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N-terminal signal sequences mediate nascent protein targeting to and protein insertion into the
membrane of the endoplasmic reticulum. They are typically 15-30 amino acid residues long with a core
hydrophobic region ﬂanked by an N-terminal (n-) and a C-terminal region. Following cleavage by signal
peptidase, some of the resulting signal peptides are further processed by signal peptide peptidase (SPP)
and fragments are liberated into the cytosol. Such fragments can have independent, post-targeting
functions affecting diverse cellular processes. We show that Drosophila melanogaster Crumbs, a
transmembrane protein controlling cell polarity and morphogenesis, is synthesized with an 83
residues-long signal sequence. To our knowledge, this is currently the longest signal sequence described
for an eukaryotic protein. The unusual length is caused by an extended n-region, but the extension does
neither affect protein targeting nor signal sequence cleavage. The signal sequence is cleaved off and the
resulting signal peptide, SPCrb, is proteolytically processed by SPP, thus representing the ﬁrst substrate
described for the Drosophila enzyme. We further show that signal peptide fragments can be degraded
by the proteasome. Expression of transgenes encoding tagged variants of Crumbs in Drosophila embryos
suggests that the signal peptide is short-lived in vivo. Our ﬁndings support a model suggesting that
besides generating fragments with post-targeting functions, SPP-mediated processing is the ﬁrst step in
the degradation of signal peptides.
& 2010 Elsevier GmbH. All rights reserved.
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Introduction
Signal sequences are the N-terminal extensions of nascent
secretory and membrane proteins. They mediate protein targeting
to and insertion into the endoplasmic reticulum (ER) membrane
(Blobel and Dobberstein, 1975). Most signal sequences range
between 15-30 amino acid residues in length but some extraordinary long ones comprise more than 100 residues (Hegde and
Bernstein, 2006; Martoglio and Dobberstein, 1998). A common
feature of signal sequences is their tripartite structure. A net
positively charged N-terminal (n)-region of variable length is
followed by a central, hydrophobic (h)-region of 7-15 amino acid
residues, and a C-terminal (c)-region of 3-7 residues representing
the consensus cleavage site for signal peptidase. Beyond that,
signal sequences are highly variable in their amino acid sequence
(von Heijne, 1990). Following protein insertion into the ER
membrane, most signal sequences are cleaved off by signal
peptidase (Paetzel et al., 2002). The high degree of variation
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accomplishes that individual signal sequences differently affect
ER targeting (e.g. the interaction with the signal recognition
particle), the efﬁciency of protein insertion or signal sequence
cleavage (Hegde and Bernstein, 2006; Martoglio and Dobberstein,
1998).
Signal peptidase-mediated cleavage results in signal peptides
that initially appear as small, transmembrane molecules (Kapp
et al., 2009; Shaw et al., 1988). They can be processed by the
intramembrane processing protease signal peptide peptidase
(SPP), and the generated signal peptide fragments are liberated
from the ER membrane. This fate has been described for the signal
sequences of bovine prolactin, the human leukocyte antigenAn0301 and some viral glycoproteins. In these cases, the signal
peptide fragments play a role in processes as different as immune
surveillance, cellular signaling, protein maturation or virus
maturation (Weihofen and Martoglio, 2003). SPP has been
identiﬁed in several species suggesting that SPP-mediated
processing of signal peptides generally occurs in the animal
kingdom (Golde et al., 2009). In Drosophila embryos, transcripts
for SPP were found from germ band extension onwards, and
animals with mutations in the Spp gene die as larvae (Casso et al.,
2005). Alternatively to processing by SPP, signal peptides can
accumulate as membrane-inserted peptides. For example, the 58
residues-long signal peptides derived from different arenaviral

0171-9335/$ - see front matter & 2010 Elsevier GmbH. All rights reserved.
doi:10.1016/j.ejcb.2010.02.001

Please cite this article as: Kilic, A., et al., The Drosophila Crumbs signal peptide is unusually long and is a substrate for signal peptide
peptidase. Eur. J. Cell Biol. (2010), doi:10.1016/j.ejcb.2010.02.001

ARTICLE IN PRESS
2

A. Kilic et al. / European Journal of Cell Biology ] (]]]]) ]]]–]]]

glycoproteins are required for viral glycoprotein processing,
transport, and viral infectivity (Hegde and Bernstein, 2006;
Schrempf et al., 2007). Finally, entire signal peptides can be
released from the ER membrane and are transported into a
different compartment, e.g. the nucleus. This fate has been
described for the 98 residues-long signal peptide of the mouse
mammary tumor virus Rem protein (Dultz et al., 2008). In
summary, the common feature of these signal peptides with
known post-targeting functions is their unusual length. Secondly,
these yet analyzed signal peptides are predominately of viral
origin.
In Drosophila melanogaster, proteins synthesized with extended signal sequences are also known, e.g. Crumbs (Tepass
et al., 1990). Crumbs is described as a type I transmembrane
protein comprising 29 epidermal growth factor (EGF)-like
domains and four laminin A G-like domains in its extracellular
region. The transmembrane region is followed by a short, highly

conserved cytoplasmic region, which contains a 4.1/Ezrin/Radixin/Moesin (FERM) domain- and a C-terminal Postsynaptic density
95/Discs large/Zonula occludens-1 (PDZ) domain-binding site
(Fig. 1A; Klebes and Knust, 2000). Crumbs is detected from
gastrulation onwards at the apical membrane of ectodermallyderived epithelia (Tepass et al., 1990). It tethers an apical protein
complex, consisting of the core components Crumbs, Stardust,
DPATJ and DLin-7, to the apical membrane. In many epithelia of
the Drosophila embryo, the Crumbs-complex is required to
maintain epithelial polarity (Bulgakova and Knust, 2009).
Using cell-free in vitro assays and cell-based experiments, we
demonstrate that Crumbs is synthesized with a signal sequence of
83 amino acid residues. The signal sequence is co-translationally
cleaved off. The resulting signal peptide is processed by Drosophila
SPP and can be further degraded by the proteasome. Results based
on transgene expression in Drosophila embryos suggest a short
half-life in vivo.

Fig. 1. Schematic representation of Crumbs, its signal sequence and multi-alignments with the Crumbs signal sequences. (A) The cartoon represents Drosophila
melanogaster Crumbs comprising a signal sequence (marked as grey box), a large extracellular region (extra) with 4 laminin G-like domains (shown as black boxes) and 29
EGF-like domains (depicted as white boxes), a transmembrane region (TM, marked in grey), and a short cytoplasmic region (cyt) of 37 amino acid residues. The signal
sequence is enlarged to show its tripartite structure with the n-, h- and c-region. The amino acid sequence of the signal sequence is given at the bottom (N-terminal 83
residues of Drosophila melanogaster Crumbs), positively (+ ) and negatively (-) charged residues are indicated, and the peptides used to raise antibodies are marked (SPCrb1,
SPCrb2). (B) A ClustalW multiple sequence alignment of the predicted signal sequence of Drosophila melanogaster (D.me., M33753) together with the predicted signal
sequences of Drosophila simulans (D.si., XM_002104666), Drosophila sechellia (D.se., XM_002032451), Drosophila yakuba (D.ya., XM_002099219), Drosophila erecta (D.er.,
XM_001981972), Drosophila ananassae (D.an., XM_001967430), Drosophila pseudoobscura pseudoobscura (D.ps., XM_001359106), Drosophila persimilis (D.pe.,
XM_002016819), Drosophila willistoni (D.wi., XM_002072392), Drosophila virilis (D.vi., XM_002053259), Drosophila mojavensis (D.mo., XM_002000104), and Drosophila
grimshawi (D.gr., XM_001989410). Identical amino acid residues are indicated by asterisks. Similarity between amino acids is shown by dots, and conserved substitutions
are marked by colons, respectively. The predicted h-regions are underlined. (C) A ClustalW multiple sequence alignment of the predicted Crumbs signal sequences of
Drosophila melanogaster (D.m., M33753) together with Crumbs from different insects including the mosquito Aedes aegyptii (A.a. XM_001658640), the beetle Tribolium
castaneum (T.c., XM_965547), and the jewel wasp Nasonia vitripennis (N.v., XM_001604088) as well as with the three human Crumbs proteins (Homo sapiens, H.s.; Crb1,
NM_201253; Crb2, NM_173689; Crb3, NM_139161). The predicted h-regions are underlined.
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Material and methods
Plasmids
To generate pRK5rs_Crb1-321, pUAST_crbwt (Wodarz et al.,
1995) was digested with EcoRI and the fragment was cloned into
pRK5rs (Eaton et al., 1986). For pRK5rs_Crb1-321n, alanine at
position 2 was exchanged for methionine by site-directed
mutagenesis using the primers 50 -TTC GCC CTT CCA CCA TGA
TGA AAA TCG CCA ATG CGT CAC and 50 -GTG ACG CAT TGG CGA
TTT TCA TCA TGG TGG AAG GGC GAA. The asterisk indicates this
mutation. For the signal peptide marker, pRK5rs_SPCrbn, representing the ﬁrst 83 residues, a PCR fragment based on
pUAST_crbwt as template and the primers 50 -CGA ATT CCA CCA
TGA TGA AAA TCG CCA ATG CG and 50 -ATC TCG AGT CAT GAG
GCG ACA TCT GTT GC was cloned, thereby introducing a STOP
codon at the C-terminus. pRK5rs_CrbMyc-intra and pRK5rs_CrbMycintran
were generated by PCR with pUAST_crbintra-myc (Wodarz
et al., 1995) as template using the forward primer 50 -TAG AAT TCC
ACC ATG GCT AAA ATC GCC AAT GC and the reverse primer 50 -CGC
TCG AGG CAA AAT ATG TTT TTT ATT TG, and 50 -TAG AAT TCC ACC
ATG ATG AAA ATC GCC AAT GC as forward primer for the mutant.
Of note, we renamed the insert ‘crbintra-myc’ into ‘CrbMyc-intra’
referring to the localization of the Myc tag.
To generate pRK5rs_Crb56-321, a PCR using pUAST_crbwt as
template and the primers 50 - CGA ATT CCA CCA TGC GCG CCA TTT
CAG TTT ATT CG and 50 -CTC GGG AAT TCT CCA GGC AGG AAC C
was performed and the fragment cloned. For pRK5rs_CrbD(1-56)Myc-intra
, pUAST_crbintra-myc and the primers 50 -CGA ATT CCA CCA
TGC GCG CCA TTT CAG TTT ATT CG and 50 -CGC TCG AGG CAA AAT
ATG TTT TTT ATT TG were used for PCR.
pBS_Crb8xMyc-intra (unpublished, S.K. & E.K.) was used to clone
pRK5rs_Crb8xMyc-intran by PCR using the primers 50 -TAG AAT TCC
ACC ATG ATG AAA ATC GCC AAT GC and 50 -CGC TCG AGG CAA AAT
ATG TTT TTT ATT TG. pRK5rs_HACrb8xMyc-intra was cloned by
overlap-PCR using pBS_Crb8xMyc-intra as template and the primers
50 -GGA ATT CCC CCC CCC AAA AAA AAT A and 50 -GTG ACG CAT
TGG CGA TTT TAG CAG CGT AAT CTG GAA CAT CGT ATG GGT ACA
TGA TCG CTG ATT TGT TGG CTC AAG as well as 50 -CTT GAG CCA
ACA AAT CAG CGA TCA TGT ACC CAT ACG ATG TTC CAG ATT ACG
CTG CTA AAA TCG CCA ATG CGT CAC and 50 -CCG CTC GAG GCA
AAA TAT GTT TTT TAT TTG. The mutant with a non-cleavable (nc)
signal sequence, pRK5rs_HAncCrb8xMyc-intra has the exchanges
A82P and S83W and was obtained by site-directed mutagenesis
using the primers 50 -CTT AGC AAC AGA TGT CCC TTG GGT GGC
GGT GCC GAC GGA G and 50 -CTC CGT CGG CAC CGC CAC CCA AGG
GAC ATC TGT TGC TAA G. The inserts Crb8xMyc-intra, HA-Crb8xMycintra
and HAncCrb8xMyc-intra were subcloned into the pUAST vector.
To obtain the cDNA of SPP, an Drosophila melanogaster ovary
cDNA library (Grosshans et al., 1999) was used as a template with
the primers 50 -CAC AGC ATG GCG GAG GAA GTC ATC G and 50 -CTA
CTT GCC CTT TTT CGA CTC C in a PCR (FlyBase: CG11840, GenBank
Accession Number: NM_078720; Casso et al., 2005). Similarly, the
SPP-L3 cDNA (FlyBase: CG17370, GenBank Accession Number:
NM_143180) was obtained using the primers 50 -GCG AGC ATG
TCG CAC GGT GGA GC and 50 -TCA GAC TTC CAG TTG TTT TGA TGG.
For generation of pRK5rs_SPP-D274A, the primers 50 -GCA ATG
CTG GGA CTG GGC GCC ATC GTT ATT CCG GGC ATC and 50 -GAT
GCC CGG AAT AAC GAT GGC GCC CAG TCC CAG CAT TGC were
applied. For introduction of a Myc-tag N-terminal of the KKGK
signal, the primer 50 -TAG AAT TCC TAC TTG CCC TTT TTC AGG TCC
TCC TCG GAG ATC AGC TTC TGC TCC GAC TCC TTC TTT TTG C was
used. pRK5rs_SPP-L3-Myc was cloned by PCR using the primers
50 -TAG AAT TCC ACC ATG TCG CAC GGT GGA GCC and 50 -TAC TCG
AGT CAT AGA TCC TCT TCA CTA ATA AGT TTT TGT TCG ACT TCC
AGT TGT TTT GAT GG. Its dominant negative SPP-L3 mutant,
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pRK5rs_SPP-L3-D307A-Myc was generated by in vitro mutagenesis using the primers 50 -TCT ATG CTG GGC CTG GGT GCT GTG
GTG ATG CCG GGC CTG and 50 -CAG GCC CGG CAT CAC CAC AGC
ACC CAG GCC CAG CAT AGA. All plasmid inserts were conﬁrmed
by full-length sequencing (MWG Biotech) using standard primers.

SPCrb1 and SPCrb2 peptides and antibodies
Peptides representing the amino acid residues 9-22
(LSQQQKQRQAETATC) and 35-51 (ATTARSRDRTKSAAQIC) of the
Crumbs signal sequence were synthesized and coupled to keyhole
limpet hemocyanin (Peptide Specialty Laboratories). Two antisera
termed SPCrb1 and SPCrb2 were raised in rabbits (Charles River
Laboratories). For afﬁnity puriﬁcation of both sera, the synthetic
peptides were reduced and coupled to a SulfoLink column
(Pierce). The antibodies were eluted with 0.1 M glycine-HCl, pH
2.0 and immediately neutralized with 2 M K2HPO4.

In vitro translation/translocation assay
Plasmid DNA was linearized by restriction enzymes, puriﬁed
and used for in vitro transcription with SP6 polymerase as
described before (Lyko et al., 1995). Transcripts were treated
with DNase (Promega) and puriﬁed using G25 columns (GE
Healthcare) as suggested by the manufacturers, respectively. In
vitro translation was done for 30 min at 30 1C in 10 ml reactions
using rabbit reticulocyte lysate (Promega), Redivue Pro-mix
L-[35S] cell labeling mix (GE Healthcare) and 1-1.5 eq of either
canine pancreas or Drosophila melanogaster S2 cells rough
microsomes produced according to the protocol from Walter
and Blobel or Lundin et al., respectively (Lundin et al., 2007;
Walter and Blobel, 1983). Signal peptide peptidase inhibitor
(Z-LL)2-ketone (Calbiochem-Merck) was dissolved in DMSO and
added as indicated. In case that no stop codon is present, the
reactions were terminated by the addition of 4 mM puromycin
and incubation at 20 1C for 15 min. In vitro reactions were
precipitated by adding two volumes of saturated ammonium
sulphate solution for 20 min on ice and centrifugation at 16,000 g
for 5 min. Proteins were resuspended in dH2O, again precipitated
with two volumes ice-cold absolute ethanol, pelleted and
resuspended in SDS sample buffer (75 mM Tris-HCl, pH 6.8; 12%
glycerol; 4% SDS; 0.01% Serva blue G and 100 mM DTT).
To separate microsomes from the supernatant, in vitro reactions were layered on a 50 ml cushion (50 mM Hepes-KOH, pH
7.6; 150 mM KOAc; 2 mM Mg(OAc)2; 1 mM DTT; 500 mM
sucrose) and membranes were pelleted by 5 min centrifugation
at 100,000g and 4 1C (Beckman TLA 100 rotor or Sorvall S100-AT3
rotor). For SDS-PAGE, the supernatant was precipitated with
ammonium sulphate as described above while the pellet was
directly resuspended in SDS sample buffer.

Cells and transient transfection
HEK293 cells (ATCC: CRL-1573TM) were grown in Dulbecco’s
modiﬁed Eagle’s medium/F12-medium containing 17.5 mM glucose, 10% fetal calf serum and 2 mM L-glutamine. Cells were
controlled for the absence of mycoplasma using standard PCR.
HEK293 cells were transfected by the calcium phosphate
precipitation method as described previously (Dultz et al.,
2008). Transient expression is controlled by the CMV promoter
when using pRK5rs-based constructs. As control, empty vector
was used.
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Metabolic labeling and immunoprecipitation

Lysis of embryos

42 h post-transfection, cells were depleted of methionine and
cysteine for 2 h (Dulbecco’s modiﬁed Eagle’s medium without
L-methionine and L-cysteine, containing 4.5 g/l glucose, 2 mM
L-glutamine and 10% fetal calf serum dialysed against PBS to
remove small molecules up to 12 kD). As indicated in the ﬁgure
legends, 5 mM epoxomycin, solved in methanol, was added 14 h
before labeling and throughout labeling. Similarly, the SPP
inhibitor (Z-LL)2  ketone, solved in DMSO, was added using
different concentrations as indicated in the ﬁgures. Labeling was
done with 75 mCi/ml Redivue Pro-mix L-[35S] cell labeling mix (GE
Healthcare) as detailed in the ﬁgure legends. Cells were lysed in
1% Triton X-100 containing lysis buffer (50 mM Hepes-NaOH, pH
7.5; 150 mM NaCl; 1% (v/v) Triton X-100; 10% (v/v) glycerol;
1,5 mM MgCl2; 2 mM EGTA; 1 mM phenylmethylsulfonyl ﬂuoride,
10 mg/ml aprotinin) for 10 min at 4 1C. Non-solubilized material
was separated by centrifugation (16,000g, 5 min, 4 1C). For
immunoprecipitation, cleared lysates were diluted 1:1 with HNTG
buffer (20 mM Hepes-NaOH, pH 7.5; 150 mM NaCl; 0.1% (v/v)
Triton X-100; 10% (v/v) glycerol). Protein-A sepharose beads (GE
Healthcare) and about 0.5 mg antibody per reaction were added.
Antibodies were either SPCrb1 and SPCrb2 (both compare above)
or Myc antibody prepared from 9E10 hybridoma supernatant
using standard procedures. Samples were rotated for 3 h at 4 1C.
The beads were washed four times with HNTG buffer and
resuspended in SDS sample buffer.

Embryos were collected from apple-juice agar plates, dechorinated, lysed by soniﬁcation in 1% Triton X-100 containing lysis
buffer (compare above) and incubated for 10 min on ice. The nonsolubilized material was pelleted by centrifugation at 16,000g for
10 min. The supernatant was recovered and treated with PNGaseF
as described above.

Cell lysis and Western blot analyses
42 h post-transfection cells were lysed as described above.
For deglycosylation, samples were incubated with 1000 units
PNGaseF or EndoH (both: New England Biolabs) for 1 h at 37 1C
according to instructions provided by the manufacturers. Protein
samples were mixed with SDS sample buffer. To generate wholecell-lysates, cells were directly resuspended in SDS sample buffer.
Following SDS-PAGE and semi-dry blotting on nitrocellulose,
blocking and antibody incubation were done with 5% skim milk
(Roth) in 1 x TBS-T (50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 5 mM
EDTA, pH 8.0; 0.05% Triton X-100). Primary antibodies are as
described above. Goat anti-mouse antibodies and goat anti-rabbit
antibodies were conjugated with peroxidase (Sigma-Aldrich).
Immunodetection was done with BM chemiluminescence blotting
substrate (Roche).

Tris-Tricine SDS gel electrophoresis
The samples were analyzed by Tris-Tricine SDS polyacrylamide
gel electrophoresis (PAGE) as described by Schägger and von
Jagow (1987) using 16.5% polyacrylamide gels and Tricinecontaining cathode buffer.

Drosophila stocks
Oregon R was used as wild type. For the overexpression
experiments ﬂies carrying GAL4daG32 were crossed to ﬂies carrying
either UAS::Crb8xMyc-intra, UAS::HACrb8xMyc-intra or UAS::HAncCrb8xMyc-intra
. In the embryo, GAL4daG32 is ubiquitously expressed
(Wodarz et al., 1995). Df(3R)Exel6199, which removes the crb
locus, was recombined with Df(3L)H99, which removes the proapoptotic genes grim, reaper, sickle, and head involution defective
(Chen et al., 1996; Grether et al., 1995; White et al., 1994). All
crosses were performed at 25 1C.

Immunohistochemistry of embryos
Embryos were heat ﬁxed (Muller and Wieschaus, 1996) and
stored in methanol before antibody staining. The primary
antibodies were used with following dilutions: rabbit anti SPCrb1,
1:100; rat anti Crb2.8 (unpublished, S.K. & E.K.), 1:400; mouse
anti c-Myc 9E10 (Developmental Studies Hybridoma Bank,
University Iowa), 1:100. Secondary antibodies, conjugated to
Cy2, Cy3 (Jackson) and Alexa647 (Dianova) were used 1:200.
Stained embryos were mounted in glycerol-propylgallate and
imaged with a confocal microscope LSM 510 (Zeiss) using LSM
510 software (Zeiss). Images were processed by ImageJ, Adobe
Photoshop CS3 and Adobe Illustrator CS3.
In silico analyses
The annotated Crumbs sequences were retrieved from FlyBase
(http://ﬂybase.org/blast/) and NCBI databases (http://blast.ncbi.
nlm.nih.gov). The GenBank accession numbers are given in the
ﬁgure legends. To predict a cleavable signal sequence and to
determine the signal peptidase cleavage site, computational
methods were used including SignalP3.0, SignalP2.0 (Bendtsen
et al., 2004; Nielsen et al., 1999), Predisi (Hiller et al., 2004) and
Phobius (Kall et al., 2007). Of note, many signal sequence
prediction programs have a threshold, e.g. for 70 residues. When
analyzing proteins such as Crumbs, this parameter needs to be
changed. Per deﬁnition an h-region of a signal sequence starts
with a ﬁrst quadruplet with at least three hydrophobic residues
(isoleucine, valine, leucine, phenylalanine, methionine and alanine) thereby ignoring the initiating methionine residue. The hregion ends if no further quadruplet can be found (compare: von
Heijne, 1983). Multiple sequence alignments were performed
with ClustalW (Thompson et al., 1994).

Results
The potential signal sequence of Crumbs is conserved within the
Drosophilidae
The protein sequence of Drosophila melanogaster Crumbs is
deduced from cDNA sequences and was conﬁrmed by genomic
clones. The cDNA sequences contain a 50 untranslated region, and
the cDNA size is in agreement with the size of transcripts as
detected by Northern Blot (Tepass et al., 1990). The deduced
Crumbs protein precursor (GenBank: M33753, UniProtKB/SwissProt P10040, version 113) comprises 2146 residues with a
hydrophobic region located 65 residues C-terminal of the
translation initiation site and a transmembrane domain close to
the C-terminal end. Considering signal sequence cleavage, Crumbs
is described as a type I membrane protein, i.e. exposing its
N-terminus to the extracellular site and the C-terminus to the
cytoplasm. The signal sequence prediction program SignalP
V2.0.b2 (SignalP-NN) and the program PrediSi suggest a signal
sequence of 83 residues. Other programs like SignalP 3.0 or
Phobius either suggest different signal sequence cleavage sites
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with low probabilities or no signal sequence cleavage. According
to the UniProtKB/Swiss-Prot annotation, the signal sequence
comprises 88 residues. Thus, it is unclear if the N-terminus of
D. melanogaster Crumbs encodes a cleavable signal sequence and
if so, how long it is.
To get further support for the length of the signal sequence, we
compared the D. melanogaster sequence with those of other
Drosophila species. Starting with the highly conserved cytoplasmic region, we identiﬁed Crumbs of 11 Drosophila species by
BlastP searches using the FlyBase interface. Signal sequences were
predicted by the programs SignalP V2.0.b2 and PrediSi, and used
for a multiple sequence alignment (Fig. 1B). The D. melanogaster
Crumbs signal sequence is almost identical to that of D. simulans
and has a high degree of similarity to the predicted signal
sequences of D. sechellia, D. yakuba and D. erecta. In particular,
these ﬁve signal sequences are threonine- and glutamine-rich.
The ﬁve species belong to the Drosophila melanogaster subgroup
(Lemeunier et al., 1986). For D. pseudoobscura pseudoobscura and
D. persimilis only incomplete signal sequences of 45 residues were
available, which are identical to each other. These two signal
sequences as well as other Drosophila species-derived signal
sequences have a lower similarity and are glutamine- but not
threonine-rich compared with the sequences of the Drosophila
melanogaster subgroup. However, the C-terminal 25 residues of
the predicted signal sequences, including the ‘LLKRAIS’ motif, the
hydrophobic region, and the c-region are highly conserved
(Fig. 1B).
Next, we compared the D. melanogaster Crumbs signal
sequences with sequences from other insects (Aedes aegyti,
Tribolium castaneum, and Nasonia vitripennis) and found essentially no signiﬁcant conservation (Fig. 1C). While there is only one
crb gene in these insects, three genes have been identiﬁed in
mammals, including humans. Multiple sequence alignment of the
D. melanogaster signal sequence with that of human (Crb1, Crb2,
and Crb3) also revealed no signiﬁcant conservation (Fig. 1C). On
average, the Non-Drosophilidae Crumbs signal sequences have a
length of 26 residues, which is a typical size for a signal sequence.
In contrast, the Drosophilidae Crumbs signal sequences are
unusually long in comprising about 83 residues. The increase in
length is predominately caused by the net positively charged
n-region.

The N-terminus of Crumbs is a cleavable signal sequence
Next, we experimentally addressed the question whether the
N-terminus of D. melanogaster Crumbs is a cleavable signal
sequence. We applied a cell-free in vitro translation/translocation
assay in which mRNA encoding Crumbs is translated in the
presence of ER-derived rough microsomes (RMs). Here, the
detection of newly synthesized proteins depends on the presence
of methionine and cysteine residues used for radioactive labeling.
The predicted Crumbs signal sequence contains only a single
methionine residue deﬁning the translation initiation followed by
an alanine residue. Since this methionine residue is prone for
removal by methionine aminopeptidase (Meinnel et al., 2006, and
data not shown), we exchanged the alanine residue at position 2
by a methionine residue. (All constructs containing this exchange
are marked with n throughout the text). To test ER targeting
and signal sequence cleavage, we used transcripts encoding the
N-terminal 321 residues of Crumbs for in vitro translation/
translocations assays (Fig. 2A). The synthesis of Crb1-321n in the
absence of RMs resulted in a protein of about 35 kD, representing
the precursor, preCrb1-321n (Fig. 2B, lane 2). In the presence of
canine pancreas-derived RMs (cRMs), a protein of about 38 kD
and a peptide triplet of 8-9 kD were identiﬁed (Fig. 2B, lane 3).
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The sizes of the precursor (lane 2) and the protein running slower
than the precursor (lane 3) are inferred from the predicted
molecular weights. Upon addition of the glycosylation inhibitor
acceptor tripeptide, we obtained a 35 and a 24 kD protein as well
as the peptide triplet (Fig. 2B, lane 4). Taken together, these
results suggest that the 38 kD protein is a glycoprotein differing
from the 35 kD precursor by the increase of about 12 kD due to
four glycosylation events and the concurrent reduction of about
8-9 kD due to cleavage of an 83 residues-long signal sequence.
Thus, this Crumbs variant is targeted to the ER and translocated
across the ER membrane, the signal sequence is cleaved off and
further processed while the translocated protein accumulates as
glycoprotein (gpCrb84-321). To corroborate these ﬁndings, we
in vitro translated transcripts encoding the N-terminal 83
residues of Crumbs, i.e. the predicted signal peptide, SPCrbn. This
signal peptide marker was detected as a 9 kD protein (Fig. 2B, lane
5, 10) and co-migrated with the largest peptide of the peptide
triplet described above. Furthermore, we applied RMs derived
from Drosophila S2 cells (Fig. 2B, DRMs, lane 6-9) and obtained
similar results for ER targeting and translocation.
To verify that the identiﬁed peptide triplet represents the
signal peptide and its fragments, two antisera (SPCrb1 and
SPCrb2) were raised against peptides within the signal sequence
(Fig. 1A). Both antibodies were used for immunoprecipitation of
the in vitro generated Crb1-321n and its derivatives (Fig. S1). In both
cases, the precursor (preCrb1-321n) and the three peptides of about
8-9 kD were detected (Fig. S1, lane 5, 9). The respective preimmune sera as well as an unrelated antibody failed to detect
these proteins (Fig. S1, lane 4, 8, 12). A pre-incubation of the
SPCrb1 or SPCrb2 antibodies with the speciﬁc peptide but not
with an unspeciﬁc peptide prevented the immunoreaction
(Fig. S1, lane 6, 7, 10, 11). Taken together, both antibodies
speciﬁcally detect the precursor and the peptide triplet indicating
that the peptides of the triplet are derived from the Crumbs signal
sequence.
To test Crumbs targeting and signal sequence cleavage in cells,
we transiently expressed a truncated Crumbs variant, CrbMyc-intran
(Fig. 2A), that was previously used for successful rescue experiments in ﬂies (Wodarz et al., 1995). In embryos homozygous
mutant for crumbs, no contiguous cuticle but only cuticle crumbs
are formed, resulting in the naming of this mutant. The overexpression of CrbMyc-intra (previously named crbintra-myc) leads to
the same degree of restoration of large parts of the cuticule as
overexpression of full-length Crumbs (Wodarz et al., 1995).
Metabolically labeled cells were lysed and used for immunoprecipitation. The SPCrb1 antibody precipitated two peptides of
about 8-9 kD (Fig. 2C, lane 5). Since the larger one co-migrates
with the signal peptide marker (Fig. 2C, lane 4), we conclude that
the two peptides represent SPCrbn and its fragment SPFCrbn. In
contrast, the SPCrb2 antibody precipitated SPFCrbn and a further
fragment of about 6 kD (Fig. 2C, lane 6). In a control, the Myc
antibody precipitated a 19 kD and a 14 kD protein (Fig. 2C, lane 7).
The 19 kD protein was also precipitated by the SPCrb1 and the
SPCrb2 antibodies (Fig. 2C, lane 5, 6), indicating that this protein is
the precursor, preCrbMyc-intran. The 14 kD protein is the mature,
glycosylated protein, gpCrbMyc-intra, which is in agreement with
the predicted molecular weight of the signal sequence-cleaved
glycoprotein. The glycosylation was experimentally veriﬁed by
treatment with Peptide:N-glycosidase F (PNGaseF), which reduced the mass to about 11 kD (data not shown). From these
results we conclude that in cells Crumbs is targeted to the ER, is
inserted and that the signal sequence is cleaved off. Additionally,
the resulting signal peptide is further processed into signal
peptide fragments.
To conﬁrm the length of the signal sequence, we experimentally determined the signal sequence cleavage site by Edman
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Fig. 2. Identiﬁcation of the Crumbs signal peptide and its fragments by a cell-free in vitro assay and in cells. (A) The cartoon depicts the constructs used to analyze Crumbs
targeting and signal sequence cleavage. Crb1-321n encodes the N-terminal 321 amino acids of Crumbs including ﬁve glycosylation sites as indicated (Y). Note that two
glycosylation sites are very close to each other and are therefore not resolved (bold). To detect proteins derived from the N-terminus by radioactive labeling even when the
N-terminal methionine residue is cleaved off, we exchanged the alanine residue at position 2 by a methionine residue (compare Fig. 1A). All constructs encoding this A2M
mutation are marked by an asterisk (n). As marker, we used a construct encoding the N-terminal 83 residues of Crumbs followed by a stop codon. This marker (SPCrbn) also
includes the A2M mutation. CrbMyc-intra/CrbMyc-intran encode proteins consisting of the Crumbs signal sequence, a linker with a glycosylation site and a Myc-tag, the Crumbs
transmembrane region (TM), and the Crumbs cytoplasmic region (cyt). (B) Crb1-321n and SPCrbn were translated in the absence and presence of canine pancreas-derived
rough microsomes (cRMs) or Drosophila S2 cell-derived rough microsomes (DRMs), respectively. Reactions in lane 4 and 9 were treated with acceptor tripeptide (AP) to
inhibit glycosylation. The in vitro translation/translocation reactions were precipitated, proteins were separated by SDS-PAGE, and analyzed by autoradiography.
(C) HEK293 cells transiently expressing CrbMyc-intran were labeled for 30 min. Antigens were immunoprecipitated with SPCrb1, SPCrb2 or Myc antibodies, separated by
SDS-PAGE and analyzed by autoradiography. In vitro translated SPCrbn was co-separated as size-marker. Of note, in some ﬁgures, e.g. Fig. 2B and C, it seems that the size
marker migrates slightly faster than the signal peptidase cleavage-derived signal peptide, but compare Fig. 3A, C. The most likely explanation is that the migration behavior
of the marker is different due to the low net protein content in comparison to lanes including RMs and signal peptide fragments. However, we cannot completely rule
out that the marker and the processed signal peptide are either different in length or might undergo different post-translational modiﬁcations. RMs, rough microsomes;
cRMs, canine-pancreas derived rough microsomes; DRMs, Drosophila S2 cell-derived rough microsomes; pre, precursor; gp, glycoprotein; SPF, signal peptide fragment.

degradation. We expressed CrbMyc-intra in HEK293 cells and used
cell lysates for immunoprecipitation with the Myc antibody. After
separation by SDS-PAGE, we stained the gel with Coomassie. As
before, we received a 19 kD and a 14 kD protein (data not shown,
but see Fig. 2C). The 14 kD protein was N-terminally sequenced
(data not shown) and found to start with amino acid 84 of the
CrbMyc-intra precursor, which is consistent with an 83 residueslong signal sequence.

The extended n-region has no effect on ER targeting and signal
sequence cleavage
Signal sequences can differently affect ER targeting, protein
insertion and signal sequence cleavage. Therefore, we wanted to
know if the extended n-region, causing the unusual length of the
Crumbs signal sequence, contributes to the function and efﬁciency of the signal sequence. To test this, we deleted the
N-terminal 56 amino acid residues of the Crumbs signal sequence.

The resulting minimal signal sequence consists essentially of the
hydrophobic core region ﬂanked by a short, positively charged
n-region and the c-region (Crb56-321, Fig. S2A). Using the in vitro
translation/translocation assay, we detected the precursor Crb56321
and its translocated glycoprotein gpCrb84-321 (Fig. S2B, lanes
5-7). The potential minimal signal peptide of about 3 kD is not
resolved on the gel. A densitometric analysis revealed no
signiﬁcant difference in the amount of translocated proteins
when comparing Crb1-321n and Crb56-321 (data not shown). Thus,
similar to the full-length signal sequence, the minimal signal
sequence accomplishes ER targeting and translocation.
Next, we tested the translocation potential of both signal
sequences in cells. To this end, we replaced the wild type signal
sequence of CrbMyc-intran with the minimal signal sequence
(CrbD(1-56)-Myc-intra, Fig. S2A). Upon transient expression and
metabolic labeling, we found SPCrbn, SPFCrbn, and the precursor
preCrbMyc-intran by immunoprecipitation with the SPCrb1 antibody. No proteins were detected analyzing cells expressing
CrbD(1-56)-Myc-intra, since the epitope of SPCrb1 is deleted
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(Fig. S2C, lanes 1-4). Using the Myc antibody, the precursors and
mature proteins of CrbMyc-intran and CrbD(1-56)-Myc-intra were found
(Fig. S2C, lanes 5-7). Again, we observed no signiﬁcant difference
in the expression and translocation, thereby conﬁrming the
results from the in vitro translation/translocation experiments.
We conclude that the extended n-region of the unusually long
signal sequence of Crumbs does not affect the efﬁciency of
targeting and translocation under the experimental conditions
used.

SPCrb is processed by Drosophila SPP
Considering that the signal peptide was detected as peptide
triplet, we next studied the proteolytic processing of the signal
peptide. Since signal peptides can be substrates for the intramembrane cleaving aspartyl protease signal peptide peptidase
(SPP), the SPP-speciﬁc inhibitor (Z-LL)2-ketone (Weihofen et al.,
2002) was tested for its ability to prevent proteolysis of the
Crumbs signal peptide. In the presence of (Z-LL)2-ketone, the
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largest peptide of the peptide triplet accumulated, whereas
adding just the organic solvent did not inﬂuence the processing
of SPCrbn (data not shown, but see Fig. 3A, lanes 5-8). Usually, SPP
processing is accompanied by the liberation of N-terminal
fragments to the cytosol. To determine the localization of the
full-length Crumbs signal peptide and its fragments, the
microsomal membranes of the in vitro translation/translocation
reactions were pelleted by centrifugation through a sucrose
cushion. The pellet and the supernatant, which represent the
membranes and the cytosol, respectively, were analyzed
independently. SPCrbn was only detected in the pellet fraction,
while the fragments were found in both fractions (Fig. 3A, lane
3-8). This result suggests that SPCrbn is processed by SPP in vitro
and that fragments can be liberated into the cytosol.
In order to analyze if SPCrb processing also occurs in a cellular
context, we took advantage of the observation that (Z-LL)2-ketone
is a membrane-permeable compound (Bland et al., 2003). HEK293
cells transiently expressing CrbMyc-intran were incubated with or
without the inhibitor, metabolically labeled, and lysed. Without
the inhibitor, the CrbMyc-intran precursor, the signal peptide SPCrbn

Fig. 3. SPP-mediated proteolytic processing of the Crumbs signal peptide. (A) Crb1-321n was translated in the presence of DRMs and 10 mM (Z-LL)2  ketone.
The microsomal membranes were separated from the cytosol by centrifugation through a sucrose cushion. The pellet (P) and the supernatant (S) were analyzed as
described above (Fig. 2A). Of note, the 6 kD fragment observed in lane 5 corresponds to the antigen identiﬁed by the SPCrb2 as shown in Fig. 2C. (B) HEK293 cells expressing
CrbMyc-intran were incubated for 14 hours with different concentrations of (Z-LL)2  ketone (as indicated), metabolically labeled for 30 min and lysed. Antigens were
immunoprecipitated with the SPCrb1 antibody, separated by SDS-PAGE and visualized by phosphorimaging. (C) HEK293 cells expressing CrbMyc-intran and either SPP or
SPP-D274A were metabolically labeled for 30 min. Both SPP constructs include a Myc-tag, which is inserted N-terminally of the ER retrieval signal (four C-terminal residues
encoding KKGK). Cell lysates were used for immunoprecipitation with the SPCrb1 or with the Myc antibody, respectively, and analyzed as described above. As a size
marker, in vitro translated SPCrbn was applied on each gel.
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and the 8 kD signal peptide fragment were immunoprecipitated
by the SPCrb1 antibody (Fig. 3B, lane 3). In the presence of (Z-LL)2ketone, only the precursor and SPCrbn were detected (Fig. 3B, lane
4, 5), indicating that SPP cleavage also occurs in cells.
To test whether the previously described Drosophila SPP (Casso
et al., 2005) is able to process SPCrb, we cloned the corresponding
cDNA. SPP family members share two aspartic acid residues at
their catalytically active sites, one of which is aspartic acid 274 in
Drosophila SPP. To receive a catalytically inactive mutant (Golde
et al., 2009; Weihofen et al., 2002), we replaced this residue by
alanine. Furthermore, we included a Myc-tag in both cDNAs to
detect the proteins, here referred to as SPP and SPP-D274A. Upon
expression of CrbMyc-intran in HEK293 cells, the SPCrb1 antibody
detected the 19 kD precursor, preCrbMyc-intran, as well as the 9 kD
SPCrbn and its 8 kD fragment SPFCrbn (Fig. 3C, lane 2). Upon
co-overexpression of SPP, the precursor and small amounts of the
signal peptide fragment were detected (Fig. 3C, lane 5), suggesting
an efﬁcient processing of SPCrbn. Of note, only small amounts of
the signal peptide fragment are detectable since upon overexpression of SPP the preCrbMyc-intran precursor accumulates
resulting in the reduced production of SPCrbn and its fragment. A
second reason might be that due to efﬁcient SPP processing of the
available SPCrbn, the fragments are also efﬁciently degraded as
shown later. In contrast, co-overexpression of CrbMyc-intran and
SPP-D274A resulted in the accumulation and stabilization of
SPCrbn (Fig. 3C, lane 6), which co-migrated with the in vitro
synthesized signal peptide marker (Fig. 3C, lane 7). As control for
the expression of CrbMyc-intran, SPP, and SPP-D274A, we analyzed
cell lysates by immunoprecipitation with the Myc antibody. We
detected the precursor preCrbMyc-intran and its mature protein,
gpCrbMyc-intra, (compare Fig. 2C). Secondly, we identiﬁed SPP and
its mutant as doublet of a 43 kD and a 49 kD protein, respectively.
The two forms correspond to differently glycosylated SPP
proteins, as known for human SPP (Nyborg et al., 2004; and data
not shown). In the presence of CrbMyc-intran, SPP and SPP-D274A
were also co-immunoprecipated by the SPCrb1 antibody (Fig. 3C,
lane 5, 6). Similar co-immunoprecipitation results have been
described upon overexpression of SPP and SPP-like proteases in
other systems (Fluhrer et al., 2006) and coincide with the
accumulation of the substrate precursor proteins. In summary,
these results demonstrate that SPCrbn can be processed by
Drosophila SPP.
Besides SPP, a second member of the SPP family of intramembrane cleaving proteases, SPP-L3, is predicted in the Drosophila
genome (Casso et al., 2005). Consequently, we tested whether
D. melanogaster SPP-L3 can also process SPCrb. We cloned SPP-L3
and the corresponding catalytically inactive mutant SPP-L3D307A, and co-overexpressed both with CrbMyc-intran in HEK293
cells (Fig. S3). Since we found that the SPCrb1 antibody
extensively cross-reacts with SPP-L3 (data not shown), the SPCrb2
antibody was applied for this analysis. Neither co-overexpression
of SPP-L3 nor SPP-L3-D307A with CrbMyc-intran affected the
amounts or processing of SPCrbn. As described for SPP and
depending on the presence of CrbMyc-intran, SPP-L3 and SPP-L3D307A were co-immunoprecipitated with the SPCrb2 antibody.
By immunoprecipitation with the Myc antibody, the expression of
CrbMyc-intran, SPP-L3, and SPP-L3-D307A was conﬁrmed (Fig. S3,
lanes 9-13). Taken together, these results demonstrate that SPCrb
is a substrate for SPP, but not a substrate for SPP-L3.

SPCrbn has a short half-life and is degraded by the proteasome
To see whether SPCrb or its fragments accumulate in cells, we
addressed their half-lifes. We pulse-labeled HEK293 expressing
CrbMyc-intran for 30 min and chased the cells for 15, 30 and 45 min.

The amounts of SPCrbn and its fragments were reduced by time but
small amounts of SPCrbn were still detectable after 45 min (Fig. 4A,
lane 5). As control, the amounts of the mature protein and the
precursor were not affected (Fig. 4A, lanes 8-11). Thus, SPCrbn is
most likely degraded by time. Although it is unlikely, we cannot
rule out that SPCrbn by time is tightly associated with a further
molecule thereby preventing its immunoprecipitation and
detection. In a next step, we tried to identify SPCrb by Western
Blot analysis, i.e. under steady state conditions and failed using
cells overexpressing CrbMyc-intra (Fig. 4B, lane 2). In contrast, upon
co-expression of SPP-D274A, SPCrb accumulates and is detected by
Western Blot (Fig. 4B, lane 6). Of note, we detected the wild type
signal peptide in this experiment and not the A2M mutant as
required for radioactive labeling.
A potential event following SPP-mediated processing of a
signal peptide is the proteasomal degradation (Bland et al., 2003).
To test whether this applies for SPCrb, we added the proteasome
inhibitor epoxomycin in a pulse-chase experiment in which
CrbMyc-intran was overexpressed in HEK293 cells. Under this
condition, SPCrbn and its fragments were still detected after
120 min, in contrast to 30 min without the proteasome inhibitor
(Fig. 4C). In summary, we conclude that the signal peptide
fragments are degraded by the proteasome.

No endogenous Crumbs signal peptide is detected in the Drosophila
embryo but SPCrb1 detects its epitope when signal sequence cleavage
is prevented
To test whether the signal peptide can be detected in wild type
Drosophila tissues, we performed immunoﬂuorescence microscopy, using the two antibodies generated against the signal
sequence. The SPCrb2 antibody did not result in any staining of
tissues known to express crb (embryonic epithelia, eye imaginal
discs, adult eyes). In contrast, the SPCrb1 antibody detected an
epitope at the leading edge during dorsal closure (data not
shown). Secondly, the antibody stained punctate structures in
cells of the amnioserosa throughout embryonic development
(compare Fig. 6A, B). This staining is unspeciﬁc, since it is also
found in embryos lacking the crumbs locus (data not shown).
Since in these embryos the amnioserosa undergoes apoptosis at
early developmental stages, we used embryos homozygous
mutant for the deﬁciency Df(3R)Exel6199, which lacks the crumbs
locus, and the deﬁciency Df(3L)H99 to delay apoptosis. The
speciﬁcity of the staining at the leading edge could not be
addressed, since the respective cells of Df(3R)Exel6199, Df(3L)H99
homozygous mutant embryos are still severely affected.
Next, we addressed the question whether the SPCrb1 antibody
can detect SPCrb at all when its antigen is expressed in a Drosophila
tissue. Therefore, we overexpressed a transgene that encodes a
Crumbs variant with a non-cleavable (nc) signal sequence named
HAncCrb8xMyc-intra, which should result in the accumulation of the
precursor. To facilitate detection, we fused an HA-tag to the very
N-terminus and an 8x Myc-tag N-terminal to the transmembrane
domain. As controls a non-mutated form, HACrb8xMyc-intra as well
as a non-HA-tagged form, Crb8xMyc-intran, were used (Fig. 5A). First,
we tested signal sequence cleavage and protein glycosylation of
the respective proteins by in vitro translation/translocation
assays. Crb8xMyc-intran and HACrb8xMyc-intra have a cleavable
signal sequence that is further processed by SPP, whereas the
signal sequence of HAncCrb8xMyc-intra was not cleaved (Fig. 5B,
lanes 2, 3, 5, 6 for Crb8xMyc-intran, lanes 8, 9, 11, 12 for HACrb8xMycintra
, and lanes 13, 14, 16, 17 for HAncCrb8xMyc-intra). Furthermore,
all three proteins were translocated since the presence of acceptor
tripeptide interferes with glycosylation (Fig. 5B, lanes 4, 10, 15 in
comparison to lanes 3, 9, 14). Next, we analyzed the processing of
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Fig. 4. The half-life and fate of the Crumbs signal peptide and its fragments. (A) HEK293 cells expressing CrbMyc-intran were metabolically labeled for 30 min. At the
indicated time points, proteins were immunoprecipitated using the SPCrb1 antibody or the Myc antibody, respectively. Antigens were separated by SDS-PAGE and analyzed
by autoradiography. (B) HEK293 cells expressing CrbMyc-intra alone or together with SPP or SPP-D274A were lysed, proteins were separated by SDS-PAGE and then analyzed
by Western blotting. (C) HEK293 cells expressing CrbMyc-intran were treated with 5 mM epoxomycin as indicated. Cells were metabolically labeled for 30 min and chased as
indicated. Cell lysates were used for immunoprecipitation with the SPCrb1 antibody, analyzed by SDS-PAGE and autoradiography. As a size marker, in vitro translated SPCrbn
was co-migrated when samples were analyzed by autoradiography.

these proteins in HEK293 cells. While signal sequence cleavage
was observed in Crb8xMyc-intran and HACrb8xMyc-intra, it did not take
place in the signal sequence cleavage mutant. In the presence of
co-overexpressed SPP-D274A, which inhibits signal peptide
processing, we also identiﬁed SPCrb and the HA-tagged signal
peptide (data not shown).
To address the question whether these proteins remain
associated with the ER membrane or are reliably transported
along the secretory pathway, we analyzed their glycosylation
status in HEK293 cells and in Drosophila embryos expressing any
of these transgenes. For this purpose, cell and tissue lysates were
treated with endoglycosidase H (EndoH) and PNGaseF to
determine the glycosylation pattern (Fig. 5C, D). We observed
different sensitivities of Crb8xMyc-intra and HACrb8xMyc-intra towards the two enzymes, while HAncCrb8xMyc-intra did not exhibit
any difference (Fig. 5C). Crb8xMyc-intran and HACrb8xMyc-intra obtain
EndoH-resistant, complex-type oligosaccharides, suggesting that
both proteins reach at least the medial-Golgi apparatus. In
contrast, HAncCrb8xMyc-intra did not receive complex-type oligosaccharides and thus presumably remains in the ER membrane or
cis-Golgi apparatus. In Drosophila embryo lysates, we found that
all three proteins are sensitive for PNGaseF treatment (Fig. 5D),
suggesting that at least each protein is efﬁciently inserted into the
ER membrane.
In order to determine the behavior of the transgene-encoded
proteins (Crb8xMyc-intra, HACrb8xMyc-intra and HAncCrb8xMyc-intra) in
Drosophila embryos, we analyzed the localizations of the mature

proteins and the respective signal sequences. Upon overexpression of Crb8xMyc-intra and HACrb8xMyc-intra, the Myc staining was
associated with the plasma membrane as well as with the ER
(data not shown). The non-cleavable HAncCrb8xMyc-intra was
mostly retained in the ER, with some staining in the cytosol.
Co-localization of the Myc epitope and the Crumbs signal
sequence in the ER and the cytoplasm led to the conclusion, that,
unlike Crb8xMyc-intra and HACrb8xMyc-intra, the non-cleavable
protein was not transported to the plasma membrane (Fig. 6C-C00 ).
From these results we conclude that the SPCrb1 antibody is able
to detect its epitope in Drosophila, but only upon overexpression and
when part of the precursor protein. Considering that in the cellbased assay SPCrbn is degraded by the proteasome, these data
suggest that the endogenous signal peptide is short-lived.

Discussion
D. melanogaster Crumbs is synthesized with an unusually long,
cleavable signal sequence of 83 residues
Starting our investigation, it was unclear whether the N-terminus
of Crumbs is a cleavable signal sequence, since experimental data
were not available and several prediction programs did not suggest
signal sequence cleavage. Assuming that signal sequence cleavage
takes place, Crumbs will be a type I membrane protein with a long,
extracellular N-terminus, including EGF-like domains and laminin A
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Fig. 5. Biochemical analysis of a signal sequence cleavage site mutant. (A) The cartoon shows the construct Crb8xMyc-intran, HACrb8xMyc-intra and HAncCrb8xMyc-intra. In
Crb8xMyc-intran the single Myc-tag of CrbMyc-intran is replaced by eight Myc-tags to improve its detection. The asterisk again indicates the A2M mutation required to detect
radioactively labeled signal peptides. HACrb8xMyc-intra is the N-terminally HA-tagged analogue to Crb8xMyc-intra. HAncCrb8xMyc-intra has the two mutations A82P and S83W,
thereby destroying the signal sequence cleavage site. (B) Transcripts were raised from the constructs described in (A) and applied for in vitro translation/translocation
assays (compare Figs. 2B and 3A). As a size marker, in vitro translated SPCrbn was used. (C) HEK293 cells expressing Crb8xMyc-intran, HACrb8xMyc-intra and HAncCrb8xMyc-intra
were lysed in the presence of 1% Triton X-100 to subsequently treat the lysates with EndoH and PNGaseF as indicated. As control (c) cells transfected with empty vector
were used. (D) Drosophila embryos ubiquitously overexpressing various transgene-encoded proteins (as indicated) using GAL4daG32 were lysed. The lysates were treated
with PNGaseF as indicated, separated by SDS-PAGE and analyzed by Western blotting.

G-domain like repeats. Following a classical transmembrane region,
the C-terminus is cytosolic. Alternatively, if the signal sequence is
not cleaved, Crumbs will be a double-pass membrane protein with
both termini facing the cytosol. In this scenario, a short, about 65
residues-long, cytosolic N-terminus is followed by a hydrophobic
region that spans the membrane. Again, the EGF-like domains are in
the extracellular space separated by the transmembrane region from
the cytosolic C-terminus. Indeed, the association of the cytosolic
C-terminus with the PDZ-domain containing proteins Stardust,
DPATJ and DLin7 (Bachmann et al., 2008; Bachmann et al., 2001;
Klebes and Knust, 2000) and the described glycosylation (Koles et al.,
2007) are in agreement with both scenarios.
Our data clearly conﬁrm ER targeting and insertion of the Crumbs
precursor, signal sequence cleavage, and glycosylation of the mature
protein. Furthermore, we identiﬁed the cleaved signal peptide,
termed SPCrb. Importantly, signal sequence cleavage not only takes
place in the presence of canine pancreas-derived rough microsomes
but also when Drosophila S2 cell-derived rough microsomes, i.e.

from the same species, are applied. Furthermore, no co-staining of
Drosophila tissues using an antibody against the signal sequence in
combination with an antibody against the mature (endogenous)
protein was obtained, arguing that the signal sequence is efﬁciently
cleaved off in ﬂies. Similarly, the overexpression of a transgene with
a cleavable signal sequence as determined by in vitro assays did not
result in a co-staining applying both antibodies. By contrast, we
obtained co-staining upon overexpression of a precursor protein
with a signal sequence cleavage site mutation. Thus, we conclude
that Crumbs is a type I membrane protein with a cleavable signal
sequence and suggest that signal sequence cleavage occurs in the
animal tissues.
The signal sequence of D. melanogaster Crumbs comprises 83
residues. We deduce this from the following ﬁndings. (i) A marker
peptide comprising the ﬁrst 83 residues of Crumbs was found to
co-migrate with the in vitro- or in cellulo-synthesized, cleaved
signal sequence using high-resolution gels. (ii) The signal
sequence cleavage site was conﬁrmed by N-terminal protein
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Fig. 6. The SPCrb1 antibody can detect the epitope of SPCrb in Drosophila. (A) Lateral view of a wild type Drosophila embryo (stage 13). The amnioserosa (as) covers the
dorsal part of the embryo, between the epidermis (ep). Crumbs (blue, detection of endogenous full-length Crumbs) is expressed in both tissues and localizes to the plasma
membrane. The SPCrb1 antibody detects punctate structures in the cells of the amnioserosa (green), which are not SPCrb. There is no signal for the anti-Myc antibody
detectable. (B) Lateral view of a Drosophila embryo (stage 14) overexpressing the non-cleavable HAncCrb8xMyc-intra ubiquitously using GAL4daG32, stained with anti-Myc
(red), SPCrb1 antibody (green) and anti-Crb (blue). The SPCrb1 antibody detects a signal, which co-localizes with the Myc-tagged HAncCrb8xMyc-intra protein in the
cytoplasm and ER. Of note, the punctate staining within the amnioserosa is not changed in comparison to A. (C-C00 ) as in B with higher magniﬁcation of the epidermis. In
A-C anterior is left. Scale bars represent 10 mm (A, B) and 5 mm (C-C00 ).

sequencing of a Crumbs-derived protein, comprising the signal
sequence and the following 13 residues. This suggests that also in
the endogenous protein this cleavage site is used. (iii) The
mutation of the signal cleavage site prevented the accumulation
of SPCrb. (iv) The length and amino acid sequence of the signal
sequence is highly conserved within the Drosophilidae Crumbs
proteins.
Comprising 83 residues, the Crumbs signal sequence is
unusually long, with the increase in length caused by an extended
n-region. Typically, signal sequences are in the range of 15-30
residues but some longer ones are also known (Kapp et al., 2009).
The neuropilin-like product of the murine discoidin, CUB and LCCL
domain containing 2- (Dcbld2) gene, has a signal sequence of 63
residues and was previously described as the longest secretory
protein signal sequence among eukaryotes (Kobuke et al., 2001).
In D. melanogaster, besides Crumbs, the proteins Serrate (Fleming
et al., 1990; Thomas et al., 1991) and DE-Cadherin (Oda et al.,
1994) are currently annotated in the UniProt KB (The UniProt
Consortium, 2009) to have long signal sequences of 79 and 69
residues, respectively, but to our knowledge no experimental
evidence for their cleavage is available. Until now, predominately
viral glycoproteins were shown to have extremely long, cleavable
signal sequences, e.g. the arenaviral glycoprotein C-derived signal
peptides with 58 residues (Hegde and Bernstein, 2006) and the
MMTV Env/Rem signal sequence with 98 residues (Dultz et al.,
2008). The Crumbs signal sequence comprising 83 residues is
currently the longest signal sequence from an eukaryotic type I
membrane protein, further promoting the ﬁnding that not only
viral proteins have long signal sequences.

SPCrb is speciﬁcally processed by SPP
SPCrb is processed by SPP and different signal peptide
fragments are generated. In particular, SPCrb is processed by SPP
of canine pancreas-derived rough microsomes, by Drosophila
SPP of Drosophila S2 cells-derived rough microsomes, or after

overexpression of Drosophila SPP in mammalian cells. Processing
can be inhibited using either (Z-LL2)-ketone, a compound known
to speciﬁcally inhibit SPP and SPP-like proteases (Golde et al.,
2009), or by overexpression of Drosophila SPP-D274A, a mutant
variant of an active-site aspartyl residue. Importantly, not only
the mutant SPCrbn, carrying an amino acid exchange required for
radioactive labeling and autoradiography, but also the wild type
SPCrb are detected in the presence of SPP-D274A. In contrast,
Drosophila SPP-L3 does not process SPCrb, suggesting substrate
speciﬁcity for SPP.
SPCrb fulﬁls the two prerequisites for SPP processing as previously
described: a helix-breaking motif in the h-region and the preceding
cleavage by signal peptidase (Lemberg and Martoglio, 2002). In
detail, SPCrb has a 10 residues-long h-region including a proline
residue at position 2. Signal sequence cleavage is a prerequisite for
SPP processing since a mutant of the signal sequence cleavage site
was not processed by SPP. Beyond that, processing results in two
fragments of about 8 kD. The presence of two different SPPprocessing products has also been observed for TNFa processed by
SPP-L2b (Fluhrer et al., 2006) and for the amyloid precursor protein
or Notch processed by the SPP-related presenilin (reviewed in Golde
et al., 2009), suggesting a common feature of aspartyl proteasemediated intramembrane cleavage processes.
Previous data suggested that zebraﬁsh SPP and SPP-L3 may have
overlapping functions (Krawitz et al., 2005). Furthermore, human
SPP-L3 was shown to process a bovine prolactin signal peptide based
substrate (Nyborg et al., 2006), and recombinant Drosophila SPP and
SPP-L3 were shown to process the bovine prolactin signal peptide
using an in vitro assay with chemically-synthesized signal peptides
(Narayanan et al., 2007). In contrast, substrate speciﬁcity for the
three human SPP-like proteases (SPP-L2a, -L2b, -L2c) in comparison
to SPP and SPP-L3 is assumed, since the few substrates identiﬁed so
far are typically exclusively processed by either SPP/SPP-L3 or
members of the SPP-L2 family (Golde et al., 2009). In D.
melanogaster, currently only two SPP proteins are described, SPP
and SPP-L3 (Casso et al., 2005). Thus, with SPCrb we have identiﬁed
the ﬁrst and speciﬁc substrate for Drosophila SPP, which is not a

Please cite this article as: Kilic, A., et al., The Drosophila Crumbs signal peptide is unusually long and is a substrate for signal peptide
peptidase. Eur. J. Cell Biol. (2010), doi:10.1016/j.ejcb.2010.02.001

ARTICLE IN PRESS
12

A. Kilic et al. / European Journal of Cell Biology ] (]]]]) ]]]–]]]

substrate for Drosophila SPP-L3. Clearly, the identiﬁcation of further
SPP substrates in combination with analyses of spp mutants is
required to understand substrate speciﬁcity.

Klaus Meese for technical assistance. This work was funded by
the Deutsche Forschungsgemeinschaft by the SFB 638/A2 (to B.D.)
and the GRK 1188 (B.D. and K.K.), and by the Max Planck
Society (E.K.).

Towards the function of the Crumbs signal sequence and the signal
peptide
Appendix A. Supplementary data
By multiple sequence alignments we found that the signal
sequence length of Crumbs proteins, especially the extended
n-region, is highly conserved within the Drosophilidae but not
beyond, even not in other insects. This exclusive sequence
conservation suggests that a potential function is attributed to
Drosophilidae Crumbs signal sequences. In principle, the sequence
variations in signal sequences can affect either ER targeting,
insertion and signal sequence cleavage or a post-targeting
function of the signal peptide, or both (Hegde and Bernstein,
2006; Martoglio and Dobberstein, 1998). We did not ﬁnd that the
extended n-region of the Crumbs signal sequence affects targeting, insertion or signal sequence cleavage, at least not under the
conditions used. However, it is still possible that targeting in a
speciﬁc ﬂy tissue is affected.
Post-targeting functions of several signal peptides or SPP
processing-derived fragments have been identiﬁed. One example is
the upregulation of TGFa expression (eosinophil cationic protein;
Chang et al., 2007; Wu and Chang, 2004). Signal peptide fragments
released into the ER lumen have been shown to be presented as a
cytotoxic T-cell epitope (preprocalcitonin; El Hage et al., 2008),
while fragments released to the cytosol have been shown to bind
calmodulin (prolactin; Martoglio et al., 1997) or are presented as
antigen to report the production of the corresponding proteins
(different HLA proteins; Bland et al., 2003; Lemberg et al., 2001). For
the latter, a series of events of precursor protein insertion into the ER
membrane, signal peptidase cleavage, SPP-mediated processing,
liberation of an N-terminal fragment to the cytosol, proteasomemediated processing and TAP-dependent ER import is conceivable
and in part formerly proven. Our data clearly demonstrate that the
Crumbs signal peptide fragments can be degraded by the proteasome. This supports the model suggesting that SPP processing
generates fragments, which are either rapidly degraded by the
proteasome or that have functions on their own. Rapid degradation
is presumably the most prominent scenario for SPCrb in most ﬂy
tissues expressing Crumbs, since we did not identify the signal
peptide or its fragments in ﬂy tissues. However, the detection of
either SPCrb or its fragments at the leading edge argues that they
may accumulate and may have a tissue- or stage-speciﬁc posttargeting function. Future experiments need to address the
speciﬁcity of this staining.
Considering a post-targeting function of SPCrb, its amino acid
sequence and composition, especially of the n-region, are of
particular interest. Besides having positively charged residues, the
extended n-region is glutamine- and threonine-rich. While these
stretches are conserved within the Drosophila melanogaster subgroup
of the Drosophilidae, only the glutamine stretch is conserved beyond
this subgroup. Homotypic stretches are more abundant in Drosophila
proteins than in human proteins, and most of these ﬂy proteins are
essential developmental proteins (Karlin and Burge, 1996). Drosophila now provides an ideal experimental system to study the
functional importance of the signal peptide in vivo.
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