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ABSTRACT The Stubble-stubbloid (Sb-sbd) gene is re-
quired for hormone-dependent epithelial morphogenesis of
imaginal discs of Drosophila, including the formation of bris-
tles, legs, and wings. The gene has been cloned by using
Sb-sbd-associated DNA lesions in a 20-kilobase (kb) region of
a 263-kb genomic walk. The region specifies an ~3.8-kb
transcript that is induced by the steroid hormone 20-
hydroxyecdysone in imaginal discs cultured in vitro. The con-
ceptually translated protein is an apparent 786-residue type II
transmembrane protein (N terminus in, C terminus out),
including an intracellular N-terminal domain of at least 35
residues and an extracellular C-terminal trypsin-like serine
protease domain of 244 residues. Sequence analyses indicate
that the Sb-sbd-encoded protease could activate itself by pro-
teolytic cleavage. Consistent with the cell-autonomous nature
of the Sb-sbd bristle phenotype, a disulfide bond between
cysteine residues in the noncatalytic N-terminal fragment and
the C-terminal catalytic fragment could tether the protease to
the membrane after activation. Both dominant Sb and recessive
sbd mutations affect the organization of microfilament bundles
during bristle morphogenesis. We propose that the Sb-sbd
product has a dual function. (i) It acts through its proteolytic
extracellular domain to detach imaginal disc cells from extra-
cellular matrices, and (i) it transmits an outside-to-inside
signal to its intracellular domain to modify the cytoskeleton and
facilitate cell shape changes underlying morphogenesis.

The attachment of cells to extracellular substrates—for ex-
ample, by integrins (1)—plays an important role in determin-
ing cell shape and the intracellular organization of the cy-
toskeleton. Likewise, detachment of cells from substrates
also leads to profound changes in cell shape and cytoskeletal
organization. In particular, cell surface-associated proteases
have been shown to mediate cell shape changes by local
degradation of extracellular matrices and by signaling the
reorganization of the actin cytoskeleton (2, 3). Proteases are
also implicated in morphogenesis of imaginal discs to form
adult appendages in Drosophila (4-7). The formation of legs
and wings from discs results in part from actin- and myosin-
dependent cell shape changes in the disc epithelium elicited
by the steroid hormone 20-hydroxyecdysone (20HE) (8).
Later in development, specific disc cells undergo actin-
mediated cell shape changes to form bristles (9, 10). Stubble-
stubbloid (Sb-sbd) mutants cause failures in cell-shape
changes required for both disc and bristle morphogenesis.
Gain-of-function Sh mutations affect bristle morphogenesis
in a dominant manner. Both Sb and allelic loss-of-function
sbd mutations act recessively to affect disc morphogenesis,
producing characteristically malformed legs and wings (11).
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We show here that the product of the Sb-sbd gene is an
apparent transmembrane protein with an extracellular serine
protease domain. The structure of the conceptual protein and
phenotypes of mutants suggest that Sb has a dual role in
degra;iing extracellular proteins and modifying the cytoskel-
eton.

MATERIALS AND METHODS

Fly Stocks and Culture. A wild-type Oregon-R stock main-
tained in our laboratory since 1965 was used. Stubble and
stubbloid stocks are described in detail elsewhere (12). Em-
bryonic and pupal development at 25°C were staged from egg
laying and pupariation, respectively. The third instar was
subdivided into four stages (E, =18; M1, =12; M2, =7; L, =3
hr before pupariation) by the blue-food technique (13). Imag-
inal discs were mass-isolated and cultured as described (14).

Chromosome Walking. A library made in phage A vector
EMBL3 from sbd'%/TM2 genomic DNA was used with
clones from the 88F region (gift of E. Fyrberg, Johns Hopkins
University) to jump into 89B9-10. Chromosomal walking in a
Sb library in AFIX (gift of K. Moses, University of Southern
California), cloning, and Southern and Northern analyses
were done by standard methods. cDNA clones were isolated
from a library made in AZAPII (Stratagene) with RNA from
imaginal discs that had been cultured for 10 hr with 20HE at
1 ug/ml (in collaboration with K. Bassler and E. Hafen,
University of Ziirich).

Sequencing. The sequence was determined by the dideoxy
chain-termination method using Sequenase version 2.0 (Unit-
ed States Biochemical) and specific oligonucleotide primers
that were synthesized as the sequence was determined. The
sequence was assembled and analyzed with MACVECTOR 3.5
software. The predicted protein sequence was compared to
sequences in the GenBank 71 and Swiss-Prot 23 data bases by
using the IntelliGenetics FastDB program (15).

Northern Blot Analysis. Total RNA was separated in form-
aldehyde/agarose gels and transferred to Nytran (Schleicher
& Schuell). Primers (nt 1753-1770 and 2235-2218) were used
to generate a PCR fragment spanning nt 1753-2235 of the
cDNA that is separate from sequences corresponding to the
protease domain. This fragment was isolated by gel electro-
phoresis and 3?P-labeled with a Boehringer Mannheim ran-
dom-primer labeling kit. The probe was used in standard 50%
formamide hybridizations at 42°C. The final wash following
hybridization was in 0.1x SSPE (1x SSPE is 0.15 M NaCl/10
mM NaH,PO,, pH 7.4/1 mM EDTA) with 0.1% SDS at 65°C.

Abbreviation: 20HE, 20-hydroxyecdysone.

*Present address: Department of Biology, Yale University, New
Haven, CT 06536.

TTo whom reprint requests should be addressed.

#The sequence reported in this paper has been deposited in the
GenBank data base (accession no. L11451).
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In Situ RNA Hybridization. Single-stranded digoxygenin-
labeled DNA probe was made by using a single M13 primer
with a linearized pBluescript (Stratagene) cDNA subclone in
a thermocycling reaction and hybridized to discs (16). The
subclone used contained the 5’ end of the cDNA (nt 1-1116)
that lacks sequences similar to those of other serine protease
genes.

Confocal Microscopy of Bristles. Staged pupae were fixed
for at least 24 hr in 4% formaldehyde in phosphate-buffered
saline (150 mM NaCl/5 mM KCl/10 mM NaH,PO,, pH 7.4).
Unless otherwise indicated, images are optical sections of
phalloidin-labeled, whole-mounted dorsal thoraces (8). Ob-
servations were made on a Bio-Rad 600 confocal microscope.

RESULTS AND DISCUSSION

Identification of the Stubble Gene. The Sbh-sbd gene (here-
after the Sbh gene) was identified by restriction fragment size
alterations associated with 11 Sb and sbhd mutations between
map positions —50 to —70 kb in a chromosomal walk, 9 of
which are shown in Fig. 1. Deficiencies that remove the entire
—50- to —70-kb region—e.g., Df{3R)sbd!%—are all associated
with sbd mutations. Six sbd mutations, including 2 revertants
of Sb%?®, are respectively associated with an insertion, an
inversion, two translocations, and two partial deficiencies in
the region. Sb! is associated with an insertion between —55.5
and —57 kb present in 13 Sb’! strains, including the TM3
balancer marked with Sb!, 5 Sb! revertants, and a sbd?-Sb!
intragenic recombinant (17). Sb%?, a spontaneous mutation,
also has an insertion between —55.5 and —57 kb and one at
approximately —61 kb. Analysis of Sb®® transcripts suggests
that the insertion at —61 kb is successfully spliced out of the
transcript (data not shown). Taken together, these data indi-
cate that the insertion between —55.5 and —57 kb causes the
Sb%3® mutation. (Sb”? also potentially has an insertion in the
region of —55.5 to —57 kb.) sbd?%, a diepoxybutane-induced
sbd revertant of $h%3?, has a small deletion of about 200 bp

T(2,3)sbd GT11  In(3R)sbdVX! Dr(3R)sbad104 T(2,3)sbd106
3b
sbd 205 SO
Sp63b

|
-75kb sbd 202r -50 kb

Membrane Cleavage
Spanning (Activation)
Domain Site

Fi1G. 1. The structure of the Sb gene. Sbh was cloned in a 263-kb
genomic walk. Coordinates of the map are based on distance (in
kilobases) from the EcoRI site nearest the distal breakpoint of
Df{3R)sbd!%5 at 89B9-10, from which the walk was started. Eleven
lesions (9 are shown) associated with Sbh-sbd mutants were mapped
to the —50- to —75-kb region (for details see ref. 12). The depicted
positions of chromosomal breakpoints associated with sbd mutations
are localized to restriction fragments. Restriction fragments between
=71 and —53 kb hybridize to a major 20HE-dependent transcript of
=3.8 kb in imaginal discs. These fragments were used to isolate
cDNA clones from an imaginal disc library. Exons corresponding to
a3.8-kb cDNA have been mapped to the genomic region. The precise
positions of intron/exon boundaries have not been determined.
Small introns interrupt the cDNA between nt 1753 and 2235 (0.7-kb
intron) and between nt 2521 and 2998 (1-kb intron). Hatched boxes
delimit the positions of insertions.
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between —57.5 and —62 kb. A second sbd revertant of Sb%?,
sbd%r, which was induced by mobilization of P elements, has
an insertion at approximately —66 kb.

Expression of Sb Transcripts. Sb cDNAs were isolated and
mapped to the genomic region (Fig. 1). A major =3.8-kb Sb
transcript that hybridizes to the cDNA is present in 12- to 18-hr
embryos, in early prepupae when disc morphogenesis begins,
and in 36-hr pupae when bristles are forming (Fig. 2 a and b). The
Sb transcript is reduced in size in S5’ and SH%? (=2.8 kb), but not
in Sb°ike prepupae (data not shown), confirming that the iden-
tified transcript is the product of the Sb gene. In discs cultured in
vitro, Sb transcripts are evident after between 1 and 3 hr of
incubation with 20HE (Fig. 2c). Each period of Sb expression in
vivo coincides with one of elevated levels of 20HE (for review,
see ref. 9). Sb transcripts were localized in tissues by in situ
hybridization. Transcripts are absent in larval discs (Fig. 2d) and
accumulate in prepupal discs primarily in regions that undergo
profound 20HE-dependent shape changes to form appendages
such as legs, wings, halteres, and antennae (Fig. 2 ¢ and f). In
contrast, the ommatidial precursors in eye discs do not accumu-
late transcripts (Fig. 2g). Several larval tissues (brain, salivary
glands, epidermis, foregut, muscle) also lack transcripts at pu-
pariation. In 29-hr pupae, Sb transcripts are present in wing and
leg epidermis (data not shown). The temporal and spatial accu-
mulations of Sb transcripts are consistent with functions in disc
morphogenesis and bristle formation.

The Sb Protein. Sb cDNAs were sequenced and a single
long open reading frame encoding a conceptual 786-residue
polypeptide was identified (Fig. 3). The structure of the
conceptual Sb protein has four domains that may have roles
in leg and wing morphogenesis and bristle formation.

Signal/Anchor Sequence: aa 59-81. The N terminus of the
Sb protein has the properties of type II transmembrane
proteins (N terminus in, C terminus out) (23), which typically
have long highly hydrophilic (30-40% charged residues) N
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Fic. 2. Expression of the Sb gene. (a—) Northern analysis of
Sb-transcript accumulation during embryonic development (a), dur-
ing larval and pupal development (b), and in mass isolated imaginal
discs cultured with (+) or without (—) 20HE (1 ug/ml) (c). The upper
band is the Sb transcript (=3.8 kb); the lower band is a loading control
[rp49 (38)]. The third instar was divided into four periods for study:
E, =18; M1, =12; M2, =7; and L, =3 hr before pupariation. (d—g)
In situ hybridization. Discs from mid-third-instar larvae lack signal
(d). Discs dissected 0-3 hr after pupariation (e-g) show strong
reproducible patterns of Sb expression. First leg discs (e), wing discs
(f), and eye-antennal discs (g) were analyzed. Note absence of
signal in the precursor of the eye (arrows). (x24.)
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Fi1G.3. (a) The SbcDNA sequence and predicted 786-aa sequence. The sequence begins with the 5’ end of an =3.8-kb Sb cDNA and is based
on sequence from both strands of this cDNA and identical sequences from portions of several other cDNAs. The 22-residue hydrophobic domain

beginning at aa 59 is boxed. Charged amino acids surrounding this propo:
is underlined. The C-terminal region with homology to serine proteases is

sed transmembrane domain are circled. The disulfide knotted domain
shaded. A polyadenylylation signal (nt 3735-3740) begins 15 nt before

the poly(A) tail. (b) The C-terminal region of the predicted Sb protein (aa 504-786) aligned with the catalytic domains of three serine proteases
of the trypsin superfamily. Numbers refer to the predicted Sb sequence. Hp, hepsin, a human liver serine protease (18, 19); Tp, a rat pancreatic
trypsin (20); Sn, snake, a Drosophila serine protease (21). Shaded regions indicate generally conserved regions of serine-protease catalytic

domains (22). Residues in the catalytic triad (His-589, Asp-639, Ser-73

7) are highlighted in black. Eight cysteines (in clear boxes) occupy

conserved sites; six form disulfide bonds within the serine protease domain, and two span the activation site and form disulfide bonds in two-chain

proteases.

termini preceding a hydrophobic transmembrane signal/
anchor sequence (22-29 aa) (24-26). The cytoplasmic se-
quence preceding the membrane-spanning domain charac-
teristically has a net positive charge relative to that of the
sequence immediately following the membrane-spanning do-
main (25). The proposed cytoplasmic domain of the Sb
protein has 58 aa, including 18 charged residues (16 basic;

Fig. 3a) preceding a signal/anchor sequence of 22 aa. A
second in-frame methionine codon at nt 938, if used as a
translational start, would produce a 763-aa protein with a
35-aa putative intracellular domain. The 20 aa immediately
preceding the proposed transmembrane domain have a net
charge of +5 relative to those immediately following the
domain. The abundance of positively charged amino acids on
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F1G. 4. Effect of exogenous protease on Sb discs. A pair of third
leg discs were dissected from a Sb%b/Sb%3% prepupa 6 hr after
pupariation. One disc (a) was incubated in Robb’s culture medium
without trypsin, and the other (b) was treated for 1 min in medium
containing 0.001% trypsin. Both discs were fixed and photographed.
The length of the untreated disc is less than normal for this stage of
development. The treated disc has unfolded and elongated to almost
wild-type proportions. (x40.)

the N-terminal side of the hydrophobic sequence predicts
that the N terminus of Sb is intracellular.

Serine-protease domain: aa 542-786. The C-terminal 244
aa of Sb have the properties characteristic of a trypsin-like
protease that preferentially cleaves after basic amino acids
(22, 27). Three invariant amino acids (His-589, Asp-639,
Ser-737), correspond to those in chymotrypsinogen (His-57,
Asp-102, Ser-195) and are essential for catalysis (28). Six
cysteines needed to form three intramolecular disulfide
bonds that stabilize the catalytic pocket also occur in con-
served domains. The putative proteolytic activation site of
the Sb zymogen (after Arg-542) is in a characteristic Arg-Ile-
Val-Gly-Gly (RIVGG) motif. Thus, the Sb protease can
potentially cleave the Sb zymogen. The Sb protein contains
two additional cysteines (Cys-531 and Cys-659) correspond-
ing to those used in ‘‘two-chain’’ proteases, including other
arthropod proteases (21, 29-31), to attach the processed
enzyme to its noncatalytic N-terminal fragment via a disulfide
bond. After proteolytic activation, the proposed disulfide
bond would attach the active Sb protease to its transmem-
brane N-terminal fragment and tether the enzyme to the
surface of the cell in which it was synthesized. The tethered
structure is consistent with the autonomous development of
Sb and sbd bristles in somatic mosaics of mutant and wild-
type cells (32). Whether Sb-sbd mutations act autonomously
in appendage morphogenesis is not known.

Disulfide knotted domain: aa 138-173. The noncatalytic
N-terminal region of Sb contains a cluster of 6 cysteine
residues like those in the ‘‘disulfide knotted domain’’ (33)

Proc. Natl. Acad. Sci. USA 90 (1993)

identified in three other arthropod serine proteases [a Lim-
ulus (horseshoe crab) proclotting protein and the Drosophila
proteases easter and snake, involved in dorsal-ventral pat-
terning (21, 30, 31)]. The intramolecular covalent bonding
configurations in this region have been established in the
proclotting enzyme from horseshoe crab (31). The knot may
function as a receptor for an activating protein of the pro-
clotting enzyme. In all, Sb has 14 conserved cysteine residues
common to arthropod serine proteases: 6 in the noncatalytic
N terminus, 6 in the catalytic region, and 2 in possible
tethering positions.

The protease domain of the Sb primary sequence is most
similar to that of hepsin (Fig. 3b), a mammalian protease that
is also an apparent type II transmembrane protein with a
demonstrated cell surface location (18, 19). Many two-chain
serine proteases, after activation, localize to cell surfaces
either by forming a membrane-bound complex with a cofac-
tor (e.g., the association of factor IX with factor VIII in blood
clotting) or by binding to a receptor (e.g., binding of uroki-
nase-type plasminogen activator to its receptor) (34, 35). For
hepsin and the Sb protease, localization of the active protease
to the surface of the cell in which it is synthesized is
apparently an inherent property of a single gene product. The
sequence similarities between hepsin and trypsin are limited
to the protease domain and the region around the tethering
cysteines. Hepsin, for example, lacks the disulfide knotted
domain of Sb. Additional sequence comparisons are needed
to clarify the complex and intriguing evolutionary relation-
ships between Sb, hepsin, and other serine proteases.

Stem: aa 250-500. The Sb zymogen contains repeats of
several amino acids (principally serine and threonine, but
also glutamine, proline, and basic residues) that separate the
protease domain from the disulfide knotted domain and
would potentially extend the C-terminal protease domain
from the cell surface. We refer to this region as the stem. Less
extensive serine- and threonine-rich domains also occur in
this region in the Limulus proclotting enzyme and in the
Drosophila proteases easter and snake. In the Limulus en-
zyme, this region is extensively glycosylated (31).

Proteases in Imaginal Disc Morphogenesis. During the first 6
hr after pupariation, leg and wing discs undergo a complex,
20HE-dependent series of cell shape changes resulting in the
elongation, unfolding, and eversion of appendages (9). Several
observations predict important roles for proteases in disc
morphogenesis. Exogenous trypsin and chymotrypsin accel-
erate 20HE-induced disc morphogenesis (4, 7), and some

FiG. 5. Effects of recessive sbd and dominant
Sb mutations on bristle morphogenesis. (a—c) Light
micrographs of the dorsal thoraces of pharate adults
of wild type (a), sbdVX!/sbd"VX! (b), and Sh53b/Sh63b
(c) showing the prominent scutellar and dorsocen-
tral bristles examined here. (d—j) Confocal micro-
graphs (negative images) of phalloidin-labeled bris-
tles showing the distribution of actin bundles in
longitudinal (d—4) and transverse (i and j) views of
wild type (d, e, and j), sbd?%! /sbd?%! (fand g), and
Sb3b/Sh63b (h and i). i is from a 6-um frozen
transverse section of a Sh%5/Sb%3% pupa; e, f, and h
are Z-series projections of entire bristles. Thediscon-
tinuous appearance of some of the filament bundles
(d, e, g, and h) is probably an artifact of prepara-
tion. [Bar in a (for a—c) = 0.1 mm; all other bars =
20 pm.]
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serine-protease inhibitors block disc morphogenesis (6). The
20HE-dependent appearance of endogenous soluble serine
proteases, presumably not encoded by Sb, has been described
(6). Six hours after pupariation, leg discs from Sb and sbd
homozygotes are significantly shorter than wild-type leg discs
(36). This developmental defect can be ameliorated within
seconds by exposing explanted Sb (Fig. 4) or sbd (data not
shown) leg discs to trypsin. These results confirm that disc
morphogenesis depends on endogenous proteases and suggest
that both Sbh and sbd mutants lack Sb protease activity.

The basis of the function of protease in disc morphogenesis
is not understood, but discs, like other epithelia, are encased
by extracellular matrices (9). Modification of extracellular
matrices by proteolysis has been proposed in general to be a
key component of tissue reorganization during morphogen-
esis (35). We believe proteolysis would free disc cells from
attachments to apical or basal extracellular matrices and
facilitate the cell shape changes needed for disc morphogen-
esis (8). Indeed, type IV collagen is proteolytically cleaved in
discs within 2 hr of exposure to 20HE (5), providing an
example of a modification of the basal matrix that is associ-
ated with disc morphogenesis.

Cytoskeletal Defects in Sb and sbd Bristles. A possible
function of the Sb cytoplasmic domain is suggested by the
autonomous effects of Sbh-sbd mutants on bristle develop-
ment (Fig. 5). Bristles are long apical extensions of single
epithelial cells (Fig. Sa). They contain submembranous bun-
dles of actin filaments (10) that run the length of the shaft.
Bristles grow at their tips (37) with the concomitant extension
of microfilament bundles, the history of bristle morphogen-
esis being recorded in the structure of microfilament bundles
from the base to the tip. The extension of a bristle through an
overlying extracellular matrix could be facilitated by a sur-
face-bound protease. In wild-type bristles, 15-18 uniformly
distributed submembranous bundles of actin merge gradually
to a tapered tip (Fig. S d, e, and j). Sb-sbd mutations affect
filament bundle assembly in bristles. In sbd mutants bristle
development begins with normal numbers and distribution of
filament bundles, but the bundles ultimately become disor-
ganized at the tip (Fig. 5 fand g), accounting for the frayed
ends of sbd bristles (Fig. 5b). Severe defects at the tips of sbd
bristles are first evident at 40 hr with abrupt reduction in the
number of filament bundles. In contrast, in S/ mutants,
bristles are defective from their inception. Sb bristles have
more filament bundles than normal (10). In bristles of Sb53%
homozygotes, 25-30 filament bundles of variable thickness
are irregularly arranged, with some bundles running through
the center of the cell (Fig. 5 & and i). By 40 hr filament
elongation stops abruptly, resulting in short blunt-ended
bristles (Fig. 5c).

The functional nature of Sb mutants and the basis of the
gain-of-function bristle phenotype remain to be determined.
However, some Sbh mutations (at least Sb! and Sb%3?) shorten
the Sb transcript and have insertions in the genomic region
corresponding to the polypeptide sequence between the sig-
nal/anchor sequence and the proteolytic activation site (Fig.
1). These are expected to produce truncated proteins that lack
the extracellular protease. So, alterations potentially affecting
the extracellular structure of the Sb protein affect the intra-
cellular organization of filament bundles. These alterations
may act by inducing conformational changes in the intracel-
lular domain of the Sb protein. This suggests that Sb has a dual
function. It acts through its proteolytic extracellular domain to
detach imaginal disc cells from extracellular matrices, and it
carries an outside to inside signal via its intracellular domain
toreorganize the cytoskeleton and facilitate cell shape changes
underlying morphogenesis.
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