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Abstract

In Drosophila, Hedgehog (Hh) signal transduction has been shown to require a multiprotein
complex (Hedgehog signaling complex (HSC)), which includes the Kinesin-related protein
Costal2 (Cos2), the serine/threonine protein kinase Fused (Fu), and the transcription factor
Cubitus interruptus (Ci). We present evidence that a biologically relevant fraction of the HSC is
found in association with cellular membranes. We demonstrate that Cos?2 is capable of tethering an
exogenous protein to vesicular membranes and that Cos2 association with membranes is Hh-
sensitive. In addition, we demonstrate that Cos2 associates with membranes in cells that lack the
transmembrane protein Smoothened (Smo) through a domain of Cos2 distinct from its recently
characterized Smo binding domain. We suggest that an Hh-regulated membrane binding activity
of Cos2 is part of the mechanism by which Cos2 contributes to Hh signaling. We propose a model
in which there are two distinct HSCs with discrete subcellular localizations and activities: one is
endosome-associated and facilitates production of a repressor form of Ci (HSC-R), and one is
Smo-associated and promotes Ci activation (HSC-A). In response to Hh and through interaction
with Cos2, Smo mediates both inhibition of the endosome-associated HSC-R and activation of
HSC-A at the plasma membrane.

The Hedgehog (Hh)l signaling pathway is conserved from invertebrates to humans where it
is required for differentiation and growth of a diverse array of cell types during development
(1). Consequently misregulation of the Hh pathway causes congenital defects and
oncogenesis (2-12). We are only just beginning to understand the mechanism of Hh signal
transduction. In Drosophila, the secreted protein Hh binds to the 12-transmembrane protein
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Patched (Ptc) (13-19), which, upon binding Hh, no longer inhibits the activity of the 7-
transmembrane protein Smoothened (Smo) (20-26). Smo then activates the downstream
components of the pathway, which include the Kinesin-related protein (KRP) Costal2
(Cos2), the serine/threonine protein kinase Fused (Fu), and the transcription factor Cubitus
interruptus (Ci) (27-42). Fu, Cos2, and Ci form the core of a multiprotein complex (HSC)
that is required for Hh signal transduction (43-46). The HSC has been found to associate
with microtubules (MTs) and to do so in an Hh-sensitive manner, suggesting that a Kinesin-
like activity of Cos2, regulated MT binding, is relevant to Hh signal transduction (37, 43).

In the absence of Hh, Cos2 and Fu are required to maintain the proteolytic conversion of Ci
to Ciys, an active repressor of some Hh target genes (33, 47, 48). It has been postulated that
Cos2 tethers the HSC to MT to provide for Ciyg production as well as to provide
cytoplasmic retention of full-length Ci (42, 43, 49, 50). In the presence of Hh, the
production of Civsg is halted, resulting in an increased amount of full-length Ci that
equilibrates between the nucleus and the cytosol (46, 48). Stabilization of Ci in its full-
length form is not sufficient to stimulate maximal transcription of Hh target genes (41, 49).
Additional activation steps, which also require Cos2 and Fu, are necessary to activate the
full-length form of Ci (33, 47, 49-55). It is currently unknown how Cos2 contributes to the
stabilization and activation of full-length Ci. Recently it has been shown that Cos2 can bind
to Smo and that this interaction is important for Ci activation (56, 57).

Kinesins have been shown to play a role in several signaling pathways, providing required
subcellular localization to membrane-associated complexes of signaling components (58,
59). KRPs generally contain a conserved motor domain (which includes an MT binding
domain and an ATPase domain) and an extracatalytic tail domain (60). KRPs localize
signaling components to specific membrane-bound vesicles and do so in a regulated manner
(61-65). Here we investigate the role of Cos2 in targeting the HSC to various subcellular
compartments in a manner consistent with it being a KRP. We demonstrate that the HSC can
exist as a membrane-associated complex whose localization is altered by Hh. We
demonstrate that Cos2 and Fu associate with vesicular and plasma membranes and that Cos2
is able to provide this localization to an exogenous protein. Finally we provide evidence that
the bulk of Cos2 associates with membranes in a manner independent of Smo. We conclude
that Cos2 has a membrane tethering domain that is distinct from its Smo association domain
and from its putative MT binding domain. We suggest a model in which an HSC tethered
directly to membranes by Cos2 (HSC-R) provides for production of Ci;g, while an HSC
bound to Smo through Cos2 (HSC-A) provides for Ci activation. The differential targeting
of these complexes may provide the subcellular localization required for differential
processing of Ci into a transcriptional activator or a transcriptional repressor.

EXPERIMENTAL PROCEDURES

Preparation of Cell Lysates

Drosophila embryos and S2 cells were hypotonically lysed as described previously (56).
Low speed supernatants were generated by centrifugation at 5,000 or 2,000 x g for 20 min
and then centrifuged for 1 h at 100,000 x g. The resulting high speed supernatant consisted
of the cytosolic fraction and was termed “S2.” The high speed pellet, “P2,” consisted of total
cellular membranes and was washed by homogenization with a tight fitting glass Dounce in
0.15 » NaCl HLB (50 mm B-glycerophosphate, 10 mm NaF, 1 mw EGTA, 1 mw dithiothreitol,
protease inhibitor cocktail (pH 7.6). This suspension was centrifuged at 100,000 x gfor 1 h,
yielding “S3” and “P3.” In this manner the high speed pellet P3 was sequentially extracted
in 0.5 m NaCl, 0.75 » NaCl, 1 » NaCl, and finally 1% Nonidet P-40 HLB. Each extraction
was normalized to total protein, separated by SDS-PAGE, transferred to nitrocellulose, and
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immunoblotted. The 0.5 v NaCl (“S4”) extraction was also used to immunoprecipitate HSC
members. The immunoprecipitates were separated by SDS-PAGE and immunoblotted.

Equilibrium Density Centrifugation

Antibodies

The P2 from S2 cells was washed by homogenization with a Dounce in TNE (150 mwv NaCl,
100 mm Tris, 0.20 mm EGTA, pH 7.4) and centrifuging at 100,000 x g for 1 h. This pellet,
P3, was resuspended in 1.4 w sucrose TNE (3-ml final volume). This was overlaid in a
centrifuge tube with 1.22 v sucrose TNE and 0.1 w sucrose TNE. After centrifugation for 18
h at 112,000 x g, fractions were collected starting from the top of the centrifuge tube.

Anti-Fu was FuH (31), anti-Cos2 was 5D6 (33), anti-Ci was 2A1 (40), and anti-Suppressor
of fused (Su(fu)) is described in Ref. 46. Anti-Tubulin was £512 from Sigma, mouse 1gG;
was from Zymed Laboratories Inc., anti-Kinesin was Kin01 from Cytoskeleton. Anti-HA
was HA.11 or anti-HA-488; both were from Covance. Anti-Fasciclin was F5H7, a kind gift
from Dr. M. Hortsch (66). Anti-Rab11 was a kind gift from Dr. R. Cohen. Anti-Cadherin
was DCADL, a kind gift from Dr. T. Uemura (67). Secondary antibodies for immunoblots,
from Jackson Immunoresearch Laboratories, were conjugated to horseradish peroxidase.
Secondary antibodies, from Molecular Probes, for immunofluorescence were anti-rabbit-546
and anti-rat-546.

Electron Microscopy

Following equilibrium density centrifugation, fractions containing the vesicular and pellet
fractions were diluted 1:3 in TNE, centrifuged at 100,000 x g, and then resuspended in TNE.
These resuspensions were mixed with an equal volume of 5% glutaraldehyde in wash buffer
(100 mwm sodium cacodylate, pH 7.4) and allowed to fix for 5 min followed by centrifugation
at 100,000 x gfor 0.5 h. The pellet was fixed an additional 30 min in 2.5% glutaraldehyde in
wash buffer, washed in wash buffer, treated with 1% OsQO,4 for 30 min, washed, dehydrated,
and embedded in Epon resin. 85-nm sections were made using a Reichert Ultra-cut E.
Sections were collected on copper grids, stained with uranyl acetate and lead citrate, and
then examined using a JEOL 1230 JEM transmission electron microscope at 80 kV.

Reporter Assays

Smo dsRNA

Transfections were carried out using Cellfectin transfection reagent according to the
manufacturer’s instructions (Invitrogen) and according to procedures described previously
(56). ptcA136-Luc 35 was used as the reporter construct for Hh target gene transcription
(41).

We prepared dsRNA using the primers and method previously shown to reduce Smo protein
levels in Drosophila cells (77, 78). We treated S2 and CI8 cells as described previously (77).
Briefly we treated cells with dsSRNA during transfection with appropriate plasmids using
Cellfectin. Cells were lysed or prepared for immunofluorescence 48 h post-treatment.

Immunofluorescence of S2 Cells

S2 cells were prepared for indirect immunofluorescence and detection of eGFP fluorescence
as described previously (56). Confocal images were collected using the LSM-510 confocal
laser scanning microscope (Zeiss) and processed using LSM Image Browser software
(Zeiss) and Adobe Photoshop Version 6.0. Non-confocal images were taken with an Orca-
ER, black and white cooled CCD camera attached to a Zeiss Axioplan Imaging 2
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microscope. These images were deconvolved using AutoDeblur software (Version 8,
AutoQuant) and processed using Photoshop Version 6.0.

DNA Constructs

Various Cos2 truncation mutants were generated by PCR amplification of the appropriate
regions using Cos2 cDNA as a template (37). PCR oligonucleotides were designed with
Bglll restriction sites flanking the amplified Cos2 fragment. These PCR products were then
ligated in-frame into a pAct plasmid that provides for an amino-terminal triple HA epitope
tag or a triple-HA/eGFP addition. The pDA-Flag-HhN expression vector was a kind gift
from Dr. R. Fukunaga (32).

We have previously demonstrated that the HSC associates with MTs in an Hh-sensitive
manner (43). As Kinesin family members are known to associate with membrane-bound
vesicular cargo, we hypothesized that Cos2 might also associate with membranes. While a
large fraction of the HSC, isolated from Drosophila embryonic extracts, is cytosolic, a
significant percentage is also found in a 100,000 x g membrane-enriched pellet (Fig. 1A).
The HSC is highly enriched in the membrane-containing pellet compared with the cytosol
when both are normalized to protein. To determine the nature of the HSC membrane
association we isolated a 100,000 x g membrane-enriched pellet from postnuclear
Drosophila embryo lysate and sequentially extracted it with a variety of buffers. The vast
majority of membrane-associated Fu, Cos2, and Ci was extracted with a buffer containing
0.50-0.75 v NaCl, leaving residual amounts of these proteins in the membrane pellet. Su(fu)
is a protein of largely unknown function that we have previously shown to be a part of a
tetrameric HSC that does not enrich on MTs (46). Su(fu) does not enrich in the high speed
pellet and appears to be predominantly cytosolic. We conclude that the HSC is peripherally
associated with cellular membranes.

We washed a 100,000 x g membrane pellet from Drosgphila embryos with 0.15 v NaCl and
then extracted it with a buffer containing 0.5 w NaCl (the S4 fraction). To determine whether
the components of the HSC found on cellular membranes are associated with each other, we
immunoprecipitated from this extract using Fu antiserum, Cos2 monoclonal antibody, or
control 1gGs. The immunoprecipitates were separated by SDS-PAGE and then
immunoblotted with antibodies to components of the HSC (Fig. 15). Since antibodies to Fu
or Cos2 were able to co-immunoprecipitate Fu, Cos2, and Ci, we conclude that the
components of the HSC are complexed together on cellular membranes.

We have demonstrated in previous work that Fu is found in two major complexes, which
elute as peaks A and B of Fu immunoreactivity, when cytosolic Drosophila extracts are
fractionated by size exclusion chromatography (see Ref. 43 and Fig. 1C, fop panel, which is
a short exposure of the cytosolic fractions showing only peak B.) Ci is only associated with
peak A, the largest Fu-containing complex, which is thus identified as the intact HSC (43).
To determine whether the intact HSC is membrane-associated, we fractionated the 0.5 w
extraction of cellular membranes (S4) by size exclusion chromatography (Fig. 1C, middle
panel). The bulk of Fu in the S4 elutes earlier than peak B, consistent with membrane-
associated Fu being a part of a complex larger than that in peak B. Additionally Fu that
elutes in the earlier fractions continues to specifically co-immunoprecipitate Cos2 and Ci
(data not shown), indicating that the larger Fu-containing complex is the intact HSC. When
the S4 was fractionated by size exclusion chromatography in buffer containing 1 » NaCl the
bulk of Fu shifted to peak B (Fig. 1C, botfom panel). This suggests a precursor/product
relationship between the complexes in which the intact HSC in peak A breaks down to form
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the smaller complex in peak B. We conclude that the physiologically relevant complex of
Fu, Cos2, and Ci, the intact HSC, enriches on cellular membranes.

To begin to characterize the membranes with which the HSC associates, we subjected total
cellular membranes to equilibrium density centrifugation. We overlaid washed total
membranes, P3, with a discontinuous sucrose gradient designed to separate plasma
membranes from vesicular membranes (68). After centrifugation, fractions were taken from
the top of the tube and analyzed by SDS-PAGE and immunoblot (Fig. 2A4). While some
Cos2 fractionated with the plasma membrane marker Fasciclin (fractions 2-4), the bulk of
Cos2 is associated with vesicular membranes in a manner analogous to Kinesin (fractions 6—
10). Fu fractionates in largely the same manner as Cos2. Therefore, the HSC exhibits a
second characteristic of a Kinesin-targeted complex; in addition to binding MTs, it
associates with membrane vesicles (61, 63). As we hypothesize that the HSC is targeted by
the KRP Cos2, we used immunofluorescence microscopy to determine whether the
localization of Cos2 in cells would be similar to that reported for various Kinesins (63). We
examined the distribution of HA-tagged Cos2 expressed in S2 cells using confocal
microscopy (Fig. 2B8). HA-Cos2 localized to discrete cytoplasmic puncta, consistent with
localization to membrane-bound vesicles. Thus, our immunofluorescence microscopy results
are consistent with our biochemical analysis. We conclude that Cos2 localizes to vesicular
and plasma membranes.

To identify the domain of Cos2 responsible for membrane association, we transfected S2
cells with a series of aminoterminal HA-tagged Cos2 constructs: full-length Cos2 (residues
1-1201); Cos2AC (residues 1-500), which contains the putative MT binding domain;
Cos2M (residues 500-1000); and Cos2AN (residues 500-1201) (60, 69, 70). Postnuclear
hypotonic lysates were centrifuged at 100,000 x g. High speed supernatants and high speed
pellets were then immunoblotted following normalization to volume (Fig. 3A, upper panel).
Approximately 60-70% of full-length Cos2, Cos2M, and Cos2AN associated with cellular
membranes. However, Cos2AC, which contains the putative MT binding domain, was
unable to associate with membranes. These results localized the membrane binding domain
of Cos2 between amino acids 500 and 1000, which is distinct from the MT binding domain.
Interestingly the percentage of endogenous Cos2 associated with cellular membranes
remained unchanged in the presence of the various Cos2 truncation mutants (Fig. 3A4,
bottom panel). This suggests that Cos2 may be binding a non-protein component of
membranes directly as the overexpressed membrane binding domain of Cos2 did not appear
to compete with endogenous Cos2 for membrane binding. Alternatively Cos2 may associate
with an abundant membrane protein.

To demonstrate that Cos2 AN, when overexpressed, was actually associating with cellular
membranes, we expressed a similar construct, eGFP-Cos2AN, in S2 cells and separated total
membranes into vesicular and plasma membrane fractions by equilibrium density
centrifugation (Fig. 38). The overexpressed eGFP-Cos2 AN fractionates with vesicular and
plasma membrane marker proteins in a manner similar to endogenous Cos2 (compare with
Fig. 2A4). To verify that we were enriching for vesicular membranes in our analysis, we
prepared a vesicular fraction and the pellet fraction for electron microscopy (Fig. 3C). We
observed vesicular membrane structures in the fraction in which Cos2 and Kinesin
fractionate, while the pellet fraction contained few such vesicles. This result also suggests
that a piece of Cos2 was able to tether an exogenous protein, eGFP, to membranes. To verify
this result, we compared the distribution of eGFP fluorescence in S2 cells transfected with
eGFP or with eGFP-Cos2 AN. By fluorescent light microscopy we observed that eGFP-
Cos2AN localizes in a manner similar to full-length Cos2 in S2 cells (Fig. 4A4). That is,
eGFP fused to Cos2AN, which does not contain the Cos2 MT binding domain, localizes to
punctate cytoplasmic structures, consistent with its being targeted to membrane-bound
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vesicles. In contrast, eGFP itself is diffuse and mostly nuclear when expressed in S2 cells.
Thus, the MT binding domain of Cos2 is not necessary to provide for the Kinesin-like
staining pattern of Cos2. Additionally our results suggest that the proposed role of Cos2 in
tethering associated proteins (like Ci) out of the nucleus requires the Cos2 membrane
binding domain, not the MT binding domain (37, 43, 49). Indeed, upon transfection of S2
cells with HA-Cos2-AC, which contains only the putative motor domain of Cos2, we
observed a diffuse, mostly nuclear distribution similar to eGFP alone (data not shown).
Therefore, we conclude that Cos2 AN contains a domain that is capable of tethering
exogenous proteins to various membrane vesicles.

We next asked whether Cos2 is associated with endosomal membrane vesicles since both
Ptc and Smo cycle through the endosomal pathway (71, 72). Rab11 is a marker for some
early endosomes and for recycling endosomes (73), the latter of which play an important
role in the recycling of membrane proteins back to the plasma membrane. To determine
whether the punctate signal of eGFP-Cos2AN is at least partly due to association with
endosomal vesicles, we measured the co-localization of Cos2 with Rab11 (Fig. 45). In S2
cells, ~54% of eGFP-Cos2AN co-localized with Rab11-containing vesicles. The co-
localization of eGFP-Cos2 AN with Rab11-associated vesicles is especially pronounced in
perinuclear regions of the cell, which are rich in recycling endosomes. There was less than
0.5% co-localization between wild type eGFP and Rabl1-containing vesicles. These results
verified that the punctate staining pattern of eGFP-Cos2AN is due to its association with
membrane vesicles. Additionally these results suggest that a portion of Cos2 localizes to
recycling endosomes.

It has been suggested that the ability of Kinesin to associate with MTs /n vivo is regulated
by its association with vesicular cargo (74-76). In the absence of cargo, Kinesin adopts a
conformation unfavorable for association with MTs under physiological conditions. Upon
cargo binding, Kinesin is stabilized into a conformation capable of binding MTs. Such a
mechanism would prevent MT-stimulated ATPase activity of the motor domain in the
absence of cargo. By analogy, we hypothesized that the Hh-regulated MT binding of the
HSC we have reported previously (43) is mediated /7 vivo by differential association of
Cos2 with a vesicular cargo. That is, in response to Hh, Cos2 may adopt a conformation that
inhibits its association with membranes and therefore decreases its affinity for MTs. Indeed
we found substantially less Fu and Cos2 associated with membranes isolated from Hh-
stimulated S2 cells than from unstimulated S2 cells (Fig. 5A4). Instead a greater percentage
of Fu and Cos2 fractionated with the cytosol in response to Hh. Thus, the association of the
HSC with membranes can be regulated by exposure to Hh. This suggests that differential
affinity of Cos2 for membranes may provide a mechanism of Hh signal regulation.

Recently it has been shown that Cos2 associates with the 7-transmembrane protein Smo (56,
57). However, we propose that Cos?2 is also able to bind membranes itself as Smo protein
levels are likely too low to provide for membrane association of overexpressed Cos2. To
verify that Cos2 is able to bind membranes independently of Smo, we used an established
method to deplete tissue culture cells of Smo protein using RNA interference (77, 78). We
then demonstrated, using a ptc-Luciferase reporter assay (77), that Smo dsRNA treatment
reduces Hh-stimulated Ci activation by 94% (Fig. 58). Additionally we have shown that this
dsRNA treatment will greatly reduce the expression of a Myc-tagged Smo construct when
detected by indirect immunofluorescence (data not shown). To determine the distribution of
Cos2 in cells that lack Smo, we used this same Smo dsRNA to treat S2 cells in the presence
or absence of Hh. Upon lysis and fractionation by centrifugation, we found that Cos2 and Fu
continue to associate with cellular membranes in cells in which Smo levels are depleted due
to RNA interference (Fig. 5C, /eft panel). Interestingly Smo is required for Cos2 to be
released from membranes. Therefore, Smo provides an activity that increases the solubility
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of the HSC due to Hh. As an internal control for Smo depletion, we compared the state of Fu
phosphorylation in the dSRNA-treated cells to the control cells. A shift in Fu mobility, upon
SDS-PAGE, is due to Hh-dependent hyperphosphorylation and has been shown to be Smo-
dependent (31, 43, 79). In cells treated with Smo dsRNA Fu is not hyperphosphorylated in
the presence of Hh but is hyperphosphorylated in the Hh-exposed controls cells (Fig. 5C,
right panel). This observation verifies that Smo is depleted in dsSRNA-treated cells. To
further test the hypothesis that Cos2 contains a domain that associates with membranes
independently of Smo, we constructed a plasmid expressing eGFP-Cos2-(501-800). This
fusion protein contains the Cos2 membrane binding domain but lacks the domain of Cos2
(amino acids 900-1201) that associates with Smo (57). Using confocal microscopy, we
observed that eGFP-Cos2-(501-800) expressed in S2 cells localizes to cytoplasmic puncta
similar to full-length Cos2 (Fig. 50). Thus, we conclude that eGFP can be tethered to
vesicular membranes by a Cos2 membrane binding domain. Taken together, these results
suggest that Cos2 binds membranes in a Smo-independent manner.

DISCUSSION

We have presented evidence that a subset of the HSC is enriched on cellular membranes.
We demonstrate that the HSC component Cos2 is capable of tethering an exogenous protein
to various cellular membranes through a domain that maps between amino acids 501 and
800 of Cos2. We show that Cos2 continues to associate with cellular membranes in the
absence of Smo. We demonstrate that the Cos2 membrane binding domain is distinct from
the MT binding domain and from the recently identified Smo interaction domain. In contrast
to the association of Cos2 with Smo, we also show that the association of Cos2 with
membranes is Hh-sensitive. Thus, the ability of Cos2 to associate with cellular membranes
appears to be distinct from its ability to associate with Smo. We propose that the ability of
Cos?2 to associate with cellular membranes, through direct binding or through association
with the membrane protein Smo, may underlie its ability to function as both a positive and
negative regulator of the Hh pathway.

Cos2 Tethers the HSC to Membranes

It has been proposed that the MT association of Cos2, through its predicted aminoterminal
MT binding domain, is required to tether Ci out of the nucleus. This model assumed that
Cos2 was working as an ATP-regulated scaffolding protein. However, the membrane
binding domain of Cos2 now appears sufficient to tether an exogenous protein, eGFP, out of
the nucleus. This result suggests that Ci may actually be tethered out of the nucleus through
vesicular association, not MT association. It was initially unclear whether Cos2 would have
the ability to act as a true Kinesin as an arginine highly conserved in the motor domain of
other KRPs is missing in Cos2. However, it now appears that Cos2 has additional
similarities to KRPs beyond MT binding; it is capable of associating with membrane
vesicles in a regulated manner. Thus, the MT binding domain of Cos2 may play an active
role in transporting the HSC, while the Cos2 membrane binding domain plays the role of
tethering Ci out of the nucleus.

The amount of membrane-associated Cos2 and Fu decreases in response to Hh, resulting in a
subsequent increase of Cos2 and Fu in the cytoplasmic fraction. Thus, Cos2 appears to
redistribute the HSC in response to Hh, separating it from the membrane trafficking system.
It has been proposed that /n vivo the ability of KRPs to associate with MTs is regulated by
association with membrane vesicles. Therefore, the differential MT binding we observe in
the HSC, in S2 cell versus Hh-stimulated S2 cell lysates, may be a reflection of a lack of
vesicular binding in Hh-stimulated cells. Although no vesicles should have been present in
the high speed supernatants used for our MT binding assays, the Cos2 in these lysates could
have maintained their conformation after lysis such that the soluble Cos2 retains its ability to
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bind MT in the unstimulated cell lysates. Thus, it is likely that this Hh-regulated
redistribution of the HSC is provided by Cos2 acting as a KRP. Release of Cos2 from
membranes would limit the HSC to soluble locations and leave it unable to be trafficked or
to be activated by Smo. This lack of trafficking might affect Ci processing, which may occur
at various intracellular sites; see below for a suggested model.

It was recently suggested that Fu and Cos2 are degraded in response to Hh signaling (57). In
these experiments, diminished amounts of Fu and Cos2 were detected after Hh treatment of
cells or by visualizing Fu and Cosz2 in various tissues by indirect immunofluorescence
microscopy. Our results do not rule out a role for Cos2 and Fu degradation in the regulation
of the Hh pathway. However, it is apparent that degradation alone cannot explain our results
as upon Hh signaling Fu and Cos?2 levels increase in the cytosolic fractions as well as
decrease in the membrane fractions (see Fig. 5, Aand B). In Ruel et al. (57), see Fig. 3A4;
there is also an increase in the cytoplasmic fraction of the HSC in response to Hh,
supporting the proposal that degradation of membrane-associated Fu and Cos2 cannot solely
account for the redistribution of the HSC after Hh treatment. We conclude, from both these
and our data, that release of Cos2 and Fu from membranes may play a role in regulation of
the Hh pathway. Thus, in response to Hh, destabilization of Fu and Cos2 may occur
subsequent to HSC redistribution and may not be relevant to initial Hh signaling events.
There are many examples of signaling systems that have both acute and chronic
desensitization systems (80-82). In this case, redistribution of Cos2 and Fu to the
cytoplasmic fraction of the cell may be an acute down-regulation mechanism, while
decreased Cos2 and Fu stability may represent a more permanent way to limit their activity.

Cos2 Associates with Cellular Membranes through Two Distinct Domains

If Cos2 associates with membranes through a protein intermediate, one might expect the
binding of Cos2 to that protein would be saturable. However, when we overexpress Cos2 in
cells we still observe vesicular association. Additionally in the presence of overexpressed
Cos?2 the percentage of endogenous Cos2 on cellular membranes is unchanged. Thus, we
speculate that Cos2 may associate directly with an abundant, perhaps lipid, component of
membranes. Additionally we recently reported that Cos2 associates directly with the 7-
transmembrane protein Smo and that this association is necessary for Ci activation. Thus,
Cos?2 appears to associate with cellular membranes through two different mechanisms
encoded by distinct domains of Cos2. Through its membrane binding domain, amino acids
501-800, Cos2 associates directly with cellular membranes, and through its Smo interaction
domain, amino acids 900-1201, Cos?2 associates indirectly with membranes through Smo.
Additionally the affinities of the two domains of Cos2 for their targets are regulated in
different manners. The association of Cos2 with Smo did not appear to be affected by Hh
treatment in both S2 cells treated with Hh and in embryos engineered to be chronically in
the Hh off state (pfc-overexpressing) or in the Hh on state (//-overexpressing) (56). This is
in contrast to the Cos2 membrane association reported here in which the bulk of Cos2 leaves
the membrane in response to Hh. One explanation for how these two different interactions
could play a role in Hh signaling is that there are two distinct forms of the HSC. One HSC
may be tethered directly to membranes through Cos2, and one may be bound to Smo. In
response to Hh, Cos2 would release the bulk of the HSC from endosomal vesicles,
disrupting Ci7s production. Simultaneously the HSC tethered to Smo would be redistributed
to the plasma membrane, allowing Ci to be activated (see below).

Previously, based on quantitative immunoprecipitation results, we estimated that only 3-5%
of Cos2 associated with Smo. This result is consistent with our new report as the small
percentage of Cos2 remaining on membranes after Hh treatment could be Cos2 in
association with Smo. However, we had previously suggested, based on the percentage of
Smo and Cos2 that co-localized by immunofluorescence microscopy, that as much as 50%
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of Cos2 and Smo may associate. This co-localization in various imaginal disc cells did not
appear to vary with the position of the cell in the wing imaginal disc. This is consistent with
the hypothesis that the Smo-Cos2 association is not affected by Hh. However, the high
degree of Cos2 co-localization with Smo across the wing disc is seemingly inconsistent with
the proposal that the bulk of Cos2 leaves cellular membranes in response to Hh. While it is
unclear what the reasons behind this discrepancy are, we suggest that the resolution of our
immunofluorescence studies may not be sufficient to detect alteration of Cos2 distribution
due to Hh. Alternatively the pool of Cos2 that becomes soluble due to acute Hh signal
reception may be degraded and undetectable in the chronic Hh reception state of the late
third instar wing disc.

Multiple Signaling Complexes

We suggest a model in which there are two HSCs, one involved in converting Ci into Cizs
(HSC-R) and one involved in converting Ci into an activator (HSC-A) (see Fig. 6). HSC-R
associates with endosomes through Cos2, which may associate directly with membranes.
HSC-A is also tethered to membranes through Cos2, but in this case Cos2 associates with
membranes indirectly through the transmembrane protein Smo. In the absence of Hh, the Hh
off state, HSC-R potentiates Ci processing into Ciys. In the presence of Hh, the HSC-R
begins to release from vesicular membranes. This release of HSC-R from endosomal
membranes, which would require initial Smo activity, attenuates Ci processing to Ciys, thus
activating low Hh responses. Additionally Hh promotes Smo relocalization to the plasma
membrane where it appears to be activated (72, 83). The Kinesin-like properties of Cos2 and
its direct association with Smo might facilitate this relocalization. The fraction of the HSC
that is associated with activated Smo becomes HSC-A, which involves hyperphosphorylated
Fu and Cos2 (31, 42, 48, 50), allowing conversion of Ci into an activated form (Ciact) in a
manner that requires localization to the plasma membrane (54). Thus, in response to Hh only
a small amount of Ci would become activated, while the bulk of the HSC would accumulate
in the cytoplasm. This model is consistent with the lack of correlation between Ci levels and
target gene activation (41, 42, 50-52, 55, 84, 85).

This model is based on four main observations. 1) Smo association with Cos2 does not
change appreciably in response to Hh, while apparently simultaneously the majority of Cos2
and Fu is released from endosomal membranes. 2) SmoC, a membrane-targeted truncation
of the intracellular carboxyl-terminal tail of Smo, inhibits Hh-induced Ci activation but also
activates the low Hh responses thought to proceed through blocking Ci;g production (56,
86). 3) Genetic interactions between HSC components suggest the function of at least two
complexes (85, 87). 4) Hh target gene activation is not correlated with blockage of Cizs
production (41, 42). A cytosolic HSC, HSC-C, whose association with MTs is regulated by
Hh has been described previously (37, 43, 46). Although the relationship between the
various HSCs is not yet clear, we speculate that HSC-C may represent a signaling
intermediate between HSC-R and HSC-A, or it may be an end point where HSC-R
accumulates, after Hh exposure, to be inactivated and perhaps degraded. Alternatively HSC-
C may represent components of a non-membrane-associated HSC that are able to
reassemble in the presence of the high concentrations of MTs formed in various /n vitro MT
binding assays. Like other KRPs, Cos2 may cycle on and off membranes and MT always
generating a cytosolic pool of HSC. In the absence of Hh, HSC-C may be in a conformation
capable of associating with MTs. In the presence of Hh, HSC-C, containing
hyperphosphorylated Cos2, may be in a conformation with a weaker affinity for both MTs
and membranes.

Thus, between the Hh off state, in which the endosome-associated HSC-R is the primary
form of the HSC, and the completely activated state, in which the plasma membrane-
localized Smo-associated HSC-A is the primary form of the HSC, there may be many
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intermediate forms. This model is consistent with the requirements of a signaling system
that translates a morphogen gradient into distinct biological outcomes. Direct association
between Smo and Cos2 may allow Smo to directly activate HSC-A and inhibit HSC-R. This
testable model will focus future investigations on the dynamic equilibrium of Smo with
various forms of the HSC.
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Fig. 1. The HSC associates with membranes
A, following hypotonic lysis and fractionation of Drosophilaembryos, total cellular
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membranes were sequentially extracted by homogenization with a Dounce in lysis buffer
containing the indicated concentrations of NaCl or finally 1% Nonidet P-40 (NVP40). The
cytosol and sequential extractions were normalized to protein, separated by SDS-PAGE, and
immunoblotted for the indicated proteins. B, total embryo membranes were washed in lysis
buffer containing 0.15 v NaCl and then extracted with lysis buffer containing 0.5 v NaCl
(producing the S4 fraction). This salt extraction was immunoprecipitated with antibodies to
Fu or Cos2 or with rabbit 1gG or mouse 1gG; as controls (Cirl.). The immunoprecipitates

were separated by SDS-PAGE and immunoblotted for the indicated proteins. C, the

cytosolic fraction (fop panel) and S4 extraction of embryo cellular membranes (midd/e and

bottom panels) were fractionated by size on a Superose 6 column. The size exclusion
column was equilibrated in lysis buffer containing 0.15 w NaCl (fop panel), 0.5 » NaCl

(middle panel), or 1 v NaCl (bottom panel). Every other fraction was immunoblotted for Fu.
Fractions where standard size markers elute are indicated. Peaks A and B of Fu elution are

referred to in the text.
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Fig. 2. Cos2 associates with vesicles and plasma membrane

A, total membranes prepared from S2 cells were washed in 0.15 » NaCl, then resuspended in
1.4 w sucrose, and overlaid with 1.22 w sucrose and then with 0.1 » sucrose. Following
equilibrium density centrifugation (112,000 x g for 18 h), fractions were taken from the top
of the tube. Each fraction was separated by SDS-PAGE and immunoblotted. Approximately
30% of Kinesin associates with vesicular membranes and is used here as a vesicular
membrane marker (fractions 6-10) (61, 63). Fasciclin is a glycosylphosphatidylinositol-
anchored protein and is used here as a plasma membrane marker (fractions 2—4) (66). The
apparent accumulation of Fu in the plasma membrane to a greater degree than Cos2 is not
consistently observed. B, S2 cells were transfected with HA-Cos2, then fixed, and stained
with anti-HA-Alexa 488 and with 4,6-diamidino-2-phenylindole (not shown) to visualize
DNA followed by confocal microscopy.
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Fig. 3. A central region of Cos2 contains a membrane binding domain

A, S2 cells were transfected with expression vectors containing HA-tagged Cos2 (residues
1-1201), Cos2AC, Cos2AN, or Cos2M. Two days post-transfection, cells were lysed in
hypotonic lysis buffer. Total lysate ( 7of), postnuclear cytosol (Cyto), and total membrane
(Memb) fractions were normalized to volume, separated by SDS-PAGE, and immunoblotted
with a-HA antibody (fop panel). An immunoblot of endogenous Cos2 is also shown (bottom
panel) to demonstrate that endogenous Cos2 is not displaced by overexpressed Cos2. B, S2
cells transfected with eGFP-Cos2 AN were lysed, and total membranes were separated by
equilibrium density centrifugation. eGFP-Cos2 AN fractionates in a manner similar to
endogenous Cos2. C, electron microscopy of the vesicular membrane fraction (fraction 6)
compared with the pellet (fraction 10) of the sucrose gradient in B.
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Fig. 4. The Cos2 membrane binding domain can tether an exogenous protein to vesicles

A, S2 cells expressing eGFP-Cos2 AN or eGFP were fixed, stained with 4,6-diamidino-2-
phenylindole (DAP/) (blue) and observed by fluorescence microscopy. The distribution of
eGFP-Cos2AN is cytoplasmic and punctate similar to full-length Cos2 (see Fig. 25).
However, eGFP is predominantly nuclear with a diffuse cytoplasmic pattern. B, S2 cells
were transfected with eGFP-Cos2 AN, fixed, and stained with a-Rab11 (req) and observed
by confocal microscopy. Rabl1 is a marker for early/recycling endosomes (73). Plain
arrows indicate eGFP-Cos2 AN signal alone; filled arrows indicate yellow puncta where co-
localization of Rab11 and Cos?2 signals occurs.
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Fig. 5. The HSC association with membranesis Hh-sensitive and independent of Smo

A, S2 cells were transfected with Hh or a control vector. Two days post-transfection, cells
were lysed in hypotonic lysis buffer and fractionated as described under “Experimental
Procedures.” 0.5x total lysate, 1x postnuclear cytosol (Cyfo), and 1x total membrane
(Memb) samples were normalized to volume, separated by SDS-PAGE, and immunoblotted.
Kinesin and Cadherin serve as positive controls for soluble and membrane-associated
proteins, respectively. Kinesin is generally about 70% soluble upon hypotonic lysis, while
the remainder associates with vesicles (61, 63). Cos2 and Fu are more cytoplasmic in Hh-
treated cells. B, CI8 cells were transfected with a pfc-Luciferase reporter construct and
treated with or without dSRNA homologous to Smo in the presence or absence of Hh.
Relative luciferase activity was measured post-lysis and demonstrates reduced Hh-activated
transcription in cells treated with Smo dsRNA. White bars indicate —Hh; black bars indicate
+Hh. C, S2 cells were transfected with Hh or a control vector with or without the addition of
Smo dsRNA. Two days post-transfection, cells were hypotonically lysed and fractionated
into postnuclear cytosol and total cellular membranes. Left panel, total cellular membranes
separated by SDS-PAGE and immunoblotted for Fu, Cos2, and Kinesin. Fu and Cos2
continue to fractionate with membranes despite Smo dsRNA treatment. Right panel,
postnuclear cytosols are immunoblotted for Fu and Tubulin. This panel demonstrates that
the Hh-induced phosphorylation of Fu does not occur in cells treated with Smo dsRNA,
verifying depletion of Smo in these cells. D, S2 cells were transfected with eGFP-Cos2-
(501-800), which expresses a fusion protein that contains the membrane binding domain of
Cos2 but not the Smo association domain. Confocal microscopy reveals that eGFP-Cos2-
(501-800) distribution is similar to full-length Cos2; eGFP-Cos2-(501-800) is both
cytoplasmic and punctate. Thus Cos2 does not require a Smo association domain to tether
eGFP to vesicles. Rel., relative.
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