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binding to Cni in a yeast two-hybrid assay. Interaction was also
observed with a prey construct encoding only the first 57 amino
acids of Cni. By contrast, neither of the Grk bait constructs nor the
CG18501 control were able to bind to a prey construct containing
Cnir. These two hybrid data were confirmed by pull-down
experiments, where a GST fusion protein containing amino-acids
197 to 245 of Grk could specifically co-purify a MBP fusion
construct containing the N-terminal 57 amino acids of Cni, but not
one with the corresponding Cnir domain or a lacZ control (Fig.
6E). This difference between Cni and Cnir in their ability to bind
Grk may underlie the strict requirement for Cni during Grk
secretion, even though the two Drosophila Cni-like proteins
exhibit redundancy in other contexts.

Fusion of Grk with ER exit signals or massive
overexpression can partially alleviate the
dependence on Cni
Yeast Emp24p is a cargo receptor cycling between the ER and the
intermediate compartment (Schimmoller et al., 1995). Exit of
Emp24p and associated cargo from the ER is in part mediated by
binding of Emp24p to components of the COPII coat through
diaromatic amino acid pairs in the C-terminal cytoplasmic tail. We
replaced the intracellular domain of Grk with the short cytoplasmic
tail of one of the D. melanogaster Emp24 homologues (CG3564
amino acids 194-208). A transgene expressing this fusion protein
from the endogenous promotor (pGrk-EmpCyt) fully rescued the
loss of grk, indicating that the transgene produced normal amounts
of active Grk ligand (not shown). Interestingly, it also restored some
Grk signalling activity in the absence of cni (Fig. 7F). Eggs laid by
homozygous cni females containing one copy of pGrk-EmpCyt had
normal anteroposterior polarity. Some eggs also possessed
recognizable dorsal appendage material, indicating low to
intermediate levels of Grk signalling in these egg chambers (Fig.
7F). Thus, fusing Grk to a domain known to mediate selective
recruitment into COPII vesicles partially alleviates its dependence
on Cni.

Similar results were achieved using an analogous transgene
replacing the Grk intracellular domains with a Cni fragment
consisting of the C terminus after the second predicted
transmembrane domain (Cni amino acids 100-145, pGrk-CniCyt).
The transgene fully rescued the loss of grk (data not shown) and
restored some signalling activity in the absence of cni. Eggs laid
by cni mutant females carrying one copy of this transgene had
normal anteroposterior polarity and showed slight and variable
rescue of the dorsoventral axis (Fig. 7G). The C-terminal domains
of Cni-like and Emp24-like proteins may therefore be functionally
equivalent.

If Cni were only functioning as a cargo receptor for ER export of
Grk, massive overexpression of Grk should result in bulk flow ER to
Golgi transport and might thus overcome the requirement for cni. To
test this assumption, we analyzed the egg phenotypes produced by
those grk overexpression lines that were used for the western blots
described above. Expression of grk with the help of the maternal � -
Tubulin Gal4 driver leads to a strong increase in the amount of Grk
protein in stage 9 egg chambers when compared with endogenous
Grk levels (Fig. 8A,C,E). When overexpressed in a wild-type
background, the bulk of grk mRNA is still transported to the vicinity
of the nucleus (data not shown). Grk protein remains asymmetrically
distributed, although the region with high Grk protein levels within
the oocyte is more expanded when compared with wild type (Fig.
8A,C). This might be due to the saturation of the mechanisms
normally responsible for retention of the protein near its site of
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Fig. 6. Western blots with epitope tagged Grk protein and GST
pull-downs. (A) Grk tagged C-terminally with five myc tags
(Grk5myc) under endogenous control. Only the C-terminal cleavage
residue but not a full-length precursor can be detected using the 9E10
anti-myc monoclonal. No differences are visible between homozygous
cniAR55 mutant ovaries and heterozygous sibling controls. (B) Grk5myc
overexpressed in wild-type (+) and homozygous cniAR55 (cni) ovaries
using the TubGal4VP16 driver. The 9E10 anti-myc monoclonal reveals
two bands. Although the lower band corresponds in size to the
expected C-terminal cleavage residue, the upper band, corresponding
to an uncleaved precursor, is larger than predicted from the protein
sequence, indicative of glycosylation. In addition to the precursor
band, the 1D12 anti-Grk monoclonal reveals a shorter band
corresponding in size to the released N-terminal growth factor
fragment in the mutant but not the wild-type lane. (C) A protein
species corresponding in size to the uncleaved Grk precursor
accumulates in lysates expressing a Grk5myc construct carrying the
grkDC point mutation from the endogenous promotor (GrkDC5myc).
This does not occur in ovaries expressing the functional Grk5myc
version. Smearing of the GrkDC5myc band into several high molecular
weight species indicative of Golgi glycosylation only occurs in the
presence of Cni. (D) The N-terminal growth factor fragment
accumulating in cni mutant ovaries upon Grk overexpression is
sensitive to EndoH and PNGaseF, indicating ER-type high Mannose
glycosylation. (E) Grk and Cni interact directly. MBP fusion proteins
with lacZ or the N-terminal 57 amino acids of Cni or Cnir were pulled
down using GST or GST-Grk (GST fused to Grk amino acids 179-245)
prebound to beads. Probing the pellets with anti-MBP antibody reveals
a specific interaction between the juxtamembrane domain of Grk and
the Cni N terminus.
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translation and the subsequent secretion through a few local ER exit
sites (Herpers et al., 2004). The resulting egg chambers maintain
DV polarity although they are severely dorsalized. The
operculum, the dorsal-most chorion structure that is specified in
follicle cells receiving maximal Grk levels, is expanded while the
dorsal appendages normally specified at more lateral positions
experiencing slightly lower Grk signalling are shifted to the
ventral side of the egg (Fig. 8B,C).

Overexpression of Grk in a cni mutant background results in
uniform high levels of Grk protein within the oocyte (Fig. 8E).
Interestingly, the resulting eggs possess variable amounts of dorsal
appendage material (Fig. 8F,G), indicating restoration Grk
signalling, albeit to lower levels than in the presence of Cni.
However, the eggs lack DV and frequently even AP polarity, as can

be seen by the patchy induction of dorsal appendage material around
the entire egg circumference (Fig. 8F,G) and the presence of a
posterior micropyle (Fig. 8G), respectively.

These observations show that the requirement for Cni can be
overcome by Grk overexpression. Thus, cni function is not essential
for the formation of an active ligand per se, but the Cni-mediated
increase in the efficiency of Grk secretion is a prerequisite for the
precise temporal and spatial control of Grk signalling.

DISCUSSION
Recruitment within the ER is essential for the efficient ER exit of
many different proteins. Cargo proteins may be concentrated into
outgoing COPII-coated vesicles at the ER exit sites either by binding
directly to vesicle or coat components, or through indirect
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Fig. 7. Fusions of Grk to the cytoplasmic tails of Yl, dEmp24 or
Cni. (A) Wild-type egg. The anterior pole bears a micropyle, and the
dorsal side carries two respiratory appendages. (B) Egg from a
cniAA12/cniAR55 female. The egg is ventralized (reduction of dorsal
appendages), but the anterior and posterior structures differentiate
correctly. (C) Egg from a cniAR55/cniAR55 female. The egg is completely
ventralized and both ends differentiate into anterior structures
(micropyle), indicating complete loss of Grk function. (D) Egg from a
grkHF48/grk2B6 female carrying a transgene replacing the Grk
transmembrane and cytoplasmic domains with the corresponding
domains of Yl (grk-Yl TMC). The transgene is able to rescue the grk
oogenesis phenotype. (E) The grk-Yl TMC transgene shows no function
in an amorphic cni background. (F) Egg from a cniAR55/cniAR55 female
expressing the Grk extracellular and transmembrane domains fused to
the dEmp24 cytoplasmic domain (grk-Emp24 Cyt). The egg is partially
ventralized, but the anteroposterior axis is correctly specified. (G) Egg
from a cniAR55/cniAR55 female expressing the Grk extracellular and
transmembrane domains fused to the presumptive cytoplasmic domain
of Cni (grk-Cni Cyt). The anteroposterior axis is correctly polarized and
the dorsal appendages are partially rescued.

Fig. 8. Gal4-mediated Grk overexpression in the germline can
overcome the secretion block in cni ovaries. (A) Wild-type egg
chamber. Endogenous Grk (red) is tightly localized to the dorsal anterior
corner of the oocyte. Cells are outlined with Phalloidin (green).
(B) Wild-type egg. The dorsalmost chorion structure is the operculum
(op). Dorsal appendages (da) are derived from more lateral positions.
(C,D) Grk overexpression in a wild-type background using the maternal
tubulin:Gal4-VP16 driver. (C) Despite a massive increase in the amount
of Grk protein, there is still a Grk gradient within the oocyte with
highest levels close to the oocyte nucleus. (D) The eggs maintain DV
polarity although they have an expanded operculum (op) and the dorsal
appendages (da) are shifted to the ventral side. (E-G) Overexpression of
Grk in a cniAR55/Df(2R)H60 background using the maternal
tubulin:Gal4-VP16 driver line. (E) High amounts of Grk protein are
evenly distributed within the oocyte. (F) The eggs lack DV polarity, but
the presence of dorsal appendage material (da) and the suppression of
a posterior micropyle indicate low levels of Grk signalling. (G) Despite
formation of dorsal appendage material (da), 30% of the eggs lack
anteroposterior polarity as can be seen from the presence of a posterior
micropyle (m). This indicates a lack of temporal control of Grk
signalling.
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recruitment using additional adaptors (Barlowe, 2003; Bonifacino
and Glick, 2004; Kuehn and Schekman, 1997). Cni partially
colocalizes with the ER resident protein marker PDI-GFP, associates
with the KDEL-receptor (a protein involved in retrieval of escaped
ER proteins) but is largely excluded from the Golgi. This suggests
that Cni, like its yeast homologue Erv14p (Powers and Barlowe,
1998; Powers and Barlowe, 2002), has a pre-Golgi localization.

Using the cleavage-resistant GrkDC protein, we have
demonstrated that loss of cni blocks Grk transport to the oocyte
plasma membrane, and in the absence of Cni overexpressed Grk
protein accumulates within the oocyte and retains an ER-type
glycosylation. Together with the accumulation of Grk within the ER
of hypomorphic cni mutant oocytes (Herpers and Rabouille, 2004),
these data show that the requirement for Cni in Grk export lies at the
level of ER export. Our two hybrid data and Grk domain swap
experiments suggest that Cni binds Grk through an interaction
between its lumenal hydrophilic loop and the membrane-proximal
extracellular spacer between the transmembrane and EGF domains
of Grk. This interaction is consistent with the membrane topology
proposed by Powers and Barlowe (Powers and Barlowe, 2002) for
Erv14p, and suggests that Cni is the cargo receptor for Grk ER
export. The inability of Cnir to bind to Grk in the same assay also
correlates with its failure to suppress the cni oogenesis phenotype.

Processing of Spitz by Rhomboid1 depends on prior export of the
transmembrane precursor from the ER (Lee et al., 2001; Tsruya et
al., 2002; Urban et al., 2001). However, Spitz, as well as Grk, can be

processed by Rhomboid2 and Rhomboid3 while still within the ER
(Ghiglione et al., 2002; Urban et al., 2002). In the absence of Cni,
Grk is effectively processed in the oocyte although it cannot leave
the ER. Thus, during oogenesis Grk processing must occur within
the ER, suggesting that the presumptive Grk protease Rhomboid2
(Ghiglione et al., 2002; Guichard et al., 2000) either resides in, or
cycles through, the oocyte ER.

Processed Spitz generated before export of the precursor to the
Golgi is specifically retained in the ER (Schlesinger et al., 2004). By
contrast, our data suggest that Cni serves to specifically ensure
efficient export of Grk after cleavage in the oocyte ER. We propose
that Grk interacts with Cni prior to its proteolytic processing, and
that the proteins remain associated at least until the mature growth
factor is recruited into an outgoing vesicle (Fig. 9A). By contrast,
soluble Grk protein lacking a membrane anchor would diffuse away
into the lumen after synthesis, precluding recruitment by Cni at the
ER membrane, explaining why truncated Grk protein lacking a
transmembrane domain is not secreted from the oocyte and
corresponding grk alleles are nonfunctional (Queenan et al., 1999).
The same fate would await Grk released from its membrane anchor
through proteolytic processing in a cni mutant oocyte (Fig. 9B).

Constructs expressing Grk fused to the cytoplasmic parts of either
Cni or dEmp24p are partly able to restore Grk signalling in the
absence of Cni, but not to wild-type levels. We suggest that the
heterologous cytoplasmic tails, which contain the respective
domains shown in yeast to mediate the COPII interactions
(Schimmoller et al., 1995; Powers and Barlowe, 2002), are rapidly
recruiting unprocessed Grk fusion proteins towards prospective
vesicle budding sites. Because the ER exit motives are separated
from the growth factor part during the processing step, most of the
processed protein will in the absence of Cni still escape into the ER
lumen, explaining the low rescue efficiency of the fusion proteins.
However, proteolytic cleavage would preferentially occur in the
vicinity of the outgoing vesicles, locally increasing the concentration
of the soluble mature growth factor (Fig. 9C). This appears to be
sufficient to ensure inclusion of some processed Grk into the
outgoing vesicles in the absence of Cni, but cannot reconstitute wild-
type rates of Grk signalling.

Conversely, the hypomorphic mutation cniAA12 truncates Cni after
the first two putative membrane-spanning domains (Roth et al.,
1995). It therefore deletes the second, cytoplasmic loop shown to
mediate COPII interaction in Erv14p (Powers and Barlowe, 2002),
but still possesses the first, lumenal loop binding to Grk. The
truncated CniAA12 protein may therefore remain able to keep
processed Grk at the ER membrane. This would limit diffusion of
processed Grk to the two dimensions of the ER membrane, rather
than the three dimensions of the lumen, thereby enriching it to some
degree in vesicles leaving the oocyte ER (Fig. 9D). However, to
achieve the full rate of Grk secretion further cargo concentration into
outgoing vesicles through interaction of the Grk-Cni complexes with
the COPII coat would be required. Consistently, cniAA12 is clearly a
hypomorphic allele with readily detectable remaining Grk signalling
activity (Fig. 7B), but in mutant oocytes, Grk protein is diffusely
mislocalized within the large, continuous ER and can no longer be
found concentrated at ER exit sites (Herpers and Rabouille, 2004).

Grk is translated from a localized mRNA and becomes
translocated into a giant ER spanning the entire oocyte and
containing around 1000 active exit sites. Nevertheless, in the
presence of its cargo receptor Cni, Grk is exclusively secreted
through a few of these sites and their associated Golgi stacks at the
dorsal anterior corner where the grk mRNA is found (Herpers and
Rabouille, 2004), giving rise to a spatially tightly confined signal to
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Fig. 9. Schematic representation of Cni function. (A) Wild-type
situation. Grk protein binds to Cni after processing in the ER and the
released growth factor is recruited into COPII coated vesicles by Cni.
(B) In the absence of Cni, processing still occurs but the released
growth factor is lost into the ER lumen. (C) Loss of Cni can be partially
overcome by fusion of Grk with a COPII targeting motive from Cni or
dEmp24. Processing will preferentially occur near ER exit sites, locally
increasing the concentration of the soluble growth factor. (D) The
truncated CniAA12 protein can keep processed Grk at the membrane,
but fails to efficiently recruit it into outgoing vesicles.
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the neighbouring follicle cells. Concentration-driven bulk flow
export from the ER can support secretion if cargo proteins are
synthesized at sufficient rates to allow their accumulation within the
ER (Martinez-Menarguez et al., 1999). Correspondingly, we have
shown that massive overexpression of Grk in the oocyte can in
principle restore signalling in the absence of Cni function, most
likely via bulk flow ER export. However, in comparison to the wild-
type situation the spatial and temporal precision of the Grk signals
is lost, with severe consequences for the subsequent steps of pattern
formation.

Cni is also required independently from Grk in somatic tissues,
where it appears to act redundantly with Cnir. The reduced viability
and life span of flies lacking cni function and the synthetic lethality
when the gene dose of cnir is reduced in a cni mutant background
indicate a more general cellular function of the Cni proteins. Erv14p,
the cni homologue from S. cerevisiae, is involved in recruiting the
golgin Rud3p to the cis-Golgi stacks (Gillingham et al., 2004).
Besides its function in Axl2p recruitment, Erv14p therefore may
play a more general role in establishing cis-Golgi identity. It will be
interesting to find out whether Cni proteins in general might have a
more fundamental cell biological function, e.g. in establishing Golgi
polarity, that may so far have been masked by redundancy and more
easily detected phenotypes caused by their roles as cargo receptors.
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