Cos2 for membrane vesicles
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[13] and microtubules (MTs) [7], the relationship between Cos2 function and its association
with these subcellular structures is largely unknown.

To explore the link between Cos2 binding to both MTs and vesicular membranes, we first
expressed a GFP-(Green Fluorescent Protein)-tagged wild-type (wt) cos2 construct (cos2-
GFP), similar to one capable of rescuing cos2 mutant Drosophila [14], and determined its
subcellular location in live S2 cells (Fig. 1a). S2 cells are a Hh responsive Drosophila cultured
cell line that is able to perform most responses to the Hh signal, but lacks ci expression [15,
16]. Similar to a truncated Cos2-GFP fusion protein previously described [13], full length
Cos2-GFP enriched in various sized puncta throughout the cytoplasm (Fig. 1a). The number
and relative size of these puncta appeared somewhat variable within the population of
transfected cells (for examples see Fig. 1a, 1b, 1d, and Fig. 2a), as did the amount of Cos2 that
localized in a more diffuse manner (Table 1). Hh attenuated the localization of Cos2 to these
distinct puncta, as Cos2-GFP localization appeared relatively more diffuse in S2 cells exposed
to Hh (Fig. 1a’), but had little effect on the levels of Cos2-GFP found in cells (see Fig. S1g).
Similar results were obtained when smo fused to GFP (smo-GFP) was co-expressed with cos2-
RFP (Cos2 tagged with Red Fluorescent Protein) (Fig. 1b’ compared to Fig 1b and Table 1),
as high levels of Smo are known to activate Hh signaling [17]. The number of cells exhibiting
diffuse Cos2-RFP localization, versus the number of cells with Cos2-RFP in puncta, increased
as the amount of smo-GFP transfected was increased. Furthermore, this increase in diffuse
Cos2-RFP localization only occurred in the population of cells co-expressing smo-GFP (data
not shown).

To verify that the localization of Cos2-GFP was similar to that of native Cos2 we examined
the localization of endogenous Cos2 in S2 cells transfected with a hh expression vector or
empty vector control (Fig. 1c and Fig. S1a). Endogenous Cos2 also localized to different sized
punctate structures. Furthermore, this punctate localization of Cos2 is significantly altered in
cells exposed to Hh, exhibiting a more diffuse localization than Cos2 in cells not exposed to
Hh (Fig. 1c’ compared to Fig. 1c, Fig. S1a, and Table 1). These puncta indeed represent
localization of endogenous Cos2, as they are largely absent in S2 cells treated with Cos2-
specific dsRNA (Fig. S1d). Taken together, our observations are consistent with Cos2-GFP
localizing in a manner similar to endogenous Cos2, both in the presence and absence of Hh.

We have previously shown that Cos2 co-migrates with vesicular markers, suggesting that some
fraction of the Cos2 puncta we observe is localized to discrete membrane vesicles [13]. To
begin to identify what types of vesicles Cos2 localizes to, we expressed cos2-GFP and probed
for a series of endogenous vesicular markers (Fig. 1d, Fig. S2 and Table S1). We obtained
significant overlap of Cos2-GFP puncta with the early endosome specific marker Rab5 (∼30%)
(Fig. 1d and Fig. S2a), but also with the recycling endosome marker Rab11 (Fig. S2b), the
early and late endosome marker hepatocyte growth factor regulated tyrosine kinase substrate
(Hrs) (Fig. S2c), and the late endosome marker lysobisphosphatidic acid (LBPA) (Fig. S2d).
Thus, a subset of the Cos2 puncta observed here likely represent endosomal vesicles.

To identify what factors might be regulating Cos2 localization to these puncta, we knocked
down the expression of Smo by RNAi and examined the ability of Cos2 to translocate from a
membrane enriched fraction to a cytoplasm enriched fraction (Fig. S1b). Consistent with Smo
being required for all Hh signaling [18–20], its knockdown attenuated the ability of Cos2 to
translocate from the membrane enriched fraction to a cytoplasm enriched fraction in response
to Hh. Similar results were obtained when the level of the Hh regulated protein kinase Fused
(Fu) was knocked down by RNAi (Figs. S1b, S1c, and Table 1), suggesting that Hh may
regulate Cos2 relocalization in a manner dependent on Fu function. Hh normally induces the
Fu-dependent phosphorylation of Cos2 [7,21]. However, over-expression of both fu and
cos2 leads to the phosphorylation of Cos2 at its physiologically relevant site [21], suggesting

Farzan et al. Page 2

Curr Biol. Author manuscript; available in PMC 2009 November 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that Fu may be constitutively active when over-expressed with Cos2 (see also Fig. S1f).
Consistent with this latter suggestion, co-expression of fu with cos2-GFP also affected its
subcellular distribution in a dose-dependent manner, with much of Cos2-GFP appearing more
diffuse in the presence of high levels of exogenous Fu (Fig. S1e and data not shown). These
results suggested a positive role for Smo and Fu in Hh dependent Cos2 relocalization.

Many of the Cos2-GFP puncta appeared to move rapidly throughout the cytoplasm of
transfected S2 cells (Fig. 2a and Movie 1A and Movie 1B). The Cos2 enriched puncta exhibited
a velocity inversely related to their size, with smaller puncta moving faster than larger puncta
(Fig. S3c, Movie 1A and Movie 1B). For ease of comparison we divided the different sized
puncta into three groups, designated large, medium or small (Fig. S3a), and compared their
velocities (Fig. S3c and Table S2). The average velocity of the small wt Cos2-GFP puncta was
62 nm/sec, which was within the range reported for other Kinesin-like proteins (KLPs) [22–
25]. However, this average Cos2-GFP velocity was less than the average velocity of the KLP
we examined as a control (Klp10A) [26,27] (Fig. 2b and Table 2), consistent with Cos2 being
at the slower end of the spectrum of KLPs. Many of the Cos2-GFP puncta were also quite
dynamic in nature, with small puncta appearing to fuse with and even bud off from the larger
puncta (Fig. S4a and Movie 14A). Photobleaching experiments verified the dynamic nature of
Cos2-GFP populating these puncta (Fig. S4b and Movie 14B), which quickly recovered from
the photobleaching procedure.

To confirm that Cos2-GFP movement was an active process dependent on its kinesin-like
activity and not due to basal cytoplasmic streaming, we compared the movement of wt Cos2-
GFP to Cos2ΔMotor-GFP (Fig. 2c also Movie 1A compared to Movie 3). Cos2ΔMotor is a
mutant Cos2 fusion protein that lacks its putative motor domain and would be predicted to be
immotile. A similar motorless GFP fusion protein has been shown to function as a dominant
negative inhibitor of wt Cos2 in vivo [14], presumably through association with endogenous
wt Cos2. Although some minor movement of Cos2ΔMotor-GFP puncta was observed, a
significant portion of the Cos2-GFP puncta translocated over a greater distance during the same
time frame (compare Fig. 2a’ and 2c’, as well as Table 2 and Table S2). The immobile
Cos2ΔMotor-GFP puncta were more numerous and larger than those observed with wt Cos2-
GFP (Fig. 2c), and the average velocity of small Cos2ΔMotor-GFP puncta was significantly
slower than that of similarly sized Cos2-GFP puncta (Table 2 and Fig. S3c). Residual
movement of these Cos2ΔMotor-GFP puncta was slightly greater than that observed in ATP
depleted S2 cells. As the cargo of KLPs typically associate with both an anterograde motor
and a retrograde motor, the movement of this small subset of puncta may be due to transport
by another motor protein [28]. Many smaller immobile Cos2ΔMotor-GFP puncta also appeared
to enrich near the plasma membrane, consistent with the hypothesis that Cos2 normally may
traffic to and from the plasma membrane. Thus, these results begin to correlate the motility of
Cos2 with its function, as a mutant of Cos2 which lacks motility has attenuated function in
vivo [14].

We noted that many of the Cos2-GFP puncta observed in cells appeared to move in discrete
linear stretches, as if moving along a MT network. KLP motor activity requires, at its most
basic, ATP and intact MTs [29,30]. Therefore, we examined the ability of Cos2 to move in the
absence of either ATP or an intact MT network (Fig. 3). S2 cells that were depleted of ATP
[31] still contained Cos2 puncta, but these puncta were almost completely immobile (Fig. 3a
and a’,Table 2 and Movie 4). However, upon restoration of ATP levels, Cos2-GFP puncta
motility was quickly re-established (Fig. 3b and b’, also Movie 5). Note also that Cos2-GFP
puncta in vehicle treated S2 cells remained motile (Table 2 and Fig. S3b). To then test whether
these Cos2 puncta co-localize with MTs, we expressed cos2-RFP in cells stably expressing
GFP-α-tubulin. Whereas the bulk of RFP alone was predominantly nuclear (data not shown),
the majority of punctate Cos2-RFP appeared to co-localize with the MT network (Fig. 3c and
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Fig. S5b). We next used nocodazole to disrupt the MT network of individual S2 cells expressing
cos2-GFP and examined the localization of Cos2-GFP to discrete MT associated puncta using
live imaging (Fig. 3d and Fig. S5a). The loss of punctate Cos2-GFP in a nocodazole treated
cell correlated with the destabilization of the MT network, with loss of peripheral MTs and
peripheral puncta preceding loss of more central MTs and puncta. These results show that Cos2
co-localizes with MTs and that Cos2’s enrichment in punctate structures depends on an intact
MT network. Since Hh is known to disrupt the physical association between Cos2 and MTs
[7,32], Hh might control Cos2’s ability to form motile puncta by regulating its MT association.
We note however, that despite its lack of a motor domain, Cos2ΔMotor-GFP is still able to
form puncta (Fig. 2c). We hypothesized that either Cos2ΔMotor-GFP is able to bind MTs
through a domain distinct from its motor domain, which normally harbors a MT binding motif
[33], or that Cos2ΔMotor-GFP’s ability to form puncta is due to dimerization with endogenous
wt Cos2. Consistent with this latter suggestion, immunoprecipitation of Cos2ΔMotor-GFP was
able to co-precipitate full-length wt Cos2 (Fig. S3d).

To more directly establish that Cos2 puncta appear to move along MTs we initially analyzed
Cos2-RFP movement in cells expressing GFP-α-tubulin, and observed many smaller Cos2-
RFP puncta that appeared to track along MTs (Fig. S5b and Movie 6) [34]. To visualize longer
and more defined MTs, we induced S2 cells expressing cos2-GFP and mCherry-tubulin to
form long, thin, MT-enriched cellular extensions by treating them with the actin disrupting
agent cytochalasin-D (Fig. 3e) [35]. Under these conditions, Cos2-GFP puncta also appear to
move along these longer MT extensions (Movie 7A and Movie 7B). Approximately 80% of
the Cos2-GFP puncta that localized to these MT-enriched cellular extensions exhibited
significant mobility (Table 3). The Cos2-GFP puncta observed in this experiment moved at a
slightly faster velocity than described earlier. The increased velocity may only be due to an
increased ability to observe and measure uninterrupted stretches of MTs or may be due to the
loss of some impediment to movement upon disruption of the actin cytoskeleton.

Molecular motors utilize ATP hydrolysis to generate force, which is then translated into
movement [36]. A putative Cos2 ATPase-deficient mutant, Cos2-S182N, has been shown to
function as a dominant negative inhibitor of endogenous Cos2 in vivo [14], suggesting that
Cos2 requires efficient ATPase activity for function. Mutation of the S182 residue in the
putative P-loop domain of Cos2 [32] is hypothesized to prevent ATP hydrolysis and render it
immotile in MT-bound rigor complexes [14,37]. We expressed GFP tagged cos2-S182N in
cells to determine the contribution of ATPase activity to Cos2’s ability to move along MTs.
Consistent with the prediction that this mutation should lack motor activity, we found that
while Cos2-S182N-GFP was able to enrich in puncta, these puncta did not exhibit any
significant motility (Fig. 3f,Table 2, and Movie 8). Thus, in the absence of a functional ATPase
domain, the mobility of Cos2-GFP enriched puncta is significantly attenuated, exhibiting
motility comparable to that observed in ATP depleted S2 cells (Fig. S3b and Table 2). Although
Cos2-S182N-GFP was observed in immobile puncta in all cells, in general the localization of
Cos2-S182N-GFP appeared more diffuse than that observed with wt Cos2-GFP (data not
shown). This increased degree of diffuse localization of Cos2 is consistent with a decreased
affinity for MTs. Interestingly, mutations in conserved nucleotide binding motifs in other KLPs
can also affect their MT affinity [38,39]. These results suggest that Cos2 requires a functional
ATPase domain for efficient MT dependent movement, as would be expected for a classical
KLP. Taken together with the phenotype of this cos2 mutant in Drosophila [14], these results,
along with those observed with Cos2ΔMotor-GFP, suggest that Cos2 ATP-dependent motility
is crucial for its activity.

Our results thus far suggest that Hh regulates some aspect of Cos2 function that involves MT-
dependent vesicular trafficking. Such a role for Cos2 would certainly be consistent with its
primary sequence similarity to KLPs. However, Cos2 is currently proposed to function as a
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molecular scaffold, binding to and enriching the local concentration of other members of the
Hh signaling pathway [1–7,9–12]. If Cos2 is able to move along the MT network, it is likely
to transport these various binding partners throughout the cell. To test this hypothesis, we co-
expressed wt cos2 with either the carboxyl-terminal domain of Fu tagged with GFP (GFP-fu-
tail), or a region of Ci tagged with GFP (GFP-ci-CORD), as both of these regions of Fu and
Ci associate with Cos2 [1,10,40] (Figs. 4b, 4d and Movie 9 and Movie 11). When expressed
on their own, GFP-Fu-tail localized diffusely throughout the cytoplasm and nucleus, while
GFP-Ci-CORD is predominantly nuclear [41] (Figs. 4a and 4c). However, when either GFP-
fu-tail, or GFP-ci-CORD, was co-expressed with wt untagged cos2, they relocalized to discrete
motile puncta that exhibited a similar velocity to that observed for Cos2-GFP alone (data not
shown). Moreover, a high degree of co-localization and co-movement of Cos2-RFP with either
Fu-tail-GFP or Ci-CORD-GFP was also observed (Fig. S6a, S6b, Table 2, Movie 10 and Movie
12). The velocity of these co-labeled puncta was similar to that of Cos2-GFP puncta alone (Fig.
S3b and Table 2). These results suggest that Cos2 has the ability to tether two other Hh signaling
components, Fu and Ci, to discrete puncta and transport them through the cytoplasm. Consistent
with this suggestion, Fu, Cos2 and Ci appear to co-localize in various sized puncta when all
three are co-expressed in S2 cells (Fig. S6d).

Given the apparent co-localized movement of Cos2 and Ci, and that both Cos2ΔMotor and
Cos2-S182N appear to affect Ci stability (data not shown and [14]), Cos2 mobility may be
necessary, directly or indirectly, to regulate Ci activity. Conversely, Fu is required to
antagonize many aspects of Cos2’s function [42,43], regulating its phosphorylation [21] and
controlling its subcellular localization (see above). To test the hypothesis that Ci activity is
dependent on Fu kinase attenuation of Cos2 function, we expressed Ci in S2 cells at a level
that results in robust transcriptional activity (Fig. S1f). Addition of exogenous Cos2 leads to
a reduction in Ci activity, consistent with its predicted role as a negative regulator of Ci in the
absence of Hh [11,32,44]. Co-expression of wt fu relieves Cos2’s inhibitory repression of Ci,
and this effect requires a functional kinase domain. These results are consistent with Hh
regulating Ci activity, at least in part, via Fu-induced Cos2 relocalization.

As a fraction of Cos2 also associates with Smo [3], we examined the ability of this Smo/Cos2
complex to form and move together throughout the cell. As shown above (Fig. 1b), high levels
of smo result in a more diffuse distribution of Cos2-GFP, consistent with high levels of Smo
constitutively activating Hh signaling [17]. However, when cos2-RFP was co-expressed with
lower levels of smo-GFP in S2 cells, we observed a significant degree of overlap between the
two proteins (Fig. 4e). We also observed that many of the puncta enriched for both Cos2-RFP
and Smo-GFP appeared to move together throughout the cell (Fig. 4e’ and Movie 13). The
Smo-GFP/Cos2-RFP puncta had a velocity approximately three times that of Cos2-GFP alone
or that of puncta containing Cos2-GFP with Ci-CORD or Fu-tail (Table 2). The reasons for
this difference in apparent velocity are currently unknown, but are consistent with the puncta
containing the Smo/Cos2 complex being distinct from the major pool of Cos2 puncta [45].

Our results demonstrate that Cos2 displays many of the hallmarks of a KLP, exhibiting MT-
dependent motility that is dependent on a functional motor domain and on ATP. We show that
Hh regulates the motility of Cos2, through directly regulating Cos2 movement, and/or through
regulating Cos2’s affinity with MTs, which may require Fu activity. KLPs are known to
transport specific cargos, which are distinct for the various family members. Consistent with
Cos2 functioning as a KLP, we show that Cos2 is able to recruit many of its binding partners
into motile puncta. Our results suggests that one important cargo for Cos2 is the transcription
factor Ci, which ultimately determines all Hh readouts [46]. Interestingly, precedence for the
idea that KLP motility may regulate the activity of a transcription factor was recently provided
in a study linking TGF-β signaling to kinesin-1 function [49]. The activation and nuclear
accumulation of the transcription factor SMAD2 was shown to be dependent upon kinesin-1
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trafficking, with the loss of kinesin-1 dependent SMAD2 motility ultimately resulting in
attenuated TGF-β signaling [49]. Similarly, Hh appears to regulate the Cos2 dependent
movement of many of its signaling components, including Ci. Although we suggest that Cos2
motility is an intrinsic property of the protein, we cannot currently rule out the possibility that
the motility we observe is indirect. In this latter scenario, the observed Cos2 motility would
be driven by an as yet undiscovered molecular motor, whose function would be dependent on
the motor domain of Cos2, as Cos2ΔMotor and Cos2-S182N exhibit little motility. To date,
no such putative Cos2 binding protein has been described, despite numerous attempts to
identify additional Cos2 binding proteins [7,47,48].

It was recently proposed that another KLP, KIF3A, regulates the proteolytic processing of the
mammalian Ci orthologs GLI2 and GLI3. This regulation of GLI2 and GLI3 processing was
suggested to result from the deregulation of the MT-dependent intraflagellar transport system
found in the primary cilia of vertebrate cells [50–53]. As only a subset of Drosophila neuronal
cells have primary cilia, the regulation of Ci most likely does not require localization to primary
cilia [54]. In Drosophila cells, a requirement for Ci enrichment in a specific subcellular location,
which for GLI2 and GLI3 would occur in primary cilia, might occur in a subset of the Cos2
puncta described here. Such a model may provide the basis behind the apparent lack of
evolutionary conservation of Cos2 in mammals [55], with regulation of GLIs occurring in a
defined subcellular organelle, the primary cilium, diminishing the requirement of a Cos2
ortholog in mammalian Hh signaling.

EXPERIMENTAL PROCEDURES
Molecular biology and cell culture

The following pActin 5.1, pUAS, or pMT/V5HisC based vectors have been previously
described: pAc 5.1 (Vector ctrl.), GFP-Cos2ΔMotor, Hh, HhN, 3xHACos2, GAL4 (pAc),
GFP-Ci CORD (UAS) [11,13], GFP-Smo (UAS) [56], Klp10A-EGFP (pMT) [26], pAc-
mCherry-tubulin [57]. GFP-Ci CORD was a gift from Dr. J. Jiang (UTSW). GFP-Smo was a
gift from Dr. M. Scott (Stanford). Klp10A-EGFP and mCherry-tubulin were gifts from the
Vale Lab (UCSF). Cos2-GFP, Cos2-S182N-GFP, GFP-Fu-tail and HA-Fu were engineered
into pAc 5.1 (or pUAS) vector using standard molecular biology techniques. pUAS-3xHA
Cos2 was a gift from Dr. K. Nybakken (Harvard University). dsRNA against fu, smo and
cos2 were produced as previously described [58]. Plasmids used to express hh contained either
the full-length cDNA (hh) or only the biologically active amino-terminal portion of the cDNA
(hhN), both of which can induce a response in S2 cells. The cos2-GFP, cos2-RFP, ci-RFP,
smo-RFP and Myc-fu contructs used in Fig. S6 were constructed by the Gateway recombination
method (Invitrogen). The full coding sequences (without the termination codon) of smo, fu,
cos2 or ci cDNAs were amplified by PCR, and cloned in the entry vector pENTR/D-TOPO by
directional TOPO Cloning. The resulting plasmids were checked by sequencing. The
destination vectors pAWG (pAct5C-GW-EGFP), pAWR (pAct5C-GW -mRFP), pAMW
(pAct5C-Myc-GW) (where GW is the recombination cassette) were a gift from T. Murphy
(Carnegie Institute). All cloning steps were performed according to the manufacturer's
instructions. Luciferase assays were performed as previously described [3,59], using a firefly
luciferase construct containing a portion of the ptc promoter responsive to Ci dependent
activation, in conjunction with a standard Renilla luciferase (coupled to the actin promoter).
Plasmids containing ci, hh and the luciferase cDNA were transiently transfected into S2 cells
where indicated, and processed for luciferase activity using a Dual-luciferase assay kit
(Promega) 40–48 hours later. Drosophila S2 cells were cultured and transfected under standard
conditions in serum-containing (Drosophila Schneider, Invitrogen) or non-serum optimized
media (Drosophila SFM, Invitrogen). In Fig. S2, S2 cells were transiently transfected using
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Effectene (Qiagen) as previously described [60]. A stable S2 cell line expressing GFP-tagged
α-tubulin was a gift from the Sharp laboratory (Albert Einstein College of Medicine).

Cellular lysates and immunoblot analyses
Simple subcellular fractionation of S2 cells, by separation of cytoplasmic extracts from total
membranes, were performed as previously reported [13]. Briefly, the various treated cells were
dounce homogenized (type B pestle) in hypotonic HK buffer (20 mM HEPES, 10 mM KCl,
pH 7.9) and cleared of nuclei (centrifuged 2,000 × g for 15 minutes at 4°C). Post-nuclear
supernatants were centrifuged at 100,000 × g for 30 min. at 4°C. The resulting supernatant was
separated from the membrane enriched pellet, then supplemented to 1% Nonidet P-40 (NP-40).
The membrane enriched pellet was resuspended in HK containing 1% NP-40 buffer. The
samples were normalized to volume, resolved by SDS-PAGE and analyzed by immunoblotting
using the following antibodies: mouse anti-HA.11 (Covance), mouse anti-Cos2 5D6 [40],
rabbit anti-Fu [7], rabbit anti-Kinesin (Kin01-KHC subunit, Cytoskeleton, Inc.). Rat anti-Smo
antibodies were generated against residues 1000–1030 of the Drosophila Smo carboxyl-
terminal tail and affinity purified over a peptide column.

Immunoprecipitation from Drosophila lysate
S2 cells were lysed in 1% Nonidet P-40 lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris,
50 mM NaF, pH 8.0) 48 hours after transfection. Postnuclear lysates were precleared for 30
minutes with Protein A/G Plus agarose beads (Santa Cruz) and then incubated at 4°C for 90
minutes with rabbit anti-HA (Genetex) or rabbit IgG (Jackson Labs). Immune complexes were
then collected on Protein A/G beads for 45 minutes at 4°C, then washed three times with 1%
NP-40 lysis buffer. Complexes were resuspended in 2x Laemmli buffer, boiled for 5 minutes
and then analyzed by SDS-PAGE and immunoblotting as described previously [16].

Microscopy
Indirect immunofluorescence experiments were performed essentially as previously described
[60,61], using a Leica Confocal laser scanning microscope. Primary antibodies used were as
follows: mouse anti-Cos2 mAb 5D6 [40], rabbit anti-Fu [7], rat anti-Rab11 (a gift from R.
Cohen); rabbit anti-Rab5 (a gift from M. Gonzales-Gaitan), mouse anti-LBPA
(lysobisphosphatidic acid, a late endosome specific lipid) (a gift from J. Gruenberg), guinea
pig anti-Hrs (a gift from H. Bellen) [62]. Secondary antibodies were from the Jackson
Immunology Research Laboratory and were all used at 1:200. Transfected cells were plated
on concanavalin A (ConA) coated cover glasses for 15 minutes and then fixed for 30 minutes
with 4% paraformaldehyde at room temperature (RT). Cells were then washed 3 times for 5
minutes and permeabilized in PBS + 0.1% Tween (PBST). Cells were incubated for 1 hour in
PBST + 2% BSA with the primary antibody at RT, washed 3 times for 5 minutes with PBST,
then incubated with the secondary antibody in PBST + 2% BSA for 1 hour at RT. They were
then rinsed 3 times for 5 minutes in PBST before being mounted in Cytifluor. In Fig. S6d, the
anti-Fu primary antibodies were incubated with cells in PBS-Tween 0.5%, followed by
incubation with secondary antibodies overnight. For labeling of cells with Lysotracker
(Invitrogen), cells were incubated with the Lysotracker for 1 hour at 29°C, before being plated
on ConA, and fixed. GFP-α-tubulin, Cos2-GFP, Cos2-RFP, Cos2-S182N-GFP, COS2ΔMotor-
GFP, Klp10A-EGFP, mCherry-tubulin, Ci-RFP, Smo-RFP, Smo-GFP, GFP-Ci CORD and
GFP Fu-tail were detected with the appropriate settings to visualize GFP or RFP/Cherry
fluorescence. Live imaging studies were performed using a Zeiss LSM-510 inverted confocal
microscope, fitted with a heating device to maintain the temperature of the slide and objective
at 25°C. 24 to 48 hours after transfection with the appropriate plasmids, S2 cells were
transferred to 4-well chamber slides with a coverglass bottom (Nunc) pre-treated with ConA
to promote cells spreading. The following treatments were then performed: Nocodazole (10
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µg/ml) for 0–6 hours, DMSO as vehicle control [63], sodium-azide (5 mM) and 2-deoxyglucose
(1 mM) for 30 minutes [31], 5 µM cytochalasin D for 18–24 hours [35],or PBS as vehicle
control. For time-lapse studies, serial images were taken every 1–3 seconds for 10 minutes to
6 hours, depending on the experiment. Time-lapse images shown in figures, or movies,
correspond to a relevant fraction of the total acquisition time. Images and movies, from the
Leica or Zeiss confocal microscopes, were further processed using Zeiss Image Browser
software and Adobe Photoshop 6. Supplementary movies were generated by conversion of
exported and uncompressed AVI files from Zeiss Image Browser to MOV files using Apple
Quicktime Pro 7.1.5. The playback speed for all movies was set at 8 frames per second, with
each frame representing approximately 3–5 seconds of real time.

Quantification of particle velocities
All velocities were calculated and analyzed using the Zeiss LSM Image Browser software.
Particle movement was defined as visible movement of a single particle that 1) spanned at least
two frames of time lapse imaging and 2) appeared linear. Measurements of velocity were
quantified by measuring from the center of a puncta’s starting position to where it stopped
moving, using the LSM software overlay line tool. If a single particle stopped and then
restarted, only the moving sections were quantified. If a particle fused with another particle,
then only the non-fusing frames were quantified. If these movement criteria were not fulfilled,
then the diameter of the particle was recorded and a speed of 0 was entered. An immotile
particle was defined as a particle that has a composite speed of less than 5 nm/sec, which
accounted for puncta that may "shake" or "drift", but lack directed movement over the course
of imaging. If a particle exhibited any movement, as defined above, at any time during the
recording window, then it was not considered an immotile particle and its speed was quantified.
All statistics and determinations of significance were done using a two-tailed Student’s T-test.
More details regarding our quantification procedure are available upon request.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hh regulates the subcellular localization of Cos2
(a–a’) Live images of S2 cells expressing cos2-GFP with (+) or without hh. The bulk of Cos2-
GFP is found in puncta in the absence of Hh. Hh exposure results in a more diffuse localization
of Cos2-GFP. (b–b’”) Live images of S2 cells expressing (b) cos2-RFP only, pseudo-colored
green, or (b’–b’”) co-expressing smo-GFP, pseudo-colored red. As with Cos2-GFP, Cos2-RFP
is found primarily in puncta. However, co-expression with smo-GFP results in a shift to a more
diffuse localization of Cos2-RFP. (c–c’) Indirect immunofluorescent staining of endogenous
Cos2 in S2 cells, with (+) or without hh. The majority of Cos2 appears punctate throughout
the cytoplasm of the cells. Exposure to Hh leads to an apparent net reduction in fluorescence
intensity, decreased localization to puncta and increased diffuse staining of Cos2. (d–d”) Cos2-
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GFP puncta partially co-localize with Rab5. Approximately 30% of the total Cos2-GFP
fluorescence co-localizes with Rab5, a marker of early endosomal vesicles, delineating one
pool of membrane vesicle associated Cos2. Inset in lower left-hand corner shows an enlarged
area of Cos2 and Rab5 co-localization.
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Figure 2. Cos2 puncta are motile
S2 cells expressing cos2-GFP (a), klp10A-GFP (b), a known kinesin family member, or
cos2ΔMotor-GFP (c), a GFP-fused truncated form of Cos2 that lacks its putative motor domain.
The large box in each panel indicates the enlarged area depicted in the corresponding time
series in (a’), (b’) and (c’). The smaller box indicates the origin of a single puncta that is tracked,
over time, with arrows in (a’), (b’) and (c’). (a’, b’) Time-lapse images showing a Cos2-GFP
puncta (a’) and a Klp10A-GFP puncta (b’) both moving away from their original locations
(small boxes). (c’) Time-lapse images showing a Cos2ΔMotor-GFP puncta that remains
essentially immobile over the same time period as in a’.
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Figure 3. Cos2 motility requires microtubules and ATPase activity
The large box in panels (a) and (b) indicates the enlarged area depicted in the corresponding
time series (a’ and b’). The smaller boxes indicate the origin of a single puncta that is tracked,
over time. (a– a’) S2 cells expressing cos2-GFP were ATP depleted by treatment with 5 mM
sodium azide and 1 mM 2-deoxyglucose. Time-lapse images were taken 30 minutes after ATP
depletion. The vast majority of Cos2-GFP puncta were immobile, relative to the vehicle treated
S2 cells, which exhibited similar motility to untreated wt Cos2-GFP (Figure S3). (b– b’) Cos2
movement is recovered after ATP levels are restored, verifying the reversibility of the ATP
depletion. The same cell as in (a) was reimaged after the ATP depletion solution was removed
and the cell was allowed to recover for 30 minutes in fresh media. The movement of a single
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puncta (indicated by arrows) is tracked over a short time course. (c) Cos2 appears to localize
along MT tracks. cos2-RFP was expressed in a S2 cell line stably expressing GFP-α-tubulin
and imaged in live cells. The large box in the merge panel indicates the enlarged area depicted
in the 2x merge panel. Individual Cos2-RFP puncta aligning with MTs are marked by arrows
in the rightmost panel. (d) Live images of S2 cells co-transfected with plasmids expressing
cos2-GFP and mCherry-tubulin, then treated with nocodazole. Images show a single cell over
the course of 6 hours and show the correlation between dissociation of Cos2-GFP puncta and
MT destabilization induced by nocodazole treatment. A more extensive time course of this
nocodazole treated cell, showing Cos2-GFP and mCherry-tubulin in separate channels, is
shown in Fig. S5a. (e) Live images of S2 cells expressing cos2-GFP and mCherry-tubulin,
treated with 5 µM cytochalasin for 18 hours. Cytochalasin disrupts the actin cytoskeleton,
allowing the formation of long MT-enriched projections, along which Cos2-GFP puncta appear
to co-localize and move. The puncta indicated by the arrow traveled approximately 8 µm along
the visible MT projection. (f–f’) Live images of S2 cells expressing cos2-S182N-GFP. (f)
Cos2-S182N-GFP shows a highly punctate staining pattern in a subset of cells, similar to wt
Cos2-GFP. The large box in panel (f) indicates the enlarged area depicted in the corresponding
time series (f’) and the smaller box indicates the origin of a single puncta that is tracked, over
time. (f’) Cos2-S182N-GFP puncta tracked over time do not exhibit significant motility (see
also Fig. S3b).
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Figure 4. Cos2 recruits and moves other components of the Hh signaling pathway
GFP-fu-tail (a, b) and GFP-ci-CORD (c, d) were expressed in S2 cells in the presence or
absence of exogenous wt cos2. (a and b) Live images of S2 cells expressing GFP-fu-tail. GFP-
Fu-tail localizes in a diffuse manner when expressed alone (a), but co-expression with wt
cos2 dramatically relocalizes GFP-Fu-tail into puncta (b), which move with a similar velocity
(b’) as Cos2 puncta. (c and d) Live images of S2 cells expressing GFP-ci-CORD. As previously
observed in Cl8 cells [11], GFP-Ci-CORD is mostly nuclear (c). The expression of exogenous
cos2 leads to a marked relocalization of Ci-CORD to cytoplasmic puncta (d), which were also
shown to be motile (d’). (e) Cos2-RFP co-localizes with Smo-GFP in a subset of motile puncta.
Live images of S2 cells expressing cos2-RFP and smo-GFP show that a subset of puncta co-
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localize and are motile (e’). Corresponding single fluorescence images of Smo-GFP and Cos2-
RFP are shown in Fig. S6c. The large box in panels (b), (d), and (e) indicates the enlarged area
depicted in the corresponding time series (b’, d’, and e’). The smaller boxes indicate the origin
of a single particle (arrow) that is tracked, over time.
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Table 1
Quantification of the number of cells with diffuse Cos2 localization in response to various
treatments

Cos2 exhibits a more diffuse localization in response to different conditions, and the percentages shown represent
the penetrance of this effect within populations of cells. The results shown here are the quantitation of data shown
in Figs. 1b, 1c, Figs. S1a, and S1c. “n” represents total number of cells counted from random fields of cells.
Cos2-RFP diffuseness in the presence of Smo (+ Smo) was quantified only from cells visibly expressing both c
os2-RFP and smo-GFP. Cells in the various experiments exhibited a 25–30% overall transfection efficiency.

Conditions n Cells with diffuse Cos2 localization (%)

Endogenous Cos2

−Hh 38 10.5
+Hh 76 30.3

+ Fu dsRNA 90 10
+ Fu dsRNA; + Hh 113 10.6

Cos2- RFP − Smo 49 14.2
+ Smo 48 77.9
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Table 2
Comparison of mean velocities of small Cos2 puncta

Velocities were measured as described in Methods section. Small Cos2 puncta (i.e. puncta that fall within the
0.10–0.40 µm size range) had a mean velocity of 61.7 nm/sec. Mutations or conditions predicted to impede or
prevent movement, such as Cos2ΔMotor, Cos2-S182N, and ATP depletion, all resulted in a significant decrease
in Cos2 velocity. The velocity of Cos2 puncta co-localized with Fu-tail or Ci-CORD were not significantly
different from that of Cos2 alone, whereas the velocity of Cos2 co-localized with Smo puncta was significantly
faster than Cos2 alone. Standard error of the mean (SE) is shown in the rightmost column and ** indicates that
values shown are significantly different when compared to Cos2 (p ≤ 0.02).
GFP-tagged Constructs Velocity (nm/sec) SE

Cos2 61.7 6.8
Cos2-ΔMotor 12.2** 6.6
Cos2-S182N 2.9** 1.4

ATP-depleted Cos2 12.8** 6.1
ATP-depletion mock treatment 73.6 23.5
Cos2 colocalized with Fu-Tail 87.5 14.1

Cos2 colocalized with Ci-CORD 77.7 9.5
Cos2 colocalized with Smo 167.3** 33.8

Klp10A 253.5** 75.1
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Table 3
Quantitation of Cos2-GFP puncta motility along microtubules

S2 cells expressing cos2-GFP and mCherry-tubulin were treated with 5 µM cytochalasin for 18 hours.
Cytochalasin disrupts the actin cytoskeleton, allowing formation of long MT projections, along which Cos2-GFP
puncta appear to co-localize and move. MT projections are defined as a projection measuring more than 5µm in
length and has a MT track that is labeled by mCherry-tubulin. Motile puncta were defined by previously described
criteria outlined in the Methods section. Eighty-one percent of all puncta visible on MT projections moved in a
manner consistent with them tracking along MTs.

Cell Image Microtubule projections per cell Motile puncta per microtubule
projections

Total puncta observed Total puncta on microtubules
exhibiting motility (%)

1 10 11 21 52.4
2 12 3 3 100
3 7 27 29 93.1
4 2 5 5 100
5 5 18 21 85.7

Totals: 36 64 79 81
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