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Summary

The exocyst is a complex of proteins originally iden-
tified in yeast that has been implicated in polarized
secretion. Components of the exocyst have been impli-
cated in neurite outgrowth, cell polarity, and cell via-
bility. We have isolated an exocyst component, sec15,
in a screen for genes required for synaptic specificity.
Loss of sec15 causes a targeting defect of photore-
ceptors that coincides with mislocalization of specific
cell adhesion and signaling molecules. Additionally,
sec15 mutant neurons fail to localize other exocyst
members like Sec5 and Sec8, but not Sec6, to neuronal
terminals. However, loss of sec15 does not cause cell
lethality in contrast to loss of sec5 or sec6. Our data
suggest a role of Sec15 in an exocyst-like subcom-
plex for the targeting and subcellular distribution of
specific proteins. The data also show that functions
of other exocyst components persist in the absence
of sec15, suggesting that different exocyst compo-
nents have separable functions.

Introduction

Twenty-five years ago, Novick et al. (1980) identified 23
temperature-sensitive mutant complementation groups
that caused a secretory defect in yeast. Many of the
SEC mutants isolated in this work have now been
studied in more detail (Schekman and Novick, 2004).
Much is known about some of these genes, including
SEC9, a SNAP-25 homolog, SEC17, an α-SNAP homo-
log, and SEC18, an NSF homolog, because they have
been implicated in numerous secretory processes in
yeast and many metazoans (Bennett and Scheller,
1993). Another subset of SEC genes (SEC3, SEC5,
SEC6, SEC8, SEC10, and SEC15) has been shown to
encode members of a large protein complex, the exo-
cyst or Sec6/8 complex, which also includes Exo70p
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and Exo84p. Although they have been studied quite
extensively in yeast (Hsu et al., 2004; TerBush et al.,
1996), their role in metazoans is ill-defined due to a
dearth of functional studies.

In yeast, exocyst proteins are required for polarized
exocytosis of secretory vesicles (Guo et al., 1999; Ter-
Bush et al., 1996). Sec3p localizes to the membrane
even when other exocyst members are lacking and is
thought to represent a spatial landmark (Finger and
Novick, 1998). Sec15p interacts with the secretory vesi-
cle-associated rab GTPase, Sec4p, in its GTP bound
form. A further interaction of Sec15p with Sec10p is
thought to recruit other exocyst components and con-
nect the complex to Sec3p (Guo et al., 1999). Hence,
Sec15p is thought to target the vesicle to the correct
exocytic site.

In multicellular organisms, the exocyst proteins were
found to be present in brain (Guo et al., 1999; Hsu et
al., 1996) as well as most other tissues (Hsu et al., 1999;
Kee et al., 1997). In nonpolarized epithelial cells (Madin-
Darby canine kidney [MDCK] cell culture), the complex
is found in a soluble form in the cytoplasm. Upon cell-
cell contact, it relocalizes to the interacting plasma
membranes. After disruption of E-cadherin-mediated
cell-cell contact, the complex dissociates again from
the plasma membrane. In the same epithelial cell line,
antibodies against Sec8 specifically inhibited vesicle
delivery to the basolateral but not the apical membrane
(Grindstaff et al., 1998; Yeaman et al., 2004). These data
suggest that the recruitment of the exocyst is a conse-
quence of cell-cell adhesion and is essential for epithe-
lial cell polarity.

In cultured hippocampal neurons, Sec6 immunoreac-
tivity is present in the growth cone during neurite out-
growth as well as in periodic punctae on the axon prior
to synaptogenesis. After formation of stable synapses,
the Sec6 immunoreactivity disappears, suggesting that
Sec6 protein and the corresponding complex are not
required in mature synapses (Hazuka et al., 1999). In
addition, overexpression of a dominant-negative Sec10
protein blocks neurite outgrowth in cultured PC12 cells
(Vega and Hsu, 2001). Taken together, the data from
yeast and mammalian cells suggest that the complex
may play a role in growth cone extension and possibly
synaptogenesis (Hsu et al., 1999).

To date, the only published mutants providing in vivo
data in metazoans are knockouts of sec8 in mouse and
sec5 in Drosophila. The sec8 knockout results in lethal-
ity at E7.5, precluding analyses of neuronal develop-
ment (Friedrich et al., 1997). Loss of sec5 in Drosophila
reveals no defect in neurotransmitter release, and lar-
vae die soon after their maternal protein contribution is
exhausted (Murthy et al., 2003). In cell culture, loss of
sec5 blocks neurite outgrowth and incorporation of
newly synthesized transmembrane proteins into the
membrane, in agreement with a proposed role for the
exocyst in neurite outgrowth (Hsu et al., 1999; Murthy
et al., 2003). In the developing oocyte, sec5 is required
for membrane trafficking and polarization (Murthy and
Schwarz, 2004). Finally, clones of sec5 in the eye do
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not form eye tissue. Since Sec5 is a core component 1
uof the complex, Murthy et al. (2003) propose that the

phenotype associated with the loss of sec5 represents o
vthe function of the entire exocyst complex. No func-

tional data in yeast or metazoans so far indicate any R
Rrole of individual exocyst components independent of

the entire complex, suggesting that sec5 mutant phe- 1
mnotypes represent a generic consequence of mutations

in exocyst members. r
sHere, we describe the isolation of Drosophila sec15

mutants in a forward genetic screen designed to iden- a
ptify genes that affect synapse development. In contrast

to the cell lethality associated with sec5 mutations, m
Rsec15 mutant photoreceptor neurons are viable and

display surprisingly specific defects in a distinct neu- w
oronal targeting step. Loss of sec15 does not cause de-

fects in neurite extension, but leads to the formation r
Vof synapses between inappropriate partners, causing a

loss of synaptic specificity. Our data indicate that sec15 a
dis required for the delivery of specific cell adhesion and

signaling molecules required for the establishment of a
tsynaptic specificity after the growth cones reach their

target regions. They also suggest a model in which sub- t
icomplexes of the exocyst perform separable functions.
r
2Results
t
mIsolation of Mutations in Complementation
aGroup 3R41
mTo isolate new genes that play a role in synapse devel-
topment or function, we carried out an F1 screen in the
cDrosophila visual system (Verstreken et al., 2003). Using
pthe eyFLP system, we created 210,000 flies with eyes
chomozygous for a randomly induced chemical mutation
swhile the rest of the body is heterozygous (Newsome
aet al., 2000; Stowers and Schwarz, 1999; Verstreken et
gal., 2003). As shown in Figure 1A, we employed two
dassays to identify mutations that cause a failure to
bevoke a postsynaptic response. To identify mutations
mthat affect the accuracy of synaptic contacts (synaptic
wspecificity), we assessed neuronal targeting defects

with light microscopy for 450 mutants and synapse for-
mation with electron microscopy for 40 complementa- M

ition groups (Figure 1A).
We selected flies with grossly normal eye morphol- T

dogy that phototax poorly or not at all (Benzer, 1967). As
shown in Figure 1B, control flies (black) consistently v

awalk toward light, while flies that do not synthesize the
neurotransmitter histamine (green) fail to phototax (Burg c

aet al., 1993). Two independently isolated mutations that
failed to complement each other (see below), 3R411 u

vand 3R412, display an aberrant response to light (red
and blue). We performed electroretinograms (ERGs) to c

eidentify mutations that cause a lack of “on” and “off”
responses (Figure 1C, arrows) but display a normal de- s

dpolarization profile. The lack of an on and off response
is thought to indicate a lack of, or aberrant communica- d

Ition between, pre- and postsynaptic cells. This can be
caused by (1) a defect in neurotransmission or (2) a de- l

ovelopmental defect in synapse formation. To test for
developmental defects at the level of light microscopy, p

swe stained adult brains with the photoreceptor-specific
antibody against chaoptin, mAb 24B10 (Fujita et al., s
982). The Drosophila compound eye consists of 800
nit eyes, called ommatidia, each with a complement
f eight photoreceptor cells. mAb 24B10 staining re-
eals the morphology of photoreceptor terminals R1–
6 in the first optic neuropil, the lamina, as well as R7–
8 in the second optic neuropil, the medulla (Figure
D). 3D visualization of the R7/8 terminal field in the
edulla of a control animal reveals a highly regular ar-

ay of terminals (Figure 1E). The terminals of R7 and R8
ynapse in separate layers in the medulla (Fischbach
nd Dittrich, 1989; Figure1F). In contrast, 3R411 mutant
hotoreceptors display loss of the regular array of ter-
inals in the medulla (Figure 1G) and highly aberrant
7 and R8 target layering (Figure 1H). We next analyzed
hether these morphological disruptions are the result
f long-range growth cone guidance defects or short-
ange wiring disruptions within the correct brain areas.
isualization of the adult optic neuropils with the syn-
ptic marker N-cadherin revealed strong morphological
isruptions of neuropil shape, but no alteration of their
rrangement or size, indicating morphological disrup-
ions only within the neuropils (Figures S1A and S1B in
he Supplemental Data available with this article online)
n mutant optic lobes. Visualization of only the R7 photo-
eceptor using R7-specific GFP expression (Lee et al.,
001) in an eyFLP 3R41 mutant background revealed
hat all observable R7 terminals project into the distal
edulla (Figures S1C–S1G). While gross defects in R7

xon outgrowth were not detected, we cannot rule out
ore subtle defects that are beyond the resolution of

he analyses described here. However, our data indi-
ate that axons are not affected in long-range axonal
athfinding, axon extension, and the recognition of the
orrect brain areas or neuropils. Based on our ERG re-
ults, mutant photoreceptors are able to sense light
nd depolarize normally after stimulation. Taken to-
ether, these data suggest that 3R41 mutant neurons
o not exhibit disruptions in general cellular processes,
ut exhibit a severe and specific defect of neuronal ter-
inals in establishing a normal, local wiring pattern
ithin their correct neuropils.

utations in 3R41 Cause Defects
n Synaptic Specificity
o determine whether R1–R6 photoreceptors display
efects in synapse morphology, synapse formation, or
esicle morphology/number, we analyzed wild-type
nd mutant laminae by transmission electron micros-
opy (TEM). R1–R6 terminals from different ommatidia
re organized into synaptic units called cartridges (Fig-
re 1D). During late larval stages, axons of R1–R6 in-
ade the developing lamina plexus, where their growth
ones are halted by interactions with glial cells (Poeck
t al., 2001; Figure 2A). Initially, photoreceptors from the
ame ommatidium travel together in bundles. Later,
uring the first half of pupation, the R1–R6 terminals
efasciculate and organize themselves into cartridges.

n this sorting process, photoreceptors that receive
ight from the same point in space but reside in different
mmatidia sort into a single cartridge according to the
rinciple of neural superposition (Clandinin and Zipur-
ky, 2000; Kirschfeld, 1967). Synaptogenesis does not
tart before cartridge formation is complete at the be-
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Figure 1. Isolation of 3R41 Mutations in an eyFLP Screen

(A) Flowchart of the four sequential assays used to identify mutations affecting synaptic specificity. (B) Comparison of performance of wild-
type (eyFLP; FRT82B, black), 3R41 mutants (eyFLP; 3R411,2/FRT82B cl, red and blue), and neurotransmitter-deficient (hdcjk910, green) flies in
the countercurrent phototaxis assay. n = 5 trials with 100 flies per trial. Error bars indicate standard error. (C) Electroretinogram traces from
wild-type and mutant flies. Notice that mutants have normal depolarization in response to light, but lack on and off transients (red arrows).
(D) Illustration of selected neuronal projections in the adult optic lobe (upper panel). The lower panel shows an ultrathin cross-section of a
cartridge in the lamina. Neuronal projections in both panels are color coded with the presynaptic photoreceptors R1–R6 in green and the
postsynaptic lamina monopolars L1–L3 in red. Photoreceptors R7–R8 (blue) project through the lamina into the second optic neuropil medulla.
la, lamina; dm, distal medulla; pm, proximal medulla; lp, lobula plate; lo, lobula. (E) 3D visualization of the R7/8 terminal field viewed from
inside the brain. The confocal image stack was obtained from an eyFLP FRT82B control optic lobe stained with mAb24B10. (F) Single optical
section of stack used in (E) illustrating R7 and R8 terminal layers in the medulla. (G) 3D visualization of a confocal image stack taken of an
adult eyFLP 3R411 mutant optic lobe, as in (E). (H) Single optical section of stack used in (G) illustrating the lack of distinct R7/R8 terminal
layering in a 3R411 mutant medulla. Scale bar for (F) and (H) in (F), 10 �m.
ginning of the second half of pupation (Meinertzhagen
and Hanson, 1993). We performed quantitative ultra-
structural studies of 1-day-old adults to assess car-
tridge formation and synapse formation. As shown
schematically in Figure 1D as well as the control in Fig-
ure 2B, cartridges consist of six photoreceptor ter-
minals that surround the processes of the L1 and L2
postsynaptic lamina monopolar cells. Photoreceptor
terminals were identified based on the presence of cap-
itate projections (Meinertzhagen and Hanson, 1993).
The cartridges are delimited by epithelial glia. In eyFLP;
3R411 and eyFLP; 3R412 mutant laminae, cartridges are
easily identifiable, but they contain highly variable num-
bers of photoreceptor terminals (Figures 2C and 2D).
Quantitative analysis of terminal number per cartridge
revealed that eyFLP; 3R41 mutant laminae have a much
broader distribution of photoreceptor terminals per car-
tridge than wild-type (Figure 2D, see figure legend), in-
dicating a defect in cartridge formation.

Next we analyzed whether synapses are formed in
these mis-sorted cartridges. Drosophila photorecep-
tors form tetrad synapses in which the presynaptic
active zone makes contacts with four postsynaptic
dendrites from lamina monopolar and amacrine cells
(Frohlich and Meinertzhagen, 1983). As shown in Figure
2E, the presynaptic active zone is identified by an
electron-dense structure known as the “T bar” (Frohlich
and Meinertzhagen, 1983; Stark et al., 1989) (Figures 2E
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Figure 2. Mutations in 3R41 Cause Defects
in Synaptic Specificity

(A) Timeline of lamina development. Note
that target recognition and cartridge forma-
tion occur before synapse formation. Largely
unaffected developmental steps in 3R41 mu-
tants based on adult ultrastructure are de-
picted in green; the disrupted process of
cartridge formation is depicted in red. (B)
TEM of a cartridge from a control (eyFLP;
FRT82B) lamina with the inset showing out-
lines of the six photoreceptor terminals in
the cartridge (compare to Figure 1D). (C)
TEM of a cartridge from a mutant (eyFLP;
FRT 3R411/FRT82B cl) lamina with the inset
showing the outlines of the four photorecep-
tor terminals in the cartridge. (D) Distribution
of photoreceptor terminals per cartridge for
wild-type (black, n = 129 cartridges from 6
flies) and mutant (purple, 3R411, n = 75 car-
tridges from 5 flies; and yellow, 3R412, n = 32
cartridges from 3 flies) laminae. Notice that
mutant laminae have a much broader distri-
bution of terminals per cartridge than wild-
type, revealing a significant defect in car-
tridge formation (3R411 distribution F test =
4.911 × 10−42; 3R412 distribution F test =
2.559 × 10−37). (E) TEM of synapses in photo-
receptor terminals in a wild-type lamina. Pre-
synaptic sites of release are marked by the
presence of “T bars” (arrows in [E] and [F]),
postsynaptic sites are split and marked by
densities. (F) TEM of synapses in photore-
ceptors in a 3R411 mutant lamina. Notice
there is no morphological difference be-
tween the synapse structure in (E) and (F).
(G) Quantification of average number of syn-
apses per photoreceptor terminal in wild-
type (black, 0.76; n = 760 terminals) and mu-
tant (purple, 3R411, 0.90, n = 368; and yellow,
3R412, 0.97, n = 164). Error bars shown are
standard deviations. Scale bar for (B) and (C)
in (B), 1 �m. Scale bar for (E) and (F) in (E),
100 nm.
and 2F, arrows), and at least two of the four postsynap- i
mtic dendrites are identifiable in an ultrathin section at

most angles. We observed the typical configuration of v
ftetrad synapses in which two T bars face each other

and share postsynaptic processes (Figure 2F). In m
teyFLP; 3R41 mutant laminae, synapses appear mor-

phologically normal and occur with a similar frequency s
Eas in controls (Figures 2E–2G), indicating that 3R41 mu-

tants have no defect in synapse assembly. The synaptic d
vesicle content of mutant terminals appears to be nor-
mal, and immunohistochemical analyses of synaptic 3

Tvesicle proteins including synaptotagmin and neuronal
synaptobrevin revealed no altered distribution (data not n

wshown). We conclude that 3R41 mutants exhibit a
defect in synaptic specificity, since qualitatively and e

tquantitatively normal synapses are formed in cartridges
containing an incorrect complement of photoreceptor t

rterminals.
Homozygous mutant eyFLP; 3R41 eyes are generally l

psmooth with only occasional irregularities in the omma-
tidial array (Figure S2A). To ensure that the observed d

idefects are not due to secondary defects in photore-
ceptor specification or differentiation, we labeled third a
nstar larval imaginal discs containing marked 3R41
utant clones at the time of axonal outgrowth with a

ariety of markers. We did not observe any obvious de-
ects in patterning (Figure S2). Since early developing
utant photoreceptors are indistinguishable from wild-

ype and photoreceptors are able to respond to light
timuli (as evidenced by normal depolarization of the
RG), we conclude that the targeting defects are not
ue to neuronal differentiation defects.

R41 Corresponds to Drosophila sec15
o identify the molecular lesions that underlie the phe-
otypes associated with complementation group 3R41,
e performed complementation analysis using defici-
ncies of chromosome 3R (Figure 3A). Noncomplemen-
ation with Df(3R)e-R1 (93B6;93D2) and complementa-
ion with Df(3R)e-N19 (93B8;94A8) define an w50 kb
egion (Figure 3A). We used temperature gradient capil-
ary electrophoresis to screen this 50 kb interval for
oint mutations (Zhai et al., 2003) and sequenced can-
idate genes. We identified two premature stop codons

n sec15 at amino acid 135 (3R411) and 226 (3R412),
nd we renamed 3R411 as sec151 and 3R412 as sec152
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Figure 3. Identification of Mutations in sec15

(A) Schematic showing the overlapping defi-
ciencies used to identify the genomic region
containing the 3R41 mutations. The lower
part of the panel shows genes in the region
identified by the deficiencies as well as the
genomic rescue construct for sec15.
(B) Conservation of Sec15 homologs across
species. Values in the table refer to identity
and similarity of each homolog when com-
pared to Drosophila Sec15.
(C) Schematic of the Sec15 protein showing
locations of the stop codons in 3R411 and
3R412. Blue box indicates fragment used to
make the Sec15 antibody used in Figure 4.
(D) Photoreceptor-specific expression of sec15
cDNA using GMR-Gal4 in an eyFLP mutant
background rescues the R7/R8 layering as
well as ERG defects of 3R41 mutants.
(Figure 3). Both alleles in all transheterozygous combi-
nations with deficiencies die as second instar larvae,
indicating that sec151 and sec152 are either strong hy-
pomorphs or null alleles of sec15. Western blot analysis
with a polyclonal antibody against the full-length pro-
tein did not reveal detectable amounts of protein (see
Experimental Procedures) in mutants. RT-PCR using a
primer set to detect the truncated RNAs revealed re-
duced RNA levels, suggesting nonsense-mediated de-
cay of the truncated RNAs (data not shown).

Sec15 is conserved from yeast to humans over the
length of the protein (Figure 3B). We were able to res-
cue the second instar lethality associated with the loss
of sec15 using a 5 kb genomic fragment. Using expres-
sion of the sec15 cDNA in eyes in an eyFLP; sec15
background, we rescued both the R7–R8 terminal layer-
ing defect and the on and off transients of the ERG
(Figure 3D). These data show that phenotypes ob-
served in the mutants are due to loss of Sec15. The
identification of mutations in sec15 in a screen for syn-
aptic specificity defects was unanticipated, given the
proposed role of the exocyst in cellular polarization
(Nelson, 2003) and neurite outgrowth, as well as the cell
lethality associated with the loss of sec5 in photorecep-
tors (Murthy et al., 2003).

Sec15 Is Required in Photoreceptors for Synaptic
Specificity but Does Not Play an Important Role
in Neurotransmitter Release
The eyFLP system generates homozygous mutant pho-
toreceptors, as well as homozygous mutant lamina and
medulla cells (Lee et al., 2003). This implies that some
aspects of the sec15 mutant phenotype that we ob-
serve may not be caused by loss of Sec15 in photore-
ceptors. Our finding that driving the sec15 cDNA only
in eye tissue largely rescues the R7/R8 targeting de-
fects as well as the ERG defect in eyFLP; sec15 mutant
optic lobes indicates that Sec15 plays a critical role in
photoreceptors. To further investigate the cell type-
specific aspects of the observed phenotypes, we de-
vised two sets of experiments.

First, we used the eyFLP system in combination with
the MARCM technique (Lee and Luo, 1999) to generate
laminae in which 50% of the photoreceptors are homo-
zygous mutant for sec15 in a random distribution. In
these laminae, mutant photoreceptors express GFP,
while other mutant optic lobe cells are not marked.
Strong morphological disruptions are invariably and se-
lectively seen in clones with marked mutant photore-
ceptors (Figures 4A–4C). Interestingly, areas with no
mutant photoreceptors have very subtle or no morpho-
logical defects. These areas may contain mutant optic
lobe cells despite not having any mutant photoreceptor
terminals. Since we use an eye-specific driver to ex-
press GFP in mutant cells, the lamina cells that are mu-
tant will not be marked. This finding indicates that the
contribution of these cells to the overall morphological
phenotype is minor. We also observed elevated levels
of chaoptin in isolated mutant terminals at the clone
borders (Figures 4A–4C). To quantify this effect, we an-
alyzed 12 cartridges at clone boundaries containing
single mutant photoreceptor terminals. We made 3D re-
constructions of mutant terminals with one adjacent
control terminal in each cartridge and calculated pair-
wise mean fluorescence level ratios between mutant
and control terminals. Isolated mutant terminals dis-
played a 62.3% (±11.7%) increase in chaoptin levels,
indicating a cell-autonomous upregulation of chaoptin
in sec15 mutant photoreceptor terminals.

In a second set of experiments, we made use of a
new eyeless FLPase system developed by Iris Salecker
and colleagues, called ey3.5FLP. This system uses a
specific eyeless enhancer that only drives FLPase ex-
pression in eye imaginal discs (I. Salecker, personal
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Figure 4. Sec15 Is Required in Photorecep-
tors for Synaptic Specificity but Not Neuro-
transmitter Release

(A–C) Lamina of an adult fly of the geno-
type eyFLP; GMR-GAL4/UAS-CD8-GFP;
FRT sec151/FRT82B tub-GAL80. This lamina
has w50% control (heterozygous) and 50%
homozygous sec151 mutant photoreceptors.
The mutant photoreceptors express GFP
(green). Red indicates chaoptin expression
(mAb 24B10), and blue shows the outline of
the cartridges by marking glial cells (anti-
Ebony). Notice that mutant photoreceptors
are mis-sorted and express higher levels of
chaoptin.
(D) Single optical section taken through the
medulla of a fly with the genotype ey3.5FLP;
FRT82B/FRT82cl stained with mAb24B10.
Notice that R7/R8 targeting is normal and
not affected by the ey3.5FLP system.
(E) TEM of a cartridge from a control
(ey3.5FLP;FRT82B) lamina with the inset
showing outlines of the six photoreceptor
terminals in the cartridge.
(F) Distribution of photoreceptor terminals
per cartridge for control (ey3.5FLP;FRT82B)
laminae (n = 66).
(G) Single optical section taken through the
medulla of a fly with the genotype ey3.5FLP;
sec151/FRT82cl stained with mAb24B10. No-
tice the loss of discrete R7/R8 layers. Com-
pare with Figure 1H to see that the sec15
mutant phenotype is less severe with the
ey3.5FLP system compared to the eyFLP
system.
(H) TEM of a cartridge from a mutant
(ey3.5FLP; FRT sec151/FRT82B cl) lamina
with the inset showing the outlines of the
four photoreceptor terminals in the car-
tridge.

(I) Distribution of photoreceptor terminals per cartridge for mutant (ey3.5FLP; FRT sec151/FRT82B cl) laminae (n = 72 cartridges from 5 flies).
Notice that the distribution of terminals per cartridge is broader than control (see [F]), but not as broad as mutant laminae generated with the
eyFLP system (compare to Figure 2D).
(J) Electroretinogram traces. On and off transients are marked with red arrows. ey3.5FLP control flies exhibit normal depolarization and on/
off transients. Using the eyFLP system, sec151 mutant flies have no on/off transients. However, using the ey3.5FLP system, sec151 mutant
flies have small on/off transients. The ey3.5FLP system is capable of producing mutant flies that have no on/off transients, using mutations
in syt, for example.
communication). This ensures that the only mutant ter- l
tminals in the lamina are from photoreceptors. We found

that ey3.5FLP; sec15 mutant optic lobes still exhibit c
sneuronal targeting defects (Figures 4D and 4G). How-

ever, the ERGs exhibit on and off transients, albeit at o
treduced size (Figure 4J). This clearly indicates that neu-

rotransmitter release persists in photoreceptors lacking m
iSec15, even though TEM of the laminae of these flies

revealed cartridges with abnormal numbers of terminals o
e(Figure 4H). However, the distribution of terminals per car-

tridge for sec15 mutants was less broad using the a
rey3.5FLP system compared to the eyFLP system (Fig-

ure 4I, compare to Figure 2D). These data indicate that r
Sec15 is required for neuronal targeting in photorecep-
tors and also serves a function in other neurons. Since S

Ton and off transients in ERGs are field potential record-
ings of the synchronized firing of postsynaptic cells in c

bthe lamina, we suspect that the loss of on and off tran-
sients in eyFLP; sec151 flies are secondary to the mor- 3

sphological defects. If only photoreceptors are made
mutant using the ey3.5FLP system, the miswiring is r
ess severe, causing small on and off responses to re-
urn. Likewise, when only nonphotoreceptor optic lobe
ells are made mutant in the photoreceptor-specific
ec15 cDNA rescue of the eyFLP; sec151 phenotype,
n and off responses also persist and the R7/R8
argeting defect is greatly reduced (Figure 3D). Sec15
ust be removed from both populations of neurons (as

n the eyFLP system) in order to eliminate the on and
ff responses, indicating that the loss is a cumulative
ffect secondary to morphological disruptions. Our data
rgue that Sec15 is required in photoreceptors for cor-
ect neuronal targeting, but does not play an important
ole in regulating neurotransmission.

ec15 Is Expressed in Developing Neuropil
o determine the expression pattern and subcellular lo-
alization of Sec15, we generated a polyclonal anti-
ody against a fragment of Sec15 (blue box in Figure
C). The antibody is specific to Sec15, as staining of
ec15 homozygous mutant eye disc clones display a
eduction of staining to background levels.
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During initial target recognition with glia (5% of pupal
development) and during cartridge formation (30%),
Sec15 immunoreactivity is highly enriched in the de-
veloping optic lobe neuropils, including the lamina and
medulla (Figure 5). Costaining with mAb24B10 shows
that photoreceptor terminals contain Sec15, as do syn-
aptic terminals of other cells that contribute to the neu-
ropil. In the second half of pupation, synapse formation
commences in the lamina, and Sec15 immunoreactivity
decreases in all neuropils (compare Figure 5F to Fig-
ures 5B and 5D). However, low levels of Sec15 immuno-
reactivity persist into adulthood in a very distinct punc-
tate staining pattern. As shown in Figure S3, Sec15
punctae are localized within the glial border (blue) of
Figure 5. Sec15 Is Expressed in Developing Neuropil

(A) Optic lobe of a wild-type pupa at P + 5% (5% of pupal develop-
ment) stained with mAb24B10 (green) to mark photoreceptor pro-
jections. Anti-Ebony (blue) marks glia, and anti-Sec15 (red) reveals
strong immunoreactivity in the developing neuropil. During this
stage of development, photoreceptor axons invade the optic lobe
and stop at either the developing lamina (la) or medulla (me). (B)
Grayscale version of image in (A) showing only Sec15 staining.
(C) Optic lobe of a wild-type pupa at P + 30% stained with the same
antibodies as (A). During this stage of development, photoreceptor
terminals are being organized into cartridges in the lamina and lay-
ers in the medulla. All developing neuropils express Sec15 at high
levels. lc, lobula complex. (D) Grayscale version of image in (C)
showing only Sec15 staining. (E) Optic lobe of a wild-type pupa at
P + 50%; channels as above. (F) Grayscale version of image in (E)
showing only Sec15 staining. Notice that the staining intensity is
reduced when compared to (B) and (D) in the neuropil. Scale bars
are 50 �m in (A) for (A) and (B), (C) for (C) and (D), and (E) for (E)
an (F).
each cartridge, indicating that they are present in pho-
toreceptor terminals as well as pre- and postsynaptic
endings of other cell types. These punctae mostly do
not colocalize with n-synaptobrevin and synaptotagmin
I and are located near active zones. In summary, our
data indicate that Sec15 is present at the correct time
and place during development to account for the neu-
ronal targeting defects in the mutants and may serve
other functions into adulthood by specifying distinct
subdomains of synaptic terminals.

Specific Cell Adhesion and Signaling Molecules
Are Mislocalized in sec15 Mutant
Photoreceptor Terminals
Elevated levels of chaoptin in photoreceptor terminals
have been described for another vesicle-trafficking mu-
tant, the vesicle-SNARE neuronal-synaptobrevin (n-syb).
This mutant was also reported to exhibit neuronal tar-
geting defects (Hiesinger et al., 1999). This observation
raises the possibility that vesicle-dependent trafficking
of transmembrane or other signaling molecules might
be responsible for the neuronal targeting defects of
sec15 mutant photoreceptors. Recently, Zhang et al.
(2004) identified Rab11 as an interacting partner of
Sec15 in mammalian cell culture and proposed that
Sec15 is an effector for some but not all Rabs. Indeed,
we found an accumulation or upregulation of Rab11 im-
munoreactivity in sec15 mutant photoreceptors (S.Q.M.,
unpublished data), consistent with Rab11-positive vesi-
cles failing to fuse with their target sites. To further test
this hypothesis, we examined the localization of cell
adhesion and signaling molecules in mutant photore-
ceptor cell bodies as well as terminals during photore-
ceptor development, precisely when target selection
and cartridge formation occur (between P + 5% to P +
40%). We chose to examine proteins that have either
been shown to be required for photoreceptor target se-
lection, such as Dlar (Clandinin et al., 2001; Maurel-Zaf-
fran et al., 2001), N-cadherin (Lee et al., 2001), flamingo
(Lee et al., 2003), and IrreC-rst (Schneider et al., 1995),
or that are likely to be required, based on work in other
systems, such as Armadillo (Drosophila β-catenin) (Elul
et al., 2003; Yu and Malenka, 2003), chaoptin (Barton et
al., 2003), and fasciclin II (Fas2) (Thomas et al., 1997).

We first investigated Fas2 localization in sec15 mu-
tant photoreceptors, since chaoptin upregulation coin-
cides with elevated levels of Fas2 in n-syb mutant pho-
toreceptors (Hiesinger et al., 1999). As shown in Figures
6A–6C, Fas2 appears to be present in aggregates in
sec15 mutant photoreceptor cell bodies at P + 20%, in
contrast to wild-type photoreceptors. In addition, the
neuronal connections of the cell bodies shown in Fig-
ures 6A–6C exhibit Fas2 aggregated along the length
of the mutant axons (Figures 6D–6F). Similarly, overex-
pression of Fas2 in photoreceptors causes neuronal tar-
geting defects between P + 20% and P + 40% (P.R.H.,
unpublished data). In contrast to n-syb, however, no ele-
vated levels of Fas2 are observed later in development.
Hence, the data suggest that an aberrant localization
of Fas2 in a specific developmental time window may
at least partially underlie the observed phenotypes.

Similar mislocalization phenotypes in photoreceptor
cell bodies were also observed for other cell adhesion
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Figure 6. Mislocalization of Cell Adhesion
and Signaling Molecules in sec15 Mutant
Photoreceptors

All pupae shown are of the same genotype
described in Figure 4A (50% eyFLP MARCM).
(A–C) P + 15% eye. GFP (green) marks ho-
mozygous sec151 mutant photoreceptors.
Fas2 aggregates (magenta) only appear in
mutant cells. (D–F) Optic lobe of the same
animal as in (A)–(C). GFP (green) marks pro-
jections of sec151 mutant photoreceptors.
The horizontal stripe of Fas2 (purple) is the
developing lamina. Notice that aggregates of
Fas2 appear only in mutant axons (insets).
(G–I) P + 25% eye. GFP (green) again marks
homozygous sec151 mutant. Dlar (magenta)
exhibits randomly distributed aggregates in
mutant photoreceptor cells. (J–L) P + 30%
eye. Notice that there is no difference in ar-
madillo (magenta) in wild-type and mutant
(green) tissue. (M–O) Optic lobe of the same
animal as in (J)–(L). GFP (green) marks pro-
jections of mutant photoreceptors. Armadillo
is mislocalized in mutant patches. Scale bars
for (A)–(C) in (A), 10 �m; for (D)–(F) in (D), 20
�m; for (G)–(I) in (G), 10 �m; for (J)–(L) in (J),
20 �m; for (M)–(O) in (M), 20 �m.
molecules such as Dlar and IrreC-rst during the de- c
avelopmental time window of photoreceptor target se-

lection (Figures 6G–6I and data not shown). Dlar is d
(normally restricted apically in developing wild-type

photoreceptors, at the center of the ommatidial array. s
eIn sec15 mutant photoreceptors it appears much more

randomly distributed, such that a basal optical section m
Bthrough the eye shows Dlar at higher levels in mutant

ommatidia (Figures 6G–6I). Although these results show p
cmislocalization of cell adhesion molecules in the cor-

rect cell at the time when they are known to be required m
for proper target selection, we did not detect obvious
defects in the localization of Dlar or IrreC-rst in the de- S

Nveloping lamina (data not shown). This leaves open the
question of whether mislocalization of Dlar and IrreC- D

trst beyond the resolution limit of confocal microscopy
additionally contributes to the observed targeting de- h

cfects.
In vertebrates, Lar is known to localize to adherens M

fjunctions (Symons et al., 2002). Hence, a possible ex-
planation for the mislocalization of Fas2, IrreC-rst, and r

tDlar in mutant photoreceptor cell bodies is a defect of
adherens junctions. We analyzed the subcellular local- (

Uization of the adherens junction markers N-cadherin
and armadillo in the cell bodies as well as the terminals s

vof mutant photoreceptors, but did not detect any mislo-
alization of N-cadherin in either compartment. However,
rmadillo displayed localization defects selectively in the
eveloping lamina, but not the photoreceptor cell bodies

Figure 6J–6O). We also tested several other cell adhe-
ion and signaling molecules, including flamingo (Lee
t al., 2003), Slit (Rothberg et al., 1988), Liprin-α (Kauf-
ann et al., 2002), Crumbs (Izaddoost et al., 2002), and
azooka (Wodarz et al., 2000), all of which did not dis-
lay aberrant localization at the level of light micros-
opy. We conclude that a specific subset of proteins is
islocalized in sec15 mutants.

ec15 Is Required for the Localization of Some but
ot All Exocyst Members to Neuronal Terminals
oes Sec15 exert an exocyst-dependent function at

he neuronal terminal? To date, only one other mutant
as been reported that affects a component of the exo-
yst in Drosophila, namely sec5 (Murthy et al., 2003).
urthy and colleagues showed that Sec5 is required

or cell polarization in the developing oocyte and neu-
ite outgrowth in cell culture. In vivo, homozygous mu-
ations in sec5 are lethal in photoreceptor neurons
Murthy et al., 2003), as are mutations in sec6 (S.B. and
.T., unpublished data). In contrast, we observe that
ec15 homozygous mutant photoreceptor neurons are
iable, even in aged flies (data not shown). Either Sec15
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exerts a function independent of the exocyst at the
neuronal terminal, or its developmental role only repre-
sents a specialized task of the complex or subcomplex.
To distinguish between these two possibilities, we in-
vestigated the localization of Sec5, Sec6, and Sec8 in
developing neuropil as well as in sec15 mutant clones.

In the developing lamina of the late third instar larva,
Sec5 and Sec15 colocalize (Figures 7A–7C). Both are
highly enriched in the developing neuropil, whereas im-
munoreactivity in the functional larval central brain is
much lower (Figures 7A–7C, cb). In the adult lamina,
Sec5 and Sec15 are coexpressed in cartridges. Sec5
colocalizes with Sec15 to a larger extent than any of
the other markers tested, including plasmalemmal, syn-
aptic vesicle, or active zone markers (Figures 7D–7F
Figure 7. Sec5 and Sec8, but Not Sec6, Localization Depend on Sec15

(A–C) Optic lobe of a wild-type third instar larva stained with anti-Sec15 (red), anti-Sec5 (green), and anti-Ebony (blue). (B) and (C) show the
red and green channels of (A) separately. Sec15 and Sec5 are both strongly expressed and colocalize in the developing lamina (la). They are
also both expressed in the central brain (cb) of the larva, albeit at lower levels. (D–F) Deconvolved image of an adult wild-type lamina stained
with the same antibodies as in (A). Sec15 and Sec5 partially colocalize in photoreceptor terminals, with Sec15 having a more punctate
distribution. Anti-Ebony demarcates the outlines of the cartridges.
(G–I) Adult lamina in which approximately 50% of photoreceptor terminals are homozygous mutant for sec151 and marked with GFP (green)
using the MARCM technique (Lee and Luo, 2001). (H) and (I) show the green and magenta channels of (G) separately. Dashed lines demarcate
areas of mutant patches. Sec5 immunoreactivity (magenta) is significantly reduced in homozygous sec151 mutant patches. (J–L) Adult lamina
of the same genotype as (G–I), but stained with an antibody against Sec8 (magenta). Sec8 staining is also significantly reduced in sec151

mutant patches. (M–O) Adult lamina of the same genotype as (G)–(I), but stained with an antibody against Sec6 (magenta). Immunoreactivity
levels are the same inside and outside areas with sec151 mutant photoreceptor terminals, indicating that Sec15 does not affect Sec6 localiza-
tion. Scale bars for for (A)–(C) in (A), 50 �m; for (D)–(F) in (D), 2 �m; for (G)–(O) in (G), 10 �m.
and Figure S4). However, the colocalization of Sec15
and Sec5 is not perfect, leaving subdomains marked
only by anti-Sec15 or anti-Sec5. These data suggest
that Sec5 and Sec15 may have common as well as sep-
arate functions.

We subsequently tested the expression patterns of
two other presumed core members of the exocyst,
Sec6 and Sec8, using two newly generated polyclonal
antibodies (see Experimental Procedures). In adult lam-
ina cartridges, Sec6 immunoreactivity exhibits a very
specific pattern that exactly matches the localization
of the postsynaptic lamina monopolar cells (cf. Figures
S4A–S4D and Figure 1D). In contrast, the antibody
against Sec8 exhibits a punctate staining pattern
throughout the cartridges that is similar to Sec15 (Fig-
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ures S4E–S4H). Likewise, Sec6 and Sec8 antibodies s
thave both specific but different staining patterns in the

developing brain: Sec6 strongly colocalizes with Sec5 r
ain developing neuropil, whereas Sec8 is enriched in cell

bodies but is almost completely excluded from the de- m
2veloping neuropil (Figures S4I–S4N). Finally, we per-

formed stainings to examine the localization of Sec15, b
BSec6, and Sec8 at the third instar larval neuromuscular

junction. As shown in Figure S5, Sec15 is present in C
sboth boutons and muscle cells, but seems enriched at

boutons. In contrast, Sec 6 is highly enriched at the Z t
sbands of muscle cells and very weakly present in bou-

tons, while Sec8 is not present in muscle cells or neu- r
prons, but is in a highly punctate distribution in uniden-

tified processes that may be glial projections. These t
Sdata are not consistent with a single functional Sec6/

8 complex. e
dTo test whether Sec15 at the photoreceptor terminals

affects Sec5, Sec6, and Sec8, we investigated the pres- c
tence of these proteins in sec15 mutant clones. As

shown in Figures 7G–7I, Sec5 immunoreactivity in sec15
cmutant clones of photoreceptor terminals in the lamina

is markedly reduced and possibly absent in the ter- c
tminals. Likewise, Sec8 immunoreactivity is reduced in

sec15 mutant clones of photoreceptor terminals (Fig- s
lures 7J–7L). However, the levels of Sec6 appear to be

unaffected by mutations in sec15 (Figures 7M–7O). This b
iis likely because Sec6 is enriched in postsynaptic cells

in the lamina (Figure S4) and because it seems to be S
Nabsent presynaptically. In addition, the specific devel-

opmental and adult staining patterns of Sec8 (Figures t
pS4 and S5), as well as its downregulation in sec15 mu-

tant clones, suggest common and separable functions a
rcompared to sec5, sec6, and sec15 at different points

in development. Since loss of sec5 in photoreceptors l
scauses cell lethality, the loss or downregulation of Sec5

in sec15 mutant terminals is unlikely to reflect a global i
ploss of the protein. Our data rather suggest that Sec15

is required for localization of Sec5 and Sec8, but not p
Sec6 to the presynaptic photoreceptor terminal. These
data suggest that Sec15 may recruit or stabilize a com- V
plex that includes some but not all exocyst members T
in photoreceptor terminals in a spatiotemporally regu- a
lated manner. t

c
Discussion t

f
Here we present evidence that the Drosophila homolog l
of Sec15 plays a specific role in synaptic targeting and b
that loss of the protein causes phenotypes that differ v
significantly from the phenotypes associated with the y
loss of Sec5. Our data indicate that Sec15 is required S
for the subcellular distribution and delivery of a specific v
subset of proteins and that there are separable func- 2
tions of individual exocyst components in flies. m

m
tSpecific Functions of Exocyst Components

in Neurons c
sIt is surprising how many developmental processes are

unaffected by the loss of sec15: neuronal differentia- E
ftion, axonal outgrowth, and initial target recognition of

the correct brain areas all appear normal. Subsequently, n
ha specific neuronal sorting process that ensures synaptic
pecificity is disrupted. After the defective neuronal
argeting step, the developmental program proceeds
ather normally with synaptic partner selection and syn-
pse formation. While it is known that these develop-
ental processes are genetically separable (Lee et al.,

003; P.R.H., unpublished data), they have primarily
een associated with cell adhesion molecules (CAMs).
ased on our finding of targeting defects for specific
AMs and signaling molecules, we propose that a ve-
icular transport mechanism exists to spatiotemporally
arget certain CAMs as well as other proteins. Notably,
oluble NSF-attachment receptors (SNAREs), which are
equired for most if not all vesicle docking and fusion
rocesses, are unlikely to convey much spatiotemporal
argeting information. This is primarily because target-
NAREs are distributed uniformly over membranes,
ven though vesicle fusion is restricted to limited sub-
omains (reviewed in Guo et al., 2000), as is also the
ase for the target-SNARE syntaxin in photoreceptor
erminals (Hiesinger et al., 2001).

Further evidence for targeting defects of a vesicular
argo transport mechanism comes from vertebrate cell
ulture experiments. Grindstaff and colleagues showed
hat disrupting exocyst function caused defects in ba-
olateral, but not apical, targeting of proteins in epithe-
ial cells (Grindstaff et al., 1998). The exocyst has also
een implicated in the trafficking of GLUT4 transporters

n response to insulin stimulation (Inoue et al., 2003).
ans and colleagues showed that Sec8 is involved in
MDA receptor insertion at dendrites through an in-

eraction with SAP102 (Sans et al., 2003). In Drosophila
hotoreceptors, the basolateral compartment is the
xon (Izaddoost et al., 2002), while in vertebrate neu-
ons, the basolateral compartment is dendritic (Winck-
er and Mellman, 1999). It is therefore possible that the
ame subcomplex of exocyst (and other) components

s required for correct targeting in the presynaptic com-
artment of Drosophila photoreceptors and vertebrate
ostsynaptic receptor targeting.

esicle Trafficking and Synaptic Specificity
he investigation of the establishment of specific syn-
ptic contacts has largely been focused on CAMs and
heir regulating/modifying proteins, since these mole-
ules are thought to convey information about spatio-
emporal specificity (Clandinin and Zipursky, 2002). The
inding of CAM misregulation in sec15 mutant neurons
inks the spatiotemporal regulation of CAMs to the cell
iology of the neuron. Although we have not examined
esicle trafficking of CAMs directly, recent work in both
east and vertebrate systems provides evidence that
ec15 and other exocyst members are associated with
esicles and play a role in vesicle trafficking (Ang et al.,
004; Boyd et al., 2004). We propose that specificity
ay be established through unique vesicular trafficking
echanisms in addition to the transcriptional and post-

ranslational regulation of various isoforms of CAMs in
ertain cells at distinct times. Much is known about the
pecificity of the vesicular trafficking machinery at the
R and Golgi, where distinct cargoes need to be speci-

ically targeted (Duden, 2003; Spang, 2004). In neurons,
umerous synaptic proteins, including the CAM N-cad-
erin are specifically targeted to the active zones and



sec15 Is Required for Synaptic Specificity
229
other synaptic domains via a specialized vesicular
transport mechanism (Zhai et al., 2001). In Drosophila
photoreceptors, the misregulation of CAMs prior to
synapse formation has been previously observed in
neurons that lack n-synaptobrevin (Hiesinger et al.,
1999), and specific vesicles for the targeted transport
of synaptic components have been described in mam-
mals (Zhai et al., 2001). It is not known whether a dis-
tinct type of vesicle exists for the transport of CAMs
and signaling molecules to the developing terminal, but
we propose that specific subsets of CAMs are trans-
ported and integrated into the membrane by Sec15.
This is not to say that synaptic specificity is the only
role of Sec15 or the CAMs we have examined. Our data
shows mislocalization of CAMs in both the cell body as
well as axons of sec15 mutant photoreceptors. We
have not investigated the consequences of this cell
body mislocalization, except to make sure that it does
not impact cell viability, neuronal differentiation, axonal
outgrowth, and initial target recognition of the correct
brain areas by these photoreceptors. In this respect, it
is interesting to note that some of the CAMs we exam-
ined (N-cadherin, flamingo) were correctly targeted in
mutant photoreceptors while others (Dlar, Fas2, IrreC-
rst) were not. Although the in vitro inhibition of microtu-
bule polymerization by exocyst members (Wang et al.,
2004) and defects in sec5 mutants (Murthy et al., 2003)
with neurite extension may argue for a role in general
protein or membrane trafficking for the exocyst, our
data argue that this is not the case for Sec15. In addi-
tion to the correct localization of the CAMs mentioned
above, sec15 mutant neurons are viable, extend axons,
and assemble functional synapses. It seems unlikely
that a loss of protein required for general protein traf-
ficking would not affect these processes. In summary,
our data describe a defect in synaptic specificity and
concommitant mislocalization of proteins known to af-
fect synaptic specificity in photoreceptors lacking
Sec15. These defects can be explained by a Sec15-
dependent intracellular vesicle trafficking mechanism
for certain molecular components that are required for
the establishment of synaptic specificity.

The Exocyst: One Complex or Subcomplexes
with Multiple Functions?
Most studies consider individual exocyst components
representative for the whole complex and assume that
the entire eight member complex is responsible for the
different roles proposed or demonstrated for the exo-
cyst (Finger and Novick, 1998; Grindstaff et al., 1998;
Guo et al., 1999; Hazuka et al., 1999; Hsu et al., 1999;
Murthy et al., 2003). As we isolated mutations in sec15,
Drosophila was the first metazoan in which two inde-
pendent gene disruptions of exocyst components al-
lowed us to test this assumption. Furthermore, a gene
disruption of Drosophila sec6 has recently been gener-
ated and, like sec5, observed to cause cell lethality in
homozygous mutant eyes (S.B. and U.T., unpublished
data). The remarkable difference between sec5, sec6,
and sec15 mutant phenotypes questions the idea of a
mutation in an individual member having a “generic ex-
ocyst” phenotype. One possibility that may explain this
discrepancy would be an exocyst-independent func-
tion of sec15. Our findings that Sec5 and Sec8 are mis-
localized in sec15 mutant neuronal terminals argue
against this possibility. Instead, it suggests that Sec15
participates with Sec5 and Sec8 in a specific develop-
mental process. However, the sec15 phenotype is nota-
bly more specific than the sec5 or sec6 cell lethality.
While Sec5 is suggested to have a role in general mem-
brane trafficking (Murthy et al., 2003), the large number
of normal processes we observe in sec15 mutant neu-
rons (cell viability, axon outgrowth, axon guidance, neu-
rotransmitter release, etc.) argues against this being the
case for Sec15. This implies that at least Sec5 and per-
haps Sec8 sustain another essential function in the ab-
sence of Sec15. For the Sec15 interaction partner
Sec10, a knockdown using RNAi as well as Sec10 over-
expression were found to have no detectable pheno-
type in photoreceptors (Andrews et al., 2002). However,
Sec10 overexpression in sec15 mutant photoreceptors
causes cell lethality (S.Q.M., unpublished data), indicat-
ing a genetic interaction. Moreover, the finding that
Sec6 is normally localized in the absence of Sec15 is
puzzling. Close investigation of the expression pattern
in lamina cartridges revealed a clear postsynaptic lo-
calization of Sec6. This finding together with the dif-
ferential expression patterns of Sec5, Sec6, Sec8, and
Sec15 during development and adulthood argue against
a single functional complex in Drosophila neurons.
Similarly, immuno-EM in rat hippocampal neurons re-
vealed that Sec6 localizes to secretory vesicles, while
Sec8 has a diffuse, cytoplasmic distribution (Vik-Mo et
al., 2003). Another precedent for subcomplexes of the
exocyst having different functions can be found in the
COG complex. The COG, exocyst, and GARP com-
plexes share distant homology in the N termini of their
subunits and are placed in a family of “quatrefoil com-
plexes” by Munro and colleagues because all three
complexes have multiples of four subunits (Whyte and
Munro, 2001). Distinct COG subcomplexes are pro-
posed to act in intra-Golgi vesicle recycling and endo-
some to Golgi recycling (Whyte and Munro, 2002). A
similar situation may exist for the exocyst, where sub-
complexes are involved in trafficking different popula-
tions of vesicles. Although we do not know which as-
semblies of exocyst components exert which functions
in vivo, our results suggest that at least two different
functional compositions of the known exocyst compo-
nents exist. Given that Sec5 is considered the core
member of the complex (Guo et al., 1999), loss of sec5
may represent either the loss of all exocyst functions
as suggested by Murthy et al. (2003), or of at least one
essential function. Either way, the cell lethality associ-
ated with the loss of sec5 or sec6 masks possible later
more specific functions of subcomplexes. Hence, our
data indicate that a detailed analysis of the many pro-
teins that are thought to be required for exocyst func-
tion will have to be initiated in order to understand their
precise role in metazoans.

Experimental Procedures

Molecular Biology and Antibody Production
sec151 and sec152 alleles were sequenced in trans to an isogen-
ized chromosome using standard techniques (Zhai et al., 2003).
See Supplemental Experimental Procedures for details concerning
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rescue constructs. Antibody production: the cDNA sequence corre- c
tsponding to amino acids 382–697 of Sec15 was cloned into the

pET28a (Invitrogen) vector for protein expression (gift of S. Wu). M
aThe cDNA fragment was cloned into BamHI and NotI restriction

sites using PCR primers that introduced those sites into the cDNA s
ofragment as described for the cDNA rescue construct. Guinea pig

antibodies against this domain were raised by Cocalico Biologicals a
p(Reamstown, PA) using the purified recombinant protein. Antisera

against the full-length Sec15 protein were also raised in this man- V
sner. Although the antisera to the full-length protein did not recog-

nize truncated protein products in the mutants, we cannot exclude v
the possibility that these anti-sera do not recognize epitopes in
putative truncated Sec15 proteins. However, we stress that this R
possibility is unlikely. Antibodies against Sec6 and Sec8 were gen- R
erated as follows: a 500 nucleotide fragment of sec6 (CG5341) and A
a 750 nucleotide fragment of sec8 (CG2095) were PCR amplified P
from genomic DNA and subcloned into pRSETC (Invitrogen) via
primer-added BamHI and EcoRI restriction sites. The resulting pro- R
tein fragments correspond to amino acids 341–507 of Sec6 and
amino acids 137–386 of Sec8. Proteins were expressed in BL21 A
cells, purified on His-columns, and resuspended. Polyclonal anti- s
bodies were generated by injecting guinea pigs with 100 mg of e
protein in Freund’s complete adjuvant, followed by three boosts of

A75 mg, 35 mg, and 35 mg of protein in incomplete Freund’s adju-
Mvant at 3 week intervals. All three antibodies recognized the appro-
spriate-sized band on Western blot (data not shown). Antibody
pspecificity was confirmed by loss of staining in mutant clonal tissue
Bfor anti-Sec15 (Figure S6) as well as loss of the bands of the appro-
Spriate sizes on Western blots of mutant tissue for both anti-Sec15
tand anti-Sec6 (data not shown). The loss of Sec15 staining in mu-
atant clonal tissue from third instar eye discs (Figure S6) also argues

that there is no perdurance of Sec15 protein in mutant photorecep- B
ftors at the time of axon outgrowth and establishment of synaptic

specificity. However, we must note that the possibility of minute S
amounts of perdurance cannot completely be excluded. Anti-Sec8 B
recognized overexpressed Sec8 protein in tissue (Figure S7), but c
was not tested on sec8 mutants, as none were available. 1

B
Mosaic Analyses c
See Supplemental Experimental Procedures. m

9
ERGs and Phototaxis Assays B
Electroretinograms and phototaxis assays were performed as de- m
scribed previously (Verstreken et al., 2003). g

9
Transmission Electron Microscopy

CTEM was performed as described previously (Verstreken et al.,
t2003). The laminae examined are from y w eyFLP;;sec151 or sec152

tor FRT82Bisogenized/FRT82B cl animals. For photoreceptor terminal
Cdistribution, photoreceptor terminals were identified by the pres-
tence of capitate projections (Meinertzhagen and Hanson, 1993).

Cartridges (129) were scored for wild-type laminae (three animals), C
s75 cartridges were scored for sec151 laminae (three animals), and

29 cartridges were scored for sec152 laminae (one animal). For syn- R
2apse quantification, T bars were used to identify synapses, and

only those T bars residing within photoreceptor terminals were D
counted. (

E
Immunocytochemistry, Image Acquisition, and Processing a
See Supplemental Experimental Procedures. t

N

F
Supplemental Data l
The Supplemental Data for this article can be found online at http://

Fwww.neuron.org/cgi/content/full/46/2/219/DC1/.
m
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