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Extracellular signaling proteins encoded by the hedgehog (hh) multigene family are re- 
sponsible for the patterning of a variety of embryonic structures in vertebrates and 
invertebrates. The Drosophila hh gene has now been shown to generate two predominant 
protein species that are derived by an internal autoproteolytic cleavage of a larger pre- 
cursor. Mutations that reduced the efficiency of autoproteolysis in vitro diminished pre- 
cursor cleavage in vivo and also impaired the signaling and patterning activities of the HH 
protein. The two HH protein species exhibited distinctive biochemical properties and 
tissue distribution, and these differences suggest a mechanism that could account for the 
long- and short-range signaling activities of HH in vivo. 

T h e  hedgehog (hh) gene of Drosophila was 
initially identified as a locus that is required 
for the establishment of polarity within em- 
bryonic segments (1). Later studies of ge- 
netic mosaics within imaginal disks, which 
are the larval precursors of adult structures, 
demonstrated that loss of hh function In a 
discrete patch of cells could affect the pat- 
terning of structures formed from adjacent 
wild-type cells (2). These nonautonomous 
patterning defects suggested that hh func- 
tions in an extracellular signaling pathway. 
Consistent with a role in extracellular sig- 
naling, HH protein undergoes signal-se- 
quence cleavage when translated in the 
presence of microsomes (3) and regions of 
embryos that express the hh transcript are a 
subset of the spatial domains that are affect- 
ed by hh mutations (3-6). Secretion of the 
HH protein has also been confirmed by 
antibody studies that demonstrate a broader 
distribution for hh-encoded antigens than 
for the hh transcript (7, 8). 

Studies with the Drosophila gene and its 
vertebrate homoloes reinforce the conclu- " 
sion that hh gene products function in ex- 
tracellular sienalin~ and that thev induce - 
gene expression and direct the formation of 
morphological pattern within structures ad- 
jacent to regions in which they are ex- 
pressed (9-15). A puzzling feature of hh 
activity in these systems, however, has been 
the short-range nature of hh-dependent sig- 
naling in some contexts (16), whereas in 
other settings, hh activity appears to extend 
manv cell diameters bevond the site of hh 
gene expression (1 7). Furthermore, the ac- 
tive form of the HH nrotein has not been 
identified in any of these systems. We focus 
here on the biogenesis of Drosophila HH 
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protein (or proteins) active in signaling, 
and on the possibility that multiple forms of 
the HH wrotein mav act in vivo. 

Early 'in vitro tianslation experiments 
showed that, in addition to signal-sequence 
cleavage, the full-length HH protein also 
appears to be further processed by cleavage 
at an internal location (3). This internal 
cleavage was not observed on translation in 
vitro of a form of the protein missing 61 
amino acid residues at the COOH-termi- 
nus, and we proposed that this truncation 
might damage a domain involved in auto- 
wroteolvsis. To more clearlv define the 
producis of this internal cleavage event and 
to identifv HH nrotein oroducts in vivo, we 
generated poly~lonal &tibodies to residues 
83 to 160 (Abl)  and residues 300 to 391 
(Ab2). We have used these antibodies for 
immunoblotting and for the immunopre- 
cipitation of proteins from various sources 
including (i)  in vitro translation extracts 
programmed with hh coding sequences and 
(ii) protein extracts from embryos, from 
imaginal disks, and from the Drosophila S2 
(Schneider 2) cultured cell line stably 
transfected with an exnression construct in- 
ducible for expression of HH protein. The 
following summarv of these data outlines 
the formation of the predominant forms of 
the HH protein. 

HH protein processing. The full-length 
form of the HH protein (F)  migrates with a 
mobility that corresponds to a relative mo- 
lecular mass of 46-kD. This species is de- 
tected from in vitro translation extracts by 
Abl and Ab2 (Fig. 1, lanes 4 and 16), and 
is oartiallv converted to a snecies of 39 kD 
(U') whe; translation o c c k  in the pres- 
ence of microsomes (Fig. 1, lanes 5 and 17). 
A 39-kD species that comigrates with U is 
also present in extracts from all in vivo 
sources, but none of these extracts contains 
detectable levels of F. We conclude that U 
represents the signal-cleaved form of F; sig- 

nal cleavage thus appears to be relatively 
inefficient in vitro (3) but is highly efficient 
in vivo (18). 

In addition to signal cleavage, further 
cleavage of the U precursor generates other 
forms of HH protein that are observed in 
vivo. We deduce this from the observation 
that Abl and Ab2 both detect the U (un- 
cleaved) species, but they also interact in- 
dividually with smaller protein species that 
are expressed endogenously in embryos and 
imaginal disks and with species expressed 
on introduction of the hh gene into S2 cells. 
Abl thus interacts with a 19-kD species 
from all these tissues (Fig. 1, lanes 2, 3, 6, 8, 
and 9),  whereas Ab2 interacts with a 25-kD 
species and with a 16-kD species (Fig. 1, 
lanes 14, 15, 18, 20, and 21). We refer to 
the 19-kD species as N (NH2-terminal frag- 
ment), to the 25-kD species as C (COOH- 
terminal fragment), and to the 16-kD spe- 
cies as c* .  These species represent the ma- 
jor forms of endogenous HH protein present 
in vivo (19). 

The proposed cleavages by which these 
species arise are shown schematically in Fig. 
1E. The N and C species are detected by 
Abl and Ab2, respectively, and the sum of 
the relative masses of the two smaller spe- 
cies is roughly equivalent to the relative 
mass of U (20). A simple mechanism that 
could account for the derivation of the two 
smaller species therefore, would be a single 
internal cleavage of the U precursor. Pro- 
cessing of the HH protein when translated 
in vitro also yields a 25-kD species (Fig. 1C) 
and either a 29-kD or 19-kD species (Fig. 
1A). The 19-kD species comigrates with N, 
and its formation depends upon the pres- 
ence of microsomes, consistent with the 
proposal that N derives from F by signal 
cleavage and a further internal cleavage. 
Also consistent with an internal cleavage, 
the relative mass of the 25-kD species that 
comigrates with C is not affected by the 
presence of microsomes. The overall path- 
way for formation of the predominant forms 
of HH protein observed in vivo thus ap- 
pears to involve signal cleavage of F to 
generate U, which is then cleaved internal- 
ly to form N and C, the predominant forms 
found in vivo. Further processing of the 
25-kD C species might then generate the 
16-kD C* species, but we cannot resolve 
whether this processing is a single cleavage 
event because Ab2 does not recognize the 
smaller 9-kD fragment that would result. 
The processing of C to generate C* appears 
to occur with greater efficiency in imaginal 
disks than in embryos (Fig. lC) ,  which may 
be the result of the mass isolation procedure 
used to obtain imaginal disks (21 ). 

Autoproteolysis of the HH protein. 
The comigration of endogenous and in 
vitro-generated HH protein species sug- 
gested that in vitro processing is similar to 
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that observed in vivo. Our early in vitro 
work with a truncated form of the HH 
protein had suggested the possibility of au- 
toproteolysis (3), but no sequence similarity 
to known proteases had been detected for 
HH or for any of the vertebrate homologs. 
However, a seven-residue region of HH 
coding sequence (residues 323 to 329 in the 
Drosophila protein) displays some similarity 
to the sequences of serine proteases (Fig. 2). 
This region lies approximately two-thirds 
of the distance from the signal cleavage 
site to the COOH-terminus, and includes 
Thr and His residues (positions 4 and 7 in 
Fig. 2), which are invariant among all HH 
sequences from all species. In the serine 
proteases, this conserved sequence con- 
tains an invariant His that acts as a gen- 
eral base in catalysis (22). 

To  determine whether this invariant His 
residue in the HH protein functions in au- 
toproteolysis, we purified two proteins after 
production in Escherichia coli: one carried 
the wild-type sequence and the other con- 
tained a substitution of an Ala codon for 
the His codon at position 329 (H329A). 
Both of these proteins were engineered to 
contain a hexahistidine tag at the NH2- 
terminus fused to Drosophila sequences that 
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extend from a residue just before the signal 
cleavage site to the COOH-terminus (resi- 
dues 83 to 471). The wild-type form of this 
protein is referred to as His6-U. Both pro- 
teins were extensively purified under dena- 
turing conditions with the use of a Ni2+- 
chelating matrix (Fig. 3A). O n  dilution of 
denaturant, the wild-type protein (His6-U), 
but not the H329A mutant protein (His6- 
U,,,,,), released a 25-kD species detect- 
able bv Ab2 and identical in mobilitv with 
the C species produced from in vitro trans- 
lations and various in vivo sources (Fig. 
3B). This cleavage was also observed when 
the wild-type protein was purified and re- 
natured by other protocols and cleaved un- 
der distinct conditions (23). We therefore 
conclude that the HH protein can undergo 
autoproteolysis, and that the H329 residue 
is reauired for this activitv. 

~b more precisely defihe the domain of 
the HH protein responsible for autoprote- 
olysis, we examined the effects of several 
distinct types of mutations on in vitro pro- 
cessing. The most informative mutation was 
a deletion that removes residues 89 to 254 
(A89-254), which together constitute most 
of the amino acids within the N fragment. 
This construct generates a full-length spe- 

cies with a mobility that corresponds to the 
expected relative mass of 33-kD, and two 
cleaved products, whose apparent relative 
masses (25 and 9 kD) sum to give the 
relative mass of the larger species (Fig. 4A, 
lane 2) (24). The larger of the two cleaved 
products comigrates with the C species pro- 
duced from the wild-type protein, which 
suggests that the A89-254 HH protein con- 
tains the residues normally present in C,  
and all of the determinants reauired for 
autoproteolysis, including the normal cleav- 
aee site. We also conclude that most of the - 
residues within N are dispensable for auto- 
proteolytic activity. 

In contrast, lesions that affect residues 
presumed to lie within C fail to undergo 
autoproteolysis in vitro (25). These muta- 
tions include the H329A mutation de- 
scribed above. a mutation that inserts an 
influenza viral epitope between residues 408 
and 409 (flu408), and three mutations that 
cause premature termination of the protein 
at the COOH-terminus (26). The two most 
severe truncations, 294 trunc and 410 
trunc, are mutations generated in vitro 
(26). They cause a loss of 177 and 61 resi- 
dues, respectively, from the COOH-termi- 
nus of the protein, and neither undergoes 

Fig. 1. Processing of the A 
HH protein. (A and C) Im- B C D 
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COOH-terminal (Ab2) - -  - F-Kf--.lp..k--7_+ N N  a 07 W  EN^? 07 a 
epitopes (42). Lanes con- 
tain protein from induced a -  
untransfected S2 cells 
(lanes 1 and 13), trans- - v 
fected S2 cells induced 
to express HH (S2(hh); - w - C  

lanes 2 and 14) (43), 
imaginal disks (lanes 3 16.4- 

and 15), wild-type em- 
bryos (44) (lanes 6 and 14.7- 

18), and in vitro transla- I 7 8  0 1 0  
tions of synthetic hh 
mRNA both in the pres- 
ence (Ivt(m); lanes 5 and 
17) and absence of mi- In vitm 
crosomes (lvt; lanes 4 trans 

S2 Imaginal + 
and 16) (38). Multiple 1 Ab2 cells disks micro 
species were detected, + + + + - 
as illustrated in the sche- + 
matic diagram below. Mi- - + + + - + 
nor cross reactive bands + + + + + + 
are seen in most samples 

L- + + + + - - 
including extracts of in- 
duced untransfected S2 (F) ' + + (+) (+) 

- ? - 

cells (lanes 1 and 13). (Nss) + - - - (+) (+) 

One of these bands (occurring in both panels) co-migrates with U (at 39 kD) os, but not from untransfected cells. (E) In the schematic diagram, cleavage 
and is particularly abundant in lane 6 of (A). (B and D) Blots of samples sites are denoted by arrows. The cleavage site marked by the asterisk is 
immunoprecipitated with Abl [(B), (lanes 7 to 9)], Ab2 [(D), (lanes 19 to 21)], inferred by identification of only one cleavage product and may therefore 
or preimmune serum [(B), (lanes 10 to 12)] and [(D), (lanes 22 to 24)]. occur at another location within the Cfragment. The first two columns to the 
Detection was with biotinylated derivatives of Abl (6) and Ab2 (D) (45). right of the diagram indicate the reactivity of Abl and Ab2 to each HH 
Samples used were: induced untransfected S2 cells, lanes 7, 10, 19, and fragment. The other columns indicate the presence (+) or absence (-) of 
22; transfected S2 cells induced to express hh, lanes 8,11,20, and 23; and each HH fragment in the various samples. Parentheses around F and Nss 
embryos, lanes 9, 12,21, and 24. For either antibody, HH protein fragments indicate that these species are detected in in vitro translation reactions but 
were specifically immunoprecipitated from hh expressing cells and embry- not in vivo. 

Embryos 
In vitm 
trans 
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proteolysis. The 456 trunc HH protein is 
like that encoded by the EMS-induced 
mutant allele, which results in the loss of 15 
residues from the COOH-terminus of the 
protein (26). This protein undergoes auto- 
proteolysis, as demonstrated by the appear- 
ance of a 24-kD band in place of C, but the 
efficiency of the reaction is much impaired 
in vitro (Fig. 4B). We thus conclude that 
autoproteolysis of the HH protein relies 
mainly upon residues within C. Deletion or 
alteration of residues within this domain is 
associated with reduced efficiencv of Dro- 

1 .  

cessing, and one such deletion appears to be 
the cause of the mutation. 

The sequence homology and autopro- 

teolytic function of the HH protein suggest- 
ed the possibility that the full-length (F or 
U)  or the C fragment can act as a sequence- 
specific protease. As a first step in clarifying 
the mechanism of autoproteolysis, we intro- 
duced an influenza virus epitope tag 
(flu227) into the NH,-terminus of a hh 
open reading frame that also carried a 
H329A mutation. The insertion of the 
epitope tag alone does not interfere with 
autoproteolysis (Fig. 4C, lane 9), and cleav- 
age yields a normal C fragment and an N 
fragment of increased relative mass when 
compared to wild-type. The protein that 
carries both mutations does not undergo 
proteolysis (Fig. 4C, lane 10). Because the 

Fig. 2. Limited sequence similarity between HH proteins and 
serine proteinases. (A) HH protein sequences are aligned to 
residues 323 to 329 of the D. melanogaster protein and 
numbered as positions 1 to 7. Conserved HH residues are in 
bold letters. (B) The catalytic histidines (22) of mammalian 
serine proteinases are aligned to the invariant histidine at 
position 7 in HH proteins. Abbreviations are as follows: C- 
Shh, chicken Sonic hh (9); M-Shh, mouse Sonic hh (70) 
[identical to Hhg-1, (15)l; R vhh-1, rat vhh-1 (72); Z-Shh, 
zebrafish Sonic hh ( 7  1) [corresponds to s h h  (27) and ze- 
brafish vhh-1 (12)]. twhh (27); M-Dhh, mouse Desert hh (10); 
M-lhh, mouse Indian hh (70); CHT, bovine chymotrypsin; 
TRP, bovine trypsin; EM, porcine elastase; UKH, human 
urokinase; C1 R, human complement factor 1 R; C1 S, human 
complement factor IS; MCP, rat mast cell protease; FAX, 
human blood clotting factor X; TPA, human tissue plasmin- 
ogen activator. 
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Fig. 3. Autoproteolysis 
of the HH protein. A 

His,-U 
B 

(A) Polyacrylamide gel His6-U~3,~ 

stained with Coomassie 1 1 5 6 7 8  
blue that shows the pro- 200- - 
duction and purification g,,4- . - 
of His,-U and His,- 68- - - .- 
UH329A proteins from E. 
coli (23). The samples ,,_,,, U -- 
were molecular markers 
(lanes 1 and 2); lysates 
of E. coli cells carrying 29- - 
the His6-U expression 
construct without (lane C - 0  -- 
3) and with (lane 4) in- 
duction by IPTG (iso- 18.4- n 
propyl-p-D-thiogalacto- 
pyranoside); purified 14.,- - 
His,-U protein (lane 5); , , - c * - a  
lysates of E, coli cells that 
carry the H~S,U,,,~~ ex- 
pression construct without (lane 6) and with (lane 7) induction by IPTG; purified H~S,-U,,,~~ protein (lane 
8). Purified proteins were essentially homogeneous except for several minor species of lower relative 
mass; these species are endogenous breakdown products of the full-length proteins because they were 
absent in uninduced extracts and were detectable with hh antibodies (39). (B) An immunoblot detected 
with Ab2 (42) showing transfected S2 cells induced to express hh (lane 1); His,-U and H~S,-U,,,~~ 
proteins incubated in cleavage reaction buffer (23) for 0 hours (lanes 2 and 5), for 20 hours (lanes 3 and 
6), and for 20 hours in the presence of 20 mM TAME (a serine protease inhibitor) (lanes 4 and 7) (46). On 
incubation, the His6-U, but not the H~S,-U,,,~~ protein, released a fragment presumed to be C on the 
basis of reactivity with Ab2 and comigration with C produced in S2 cells. Release of C (lane 3) was only 
partially inhibited by TAME. 

epitope-tagged N fragment migrates differ- 
ently from N, the double mutant provides a 
substrate to look for intermolecular cleav- 
age upon mixture with a wild-type se- 
quence. In such a mixture, although normal 
N is formed, no tagged N can be detected 
(Fig. 4C, lane 11). Thus, in this experi- 
ment, no appreciable intermolecular cleav- 
age occurs. We also did not detect intermo- 
lecular cleavage in the following two exper- 
iments: (i) co-transfection of wild-type and 
410 trunc sequences into S2 cells (the 
cleaved 410 trunc ~ ro te in  would vield a 
smaller and therefore identifiable form of 
C )  and (ii) mixing of excess unlabeled, 
purified His,-U protein with labeled, in 
vitro translated H329A mutant protein. 
Thus, although we cannot rule out the pos- 
sibility of an intermolecular mechanism for 
regulation of autoproteolysis or for cleavage 
of other proteins, our current evidence sug- 
gests that cleavage of the HH protein oc- 
curs predominantly by an intramolecular 
mechanism. 

The hh gene has been broadly conserved 
throughout evolution, with single homologs 
being identified in various invertebrate spe- 
cies (15), and with multiple distinct ho- 
mologs being found in each of several ver- 
tebrate species (10-12, 15, 27). All these 
HH protein sequences contain an invariant 
histidine and other conserved residues at a 
position that corresponds to the H329 res- 
idue in the Drosophila protein (Fig. 2). In 
addition, the protein encoded by at least 
one of the mouse hh genes appears to be 
processed in vivo to yield two smaller spe- 
cies in a manner that resembles the in vivo 
processing of the Drosophila protein (15). 
To determine whether autoproteolysis may 
also play a role in vertebrates, we examined 
the behavior of proteins encoded by two 
distinct hh homologs from the zebrafish, 
twhh and shh. When these sequences are 
translated in vitro, smaller species are gen- 
erated whose relative masses sum to yield 
approximately the relative mass of the 
full-length protein (Fig. 4D, lanes 1 and 
3). This cleavage reaction is blocked by 
substitution of Ala codons for the His 
codons at positions that correspond to 
H329 of the Drosophila protein (Figs. 2 and 
4D). Vertebrate HH proteins thus appear 
to be ~rocessed bv a similar mechanism as 
the ~ i o s o ~ h i l a  protein. 

Role of autoproteolysis in embryonic 
and in imaginal disk signaling. Numerous 
functions for the hh gene have been de- 
scribed in Drosophila. At  the morphological 
level these include a role in the patteming 
of larval cuticular structures and in the 
patteming of adult structures such as the 
eye and appendages (1 ,2 ,3 ,8 ,  13, 14). The 
mechanistic basis for these morphological 
effects involves signaling for maintenance 
or induction of gene expression in embryos 
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and imaginal disks (3,8,13,15,28-32). To 
ascertain the importance of autoproteolysis 
for these functions, the H329A mutant 
gene under control of the hsp70 promoter 
was introduced by P element-mediated 
transformation into the Drosophila germ 
line (33). Heat shock induction results in 
the formation of an abundant species that 
corresponds to U on the basis of its mobility 
and its interaction with Abl and Ab2 (Fig. 
5, lanes 5 and 10). In contrast, induction of 
wild-type HH protein with the use of a 

the more anterior 2' cell type when hh is 
expressed ubiquitously at high levels. We 
have reproduced suppression of 3" and some 
4" fates by heat shock induction of embryos 
that carry our wild-type construct (Fig. 6E), 
but find that the H329A mutant is unable 
to alter cell fates in the dorsal cuticle of 
the larva (Fig. 6F). Autoproteolysis, or 
perhaps some other function blocked by 
the H329A mutation, thus appears to be 
essential for the patterning influence of 
HH protein upon the dorsal cuticle. 

We have extended our examination of 
H329A mutant protein function to study its 
effect on the patterning of adult structures 
and signaling within imaginal disks. In the 
eye imaginal disk, hh function is required for 
the appropriate development of pattern (2- 
4 )  and more recentlv has been shown to 
control progression of a wave of differenti- 
ation bv wav of the induction of d e c m -  , , 
taplegic (dpp) gene expression in the mor- 
phogenetic furrow of the eye (30,31). In leg 
and wing disks, ectopic expression of hh has 

similar construct resulted in similar 
amounts of the N and C processed products, 
with little uncleaved U (Fig. 5, lanes 4 and 
9). Thus, as observed in vitro and in S2 
cells, the H329A mutation in embryos ap- 
pears to greatly reduce the efficiency of 
autoproteolytic cleavage of the HH protein. 

Perhaps the earliest known requirement 
for HH protein is in maintenance of an 

Table 1. Wild-type and mutant hh activity in embryonic induction of wg expression. Expansion of wg 
expression beyond wild-type controls is given as average number of cell diameters ? standard deviation 
with the number of embryos scored in parentheses. 

Expansion of wg expression after heat shock* 

10 minutes 30 minutes 10+10t 30+30$ 
adjacent stripe of wingless (wg) gene expres- 
sion in each embryonic segment (28, 29). 
This requirement is deduced from the loss 
of wg expression when hh function is absent; 
in addition, the ubiquitous expression of 
wild-type HH protein induces expansion of 
the domain of wg gene expression (15,32). 
We examined the effects of the H329A 
mutation on wg expansion by heat shocking 
embryos carrying the H329A mutant con- 
struct in parallel with embryos containing 
the wild-type construct. Although the 
H329A mutant protein is able to induce 
some expansion of the wg domain, the effi- 

hshh 1 .O ? 0.3 (93) 1.5 ? 0.6 (120) 2.9 2 0.3 (41) 2.8 ? 0.4 (54) 
hshh H329A 0.720.5(190) 0.920.4(111) 1.1?0.4(145) 1.9?0.5(93) 

'See (33) for heat shock conditions. tTwo 10-minute shocks were administered. *Two 30-minute shocks were 
administered. 

Fig. 4. Autoproteoiytic 
functions of Dmophila 

A B C D 

and zebrafish HH pro- Y 8 & -- hvhh shh x < 5 5  m 2 2  tdns map to the COOH- Z z g g  3 w wZ 
terminal fragment. In vitro F Z N - ,  --- 2 2 2 + 5  
translations (38) of wild- 
type and mutant HH pro- = - 1 . 9 -  

t-eins from hsophik (A 43 - 
to C) and zebrafish (D) 
are shown. The locations 

-L - -  - of mutations and cleav- ,, 
age sites (arrows) in 
these proteins are illus- W 
trated in 0. In the Duo- 
sophila protein (A, B, and 18.4. 

ciency of this activity is impaired relative to 
that of the wild-type protein (Fig. 6, B and 
C, and Table 1). The difference in efficien- 
cy ranges nearly as high as threefold de- 
pending upon the heat shock regime (33), 
and these results suggest that autoproteoly- 
sis of the HH protein is important for opti- 
mal activity in embryonic signaling to in- 
duce wg expression. 

The effects of HH protein on the pat- 
terning of cuticular structures are most clear- 

C), autoproteolysis is 
blocked or severely in- 14.3 

hibited by several muta- - 
tions in the COOH-tenni- 
nus (H329A, 294 trunc, 
410 trunc, flu408, and 
456 trunc), but is unaf- 
fected by a large deletion 
(A89-254) or insertion of 
a flu-tag epitope trimer 
(fiu227) (26) in the NH,- 
terminus. Autoprotedy- 
sis thus depends primar- 
ilv on residues within the 

ly visiile on the dorsal surface of the larva, 
where four distinctive cell types can be iden- 
tified in each parasegment. These cell types 
have been designated lo, 2", 3", and 4", from 
anterior to posterior, with hh transcription 
occurring in precursors of the 1" cells (1 4). 
Differentiation of the first three cell types 
was shown to be dependent upon hh gene 
function, and it has been proposed that the 
fates of these cells are determined by the 
concentration of HH protein, with highest 
concentrations producing the 1" fate, inter- 
mediate concentrations producing the 2" 
fate, and the lowest concentrations produc- 
ing the 3" fate (14). This proposal was sup- 
ported by observations that the most ante- 
rior cell types display the greatest sensitivity 
to a reduction of hh expression, and that all 
of the 3" and some of the 4" bristles are 
replaced by naked cuticle characteristic of 

294 Wunc 
4lOWunc 

t 1 456 tmnc 

c fragment (sequences a, rerid, 
to the riaht of the cleav- 
age site-in the diagram 
below; see Fig. 1). Fur- 8. ,ria shh WZA 

thermore, the H329AI 
;" 

I 

flu227 double mutant is not cleaved by wild-type protein in a mixing experiment (lane 1 I), suggesting an 
intramolecular mechanism for autoproteolysis. HH proteins encoded by the zebrafish genes twhh and shh 
(27) display a pattern of processing (D) similar to that of the Drosophila protein although the NH,-terminal 
fragment of each zebrafish protein (23 kD for twhh and 22 kD for shh) has a lower apparent ma& than the 
COOH-terminal fragment (25 kD for twhh and shh). This is the result of a shorter stretch of residues that 
precedes the signal sequences as compared to the Drosophila protein. Processing is blocked by H273A 
and H270A mutations in twhh and shh proteins, respectively (analogous to the H329A mutation in the 
Drosophila protein), which suggests that an autoproteolytic processing mechanism similar to that ob- 
sewed for the Drosophila protein is used. 
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also been shown to yield pattern duplica- 
tions and defects and is associated with 
induction of ectopic expression of other 
signaling molecules normally expressed in a 
zone along the anterior-posterior compart- 
ment boundary (8, 13). 

For our studies of signaling in imaginal 
discs we utilized a thermal cycler to subject 
larvae carrying heat shock-inducible hh 
constructs to successive rounds of heat 
shock and recovery. We then examined the 
effects of temperature cycling upon expres- 
sion of dpp and wg in imaginal discs by 
monitoring P-galactosidase expression from 
a reporter gene carrying dpp promoter se- 
quences or from an enhancer detector P 
element inserted in the wg gene. The ex- 
pression of wg normally occurs in a ventral 
sector of the leg disk along the anterior- 
posterior compartment boundary (Fig. 7A), 
whereas dpp is expressed in the dorsal por- 
tion of the disk along this boundary (Fig. 
7D). Although thermal cycling of larvae 
carrying the wild-type hh gene produced 
abnormal leg disk morphology and exten- 
sive ectopic expression of both target genes 
(Fig. 7, B and E), the H329A construct 
produced little if any detectable difference 
in these patterns of expression (Fig. 7, C 
and F). Ectopic hh expression in the wing 
disk also leads to morphological changes 
and expanded expression of dpp (compare 
Fig. 7, G and H), but the H329A construct 
produced only an occasional small patch of 
anterior ectopic expression (Fig. 71) (34). 

Ubiquitous expression of wild-type hh 
also leads to ectopic expression of dpp in the 
eye-antenna1 disk (compare Fig. 7, J and K). 
In the antenna1 portion of this disk the 
expansion of dpp expression resembles that 
observed in leg disks. In the eye portion of 
the disk dpp expression is observed at its 
normal location in the furrow; however, 
ectopic expression also occurs in the form of 
a second dorso-ventral band at a location 
somewhat anterior to the furrow. thus eiv- - 
ing the appearance of an eye disk with two 
morphogenetic furrows (Fig. 7K) (35). In- 
deed, in adults derived from temperature- 
cycled larvae that carry the wild-type hh 
construct, an apparently duplicated eye 
structure (Fig. 7N) can be observed, with 
two eye structures separated by a thin strip 
of cuticle (arrow). The H329A mutant pro- 
tein. in contrast. did not induce ex~ansion 
of dpp expression in either portion of the 
eye-antenna1 disk (Fig. 7L), and does not 
induce eye duplications or cuticle defects in 
the adult (Fig. 70 ) .  

The experiments described thus far com- 
prise multiple series of larvae subjected to 2 
days of thermal cycling followed by imme- 
diate dissection for analysis of imaginal 
structures or further incubation at constant 
temperature for analysis of adult structures. 
Although the H329A protein appeared to 

have little activity in these experiments, 
the small patch of ectopic dpp expression 
induced in the wing disk (Fig. 71, arrow) 
suggested that some residual activity re- 
mained. This suggestion was borne out in a 
similar experiment involving 3 days of cy- 
cling prior to dissection: the H329A protein 
clearly displayed some dpp-inducing activity 
in this experiment, presumably as a result of 
the higher amounts of protein that accumu- 
lated during the longer cycling period. The 
wing in particular, but also other imaginal 

disks, displayed low and variable amounts of 
ectopic dpp expression. This expression in 
all cases was far less extensive than that 
observed for the wild-type construct exam- 
ined in parallel; furthermore, morphological 
deformations of the imaginal disks, al- 
though quite common with the wild-type 
protein, were extremely rare with the 
H329A   rote in. We conclude that. al- 
though its potency is greatly reduced rela- 
tive to wild-type, the H329A protein re- 
tains at least some activity in early embry- 

Fig. 5. Heat shock in- A - 

duced expression of 
d 
(U 

wild-type and H329A s 2 
Jz 

mutant HH proteins in N N G 2 5  
V) Drosophila embryos. (A v , w z c c  

and B) lmmunoblots de- - - - - -  - - U  
veloped with Abl and 
Ab2, respectively (42, 
44). Lanes 1 and 6, in- zm.Y- 9~ O -  

duced untransfected S2 - C 
cells; lanes 2 and 7, 
transfected S2 cells in- 18.4- 
duced to express hh (43); - 
lanes 3 and 8, heat - C 
shocked for wild-type 
embryos; lanes 4 and 9, 4 5 8 9 10 

heat shocked hshh em- Ab2 
bryos (15); lanes 5 and 10, heat shocked hshh H329A embryos (33). In heat shocked hshh embryos, the 
wild-type HH protein is both induced and properly processed to generate the U, N, C, and C* species seen 
in other expression contexts. In contrast, the H329A is induced but not appreciably processed in hshh 
H329A embryos. The low amounts of processed species in lanes 5 and 10 are probably from endogenous 
hh expression because they are also the same in heat shocked wild-type embryos in lanes 3 and 8. 

wt hshh hshh H329A 

Fig. 6. Embryonic effect of ubiquitously expressed wild-type and H329A HH proteins. The embryonic 
distribution of wingless (wg) RNA as revealed by in situ hybridization is shown in (A) wild-type (homozy- 
gous y7 w"'~), (B) hshh, and (C) hshh H329Aembryos that were exposed to two 10-minute heat shocks 
separated by a 90-minute recovery period (33). Wild-type embryos showed little change in wg expres- 
sion, whereas the wild-type protein and, to a lesser extent, the H329A protein each induced ectopic wg 
expression (Table 1). Panels (D), (E), and (F) show the dorsal surfaces of y7 w17 18, hshh, and hshh H329A 
larvae, respectively, at the fourth abdominal segment. These larvae were shocked for 30 minutes as 
embryos and allowed to complete embryogenesis (33). Cuticle cell types (lo, 2", 3", and 4") are labeled 
as described (74). The expansion of 2" cell types (naked cuticle) occurs at the expense of 3" and some 
4" types in the hshh embryo (E) under conditions in which the phenotype of hshh H329A embryos (F) is 
identical to that of control embryos (D). 
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onic and imaginal disk induction of wg and required for effects by the wild-type protein, cell fates in the dorsal cuticle of the larva. 
dpp expression; in contrast, even under heat the H329A mutant remained completely Distinctive biochemical properties and 
shock conditions far more severe than those inert with respect to the re-specification of embryonic localizations of N and C. As 

outlined in the introduction, a puzzling fea- 
wt h~hht-ww ture of hh function is its apparent short- 

. .. range action in settings such as embryonic 

and imaginal disk signaling to wg and dpp 
(J6), and longer range action in other set- 
tings, such as patterning of the dorsal larval 
cuticle (17). These observations and the 
existence of two major protein products in 
vivo prompted us to look for differences in 
the solubility or diffusibility of N and C 
expressed in S2 cultured cells. These pro- 
teins behave differently, with most of the N 
fragment remaining cell-associated and all, 
or nearly all, of C being released into the 
culture supernatant (Fig. 8, A and B). 

One possible explanation for this differ- 
ential behavior might be the association of 
the N fragment with extracellular matrix 
proteins on the surfaces of the S2 cells. 
Accordingly, we examined the relative af- 
finity of these two proteins for heparin aga- 
rose (36), because heparin binding is a com- 
mon property of proteins that associate with 
the extracellular matrix (37). Given the 
obvious difficulty in obtaining soluble N 
from cultured cells, in vitro translation in 
the presence of microsomes was used to 
generate soluble, labeled N and C. Treat- 
ment with heparin agarose beads depleted 
N but not C from these translation extracts 
(Fig. 8C), whereas treatment with unmod- 
ified agarose beads did not deplete either 
fragment. Furthermore, N but not C was 
retained on the heparin agarose beads even 
after extensive washing with a solution that 
contained 0.1 percent Triton X-100 and 
150 mM NaCl (38); in contrast, neither 
fragment was retained by unmodified aga- 
rose. We thus conclude that N, but not C, 
binds tightly to heparin, and this behavior 
suggests that the low concentration of N 
released into culture supernatants may be 
the result of binding to the extracellular 
matrix. Another mechanism that might 
contribute to the differential release of N 
and C into culture supernatant would be 
the expression in S2 cells of a receptor for N 

Fig. 7. Imaginal disk effects of ubiquitous wild-type and H329A HH proteins. X-gal staining was used to but not for C. Our current data cannot follow expression of wg (A to C) or dpp (D to L) in imaginal disks of late third-instar larvae that carry wg-lacZ 
or dpp-lacZ reporter genes (47). Leg (A to F), wing (G to I) and eye-antenna1 disks (J to L) from control larvae distinguish these 

(A, D, G, and J), larvae carrying the hshh transgene (6, E, H, and K) and larvae carrying the hshh H329A The differential release of N and C into 
transgene (C, F, I ,  and L) are displayed. In all panels anterior is to the left. Arrows highlight the following supernatants suggested that 
features: an ectopic patch of dpp expression in the anterior compartment of wing disks in hshh H329A these fragments might also be differentially 
larvae (I); and an ectopic band of dpp expression in eye portion of the eye-antenna1 disk anterior to the localized in embryos. In previously reported 
morphogenetic furrow (marked by the other band of dpp expression more posteriorly) in hshh larvae (K). HH protein localizations, either antibodies 
Expansion lnto the anterior compartment of wg expression in leg disks, and dpp expression in leg and wing specific for N epitopes or antibodies unable 
disks in hshh larvae is similar to that described for the ectopic expression of hh (8, 13). Morphological to distinguish between N and c were used 
changes in the anterior compartment of leg (B and E) and wing disks (H) were also as described (13). In (7, 8). 1, accordance with these reports, 
contrast, disks from hshh H329A and control larvae showed very little change in wg and dpp expression, Abl, which is specific for epitopes, re- even under prolonged heat shock conditions and morphological changes were never observed. (M to 0) 
The eye phenotypes of adult control (M), hshh (N), and hshh H329A (0) flies that were shocked during larval a localized distr'bution 

development in a manner similar to that of the imaginal disk experiments above. Duplicated eye structures that is (Fig- 9B) than that 
were observed in hshh flies, but never in hshh H329A flies. The arrow in (N) points to a thin strip of cuticle of the hh transcript at the same stage (Fig. 
between the two eye structures. Other deformities were also seen in hshh flies (for example, compare the 9A). Also consistent with these reports, we 
thorax in N to M). observed that N epitopes at later stages 
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accumulate in large punctate structures 
(39). Our analysis is focused on the earlier 
stage, when antibody staining is weaker but 
prior to the formation of the invaginations 
and grooves that later crease the epidermis 
and thereby complicate the interpretation. 
We also used Ab2 to detect C-specific 
epitopes with various fixation and staining 
procedures (33). Although detection of C 
epitopes above background is more difficult 
than for N, we consistently observed a seg- 
mentally modulated pattern, albeit with a 
broader distribution than that of N (Fig. 
9C). This localization is also distinctive in 
that C epitopes at early or late stages are 
not found in the punctate structures char- 
acteristic of N. 

The mutation encodes a prema- 
turely truncated protein in which 15 resi- 
dues normally present at the COOH-termi- 
nus are missing. Because this protein dis- 
plays a much reduced efficiency in autopro- 
teolysis, we examined the distribution of C 
in this mutant background. The C epitopes 
in a homozygous embryo (identified 
by absence of a marked balancer) (33) are 
distributed in a much tighter segmental pat- 
tern than in wild type (Fig. 9D). This lo- 
calization resembles that of N, and we thus 
conclude that the broad distribution of C 
epitopes normally seen is altered in by 
retention of the uncleaved precursor near 
the site of synthesis. 

The role of autoproteolysis in biogene- 
sis of active HH protein. We have demon- 
strated that in addition to signal cleavage, 
the HH protein undergoes autoproteolysis 
at an internal site in order to generate the 
predominant protein species observed in 
vivo. All or most of the amino acid residues 
required for this autoproteolysis function 
map to C, the COOH-terminal product of 

this internal cleavage. In an effort to deter- 
mine the importance of autoproteolysis for 
function, we introduced a single residue 
mutation (H329A) that blocks autoprote- 
olysis of the HH protein in vitro and dem- 
onstrated that both processing and function 
of this protein is impaired in vivo. Because 
similar amounts of induced protein were 
detected from a strain carrying the wild- 
type construct or from several strains carry- 
ing independent insertions of the mutant 
construct (Fig. 5) (39), the impaired func- 
tion of the H329A protein relative to wild 
type is not the result of reduced expression. 
Further evidence in support of a role for 
autoproteolysis derives from the effect of 
the mutation, which reduces, but does 
not eliminate, autoproteolysis of the HH 
protein in vitro (Fig. 4). Correspondingly, 
the mutation is associated with a phe- 
notype of intermediate strength in vivo (2). 

The H329A HH protein appears to re- 
tain weak activity in embryonic signaling 
and is able to induce ectopic wg expression 
and, to a lesser degree, can function in 
imaginal disk signaling for induction of ec- 
topic dpp expression. In contrast to its re- 
tention of at least some signaling functions 
in embryonic and imaginal tissues, the 
H329 protein is completely inert when as- 
sayed for the ability to reprogram cell fates 
in the dorsal cuticle of the larva. 

The assays in which the H329A protein 
is active or partially active involve short- 
range signaling that normally occurs across 
one or at most several cell diameters (13, 
15, 32). In contrast, the H329A protein 
fails to affect patterning of the dorsal cuti- 
cle, a long-range activity of hh that normal- 
ly operates across most of the segment. Pre- 
vious proposals to account for long-range 
patterning activities have suggested that hh 

Fig. 8. Diierential cellular release and 
heparin binding properties of N and A B C Heparin 
C. (A and B) lmmunoblots of sedi- aOarose Agaros@ 
mented .cells (pellets) (lane 1) or su- 
pernatants (lane 2) from transfected P g g 8  
~2 cell cultures expressing HH pro- ~ h d ~  

" 8  tein (43, developed with Abl (A) and 
Q Ab2 (6) (42). Samples in each lane F 

were from the same volume of resus- U 

pended total culture. Whereas N re- U - u- - - 
mained mostly associated with the 
cell pellet (compare lanes 1 and 2 in N s  
A), C was nearly quantitatively re- 
leased into the supernatant [compare , C 
lanes 1 and 2 in (B)]. U displayed par- - . ..* .- . !- - 
tiiioning properties in between those . .' . ---. ;-L.?<~ " . 2.'g-.. 
of N and C (A and 6). (C) The heparin ,+?q N 
binding activlty of various HH protein 1 2  1 2  1 2 3 4 5  
species generated by in vitro transla- 
tions with microsomes (38). Samples were total translation mixture (lane 1); supernatant after incubation 
with heparin agarose or agarose (control) beads (lanes 2 and 4); and material eluted from heparin agarose 
or agarose beads after washing (lanes 3 and 5). F, U, N,, and N fragments are depleted from reactions 
incubated with heparin agarose but not agarose beads (compare lanes 2 and 4 to I), and the same 
species subsequently can be eluted from the heparin agarose but not the agarose beads (compare lanes 
3 and 5 with lane 1). 

expression induces other signaling mole- 
cules that are then responsible for executing 
the patterning functions (the signal relay 
model) (Fig. 10A) (9, 13). This model im- 
~licitlv assumes that there is a sinele con- 
;isten; mode of hedgehog action andihat the 
apparent long-range activities of hh prod- 
ucts are the indirect consequences of short- 
range signaling. On the basis of the distri- 
bution we observe, the active molecule in 
this model might be N, and the role of C 
would then be limited to supplying the 
catalytic machinery required forbiogenesis 
of N. A critical feature of this class of 
models is that long-range patterning effects 

Fig. 9. Differential localizations of N and C in em- 
bryos. In situ localization of the hh transcript (A) is 
shown in comparison to the distribution of N and 
C epitopes detected with Ab l  and Ab2 in panels 
(B) and (C), respectively (33). The distribution of N 
and C epitopes span approximately one-third and 
one-half of each segmental unit respectively, 
whereas the transcript is limited to approximately 
one-quarter of each segmental unit. (D) The local- 
ization of C epitopes in embryos homozygous for 
the hhl*allele is detected with the use of Ab2. In 
this mutant C epitopes, which displays impaired 
autoproteolytic activity, are more restricted, and 
resemble the wild-type localization of N. Homozy- 
gous hhl* embryos were identii by loss of a 
marked balancer from a heterozygous parent 
stock (33). All embryos are at mid- to late stage 9 
(extended germ-band). 
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of HH proteins should be reproducible on 
expression of another gene or genes whose 
expression normally would be induced by 
hh; no such function of other molecules has 
vet been demonstrated. 

Our evidence suggests an alternative 
model, the dual function model (Fig. 
lOB), in which long- and short-range ac- 
tivities of the HH protein might be exe- 
cuted by N and C, the two predominant 
forms of the molecule observed in vivo. 
The nearly quantitative release of C frag- 
ment into the culture medium of hh-ex- 
pressing S2 cells and its broad, though 
segtnentally modulated distribution within 
embryos suggests that C might execute or 
contribute to long-range signaling func- 
tions. The N fragment, in contrast, pre- 
dominantly remains associated with the 
expressing S2 cells and also binds to hep- 
arin, which suggests a possible association 
with the extracellular matrix. These prop- 
erties and the segtnentally restricted em- 
bryonic distribution of N are suggestive of 
a role in the execution of short-range hh 
signaling activities. Because the vertebrate 
HH proteins we tested also appear to be 
autoprocessed and also to carry predicted 
heparin binding sites just COOH-terminal 
to their signal sequence (12), tnany as- 
Dects of the dual function model discussed 
here in the context of Drosophila develop- 
ment may also apply to HH protein func- 
tion in vertebrate development. 

Execution of short-range functions by N 
would be consistent with the observation 
that the H329A mutant protein has at least 
partial function in signaling for the induc- 
tion of wg and dpp because this mutation 
does not alter residues located in the NH,- 
tertninal portion of the protein that nor- 
mally would give rise to N. The uncleaved 
H329A protein thus would carry all the 
residues that normally interact with a pre- 
sutned receptor for N although there might 
be some effect on the affinity of the inter- 

action as a result of the presence of COOH- 
terminal sequences, thus accounting for the 
decreased potency of the H329A protein 
(40). Execution of long-range functions by 
C is also consistent with our observations 
because long-range signaling might require 
the release of the C fragment or otherwise 
require the H329 residue for some function 
other than for autoproteolysis. 

The signal relay and dual function tnod- 
els are not mutually exclusive, because each 
in turn tnay apply in different biological 
settings. Nor are these models the only 
possible explanations for hh function. For 
example, the uncleaved precursor U, al- 
though it is present in atnounts significantly 
lower than N or C, tnay nevertheless play 
some role in long- or short-range hh signal- 
ing. In addition, other secreted molecules 
might be required for effective signaling. 
For example, long-range signaling by C 
tnight occur only in conjunction with other 
secreted proteins. Such additional factors 
could be constitutively expressed in many 
cell types and at many positions, or alter- 
natively might be induced by other signal- 
ing proteins or by N. The latter possibility 
would actually cotnbine aspects of the sig- 
nal relay and dual function models. 

A critical prediction of the dual function 
model is that constructs encoding N or C " 
alone should be able to execute or contrib- 
ute to distinct functions, whereas the signal 
relay tnodel suggests that either N o; C 
alone should be able to carrv out all hh- 
associated functions. In supPoit of the dual 
function model, exueriments in vertebrate . . 
systems have detnonstrated both long- and 
short-range activities for HH proteins (12, 
41), and recent evidence from work with a 
zebrafish hh gene indicates that N and C 
indeed do display distinguishable functions 
(27). Although further work is required to 
determine the o~erative mechanisms of hh 
signaling in Drosophila, our data clearly 
demonstrate that biogenesis of fully active 

Signal relay Dual function 

Fig. 10. Signal relay versus dual function models for HH protein action. (A) The long-range effects of hh 
signaling are achieved indirectly through shot--range induction of a second slgnallng molecule (X).  On the 
basis of its biochemical properties and its restricted tissue localization, N is presumed to represent the 
active shot--range signal whereas the role of C would be limited to supplying the catalytic machinery 
required for biogenesls of N. (B) The long- and short-range signal~ng functions of hh are supplied by the 
N and C protelns derived by internal autoproteolysis of the U precursor. N is implicated in short-range 
signaling by retention near ~ t s  cellular site of synthesis, while C is less restricted in its distribution and 
would execute long-range signaling functions. In both models, autoproteolys~s is required to generate 
fully active signaling proteins. 

HH protein requires an autoproteolytic 
cleavage event, and that the tnechanism 
underlying this autoproteolysis appears to 
extend to vertebrate HH proteins. 
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eluted with diluton buffer containing 250 mM imida- 
zoe and 0.5 M urea. The eluate was dalyzed in 100 
mM tris, 150 mM NaCI, 10 percent glycerol (pH 7.4) 
at 4°C and stored at -70°C. 

24. The smaller of the cleaved products occas~onally 
migrated as two bands (Fig. 4A). We have chosen 
the lower of the two bands between the 14.3- and 
6.2-kD markers for our mass. 

25. A mutations tested by in vitro translation were also 
examined in S2 cells by immunoblottng. In all cases 
the patterns of cleavage in 52 cells were identical to 
those observed in translations except that C' was 
always present whenever C was formed. The former 
fragment was not observed in translations. 

26. A mutations in the hh gene were generated in the 
plasmid pF1 (3). Mutations in the zebrafish twhh and 
shh genes were generated with the orginal comple- 
mentary DNA clones as described (271. All polnt mu- 
tations were generated with the use of recombinant 
circle polymerase chain reaction (PCR) [D. H. Jones 
and S. C. Winistorfer, Biotechniques 12,528 (1 992)l. 
The flu408 and flu227 mutations were generated by 
Inserting a trimer of the influenza hemagglutinln anti- 
gen (42 residues for flu408 and 43 residues for 
flu2271 into the Alw N and Bgl I sites present in the hh 
open reading frame (ORF) (nucleotide positons 1604 
and 1058 respectively) (3). The A89-254 mutation 
was generated by removing sequences between the 
Eco N site (644) and the P m  I site (1 145). The 294 
trunc mutation was generated by removing se- 
quences between the Acc I site (1 265) and the Xcm 
I site (1 792). The 410 trunc mutation was previously 
generated and identified as HH,,, (3). To map the 
mutation In the hh13Eallele (base change to 
Ala; coding change Tyr4,' to STOP), DNA isolated 
from hh13E/TM3 was used to seed PCR reactions 
generatng regions of the hh ORF and flanking se- 
quences, which were subcloned into Bluescr~pt 
KSM (Stratagene). Six clones each, derved from two 
different PCR amplificatons were sequenced. 

27. S. C. Ekker, A. R. Ungar, P. Greenstein, D. P, von 
Kessler, R. T. Moon, P. A. Beachy, in preparaton. 

28. A. MartinezArias, N. E. Baker, P. W. Ingham, Devel- 
opment 103, 157 (1 988). 

29. S. DiNardo, E. Sher, J. Heemskerk-Jongens, J. A. 
Kassis, P. H. O'Farrell, Nature 332, 604 (1988). 

30. U. Heberlein, T. Wolff, G. Rubin, Cell 75, 91 3 (1 993). 
31. C. Ma, Y. Zhou, P. A. Beachy, K. Moses, bid.,  p. 

927. 
32. P. W. Ingham, Nature 366, 560 (1993). 
33. The hshh H329A construct was made Identical to 

the hshh construct (15) w~th the use of a hh ORF 
fragment contalnlng the H329A mutation. Trans- 
genic flies were generated from a y1 w"18 parental 
strain according to the standard methods of P el- 
ement-med~ated transformat~on [A. C. Spradl~ng 
and G. M. Rubn, Science 218, 341 (1982)l. A line, 
HA3, carrying the hshh H329A P element on the 
second chromosome was maintained as a homozy- 
gous stock. To assay for expansion of wg stripes, 
embryos collected 4 to 6 hours after egg laying (AEL) 
at 25°C were subjected to the follow~ng heat shock 
protocols before fixation. Embryos receiving snge 
shocks (10 or 30 minutes at 37°C) were allowed to 
recover for 1 hour at 25°C. Embryos receivng dou- 
ble shocks (two 10-mnute or two 30-minute shocks 
at 37°C) were allowed to recover 90 minutes after the 
f~rst shock and 40 minutes after the second (Both 
recoveres were at 25°C. The double 30-mlnute pro- 
tocol was as described; 11). In situ hybridizations 
were performed as descrbed [D. Tautz and C. Pfeife, 
Chromosoma 98,81 (1989)l with a wg specific probe 
(15). Embryos assayed for cuticle phenotype were 
heat-shocked 6 to 8 hours AEL for 30 minutes at 
37"C, allowed to develop at 25°C for 36 hours and 
then processed and mounted as described [M. Ash- 
burner, Drosophila: A Laboratory Manual (Cold 
Sprng Harbor Laboratory, Cold Spring Harbor, NY, 
1989)], lmmunolocal~zations (single or double stans) 
were performed as described [N H. Patel, in Imaging 
Neuronal Subsets and Other Cell Types in Whole 
Mount Drosoph~la Embryos and Lantae Using Anti- 
body Probes, in Methods in Cell Biology, L. S. B 
Goldstein and E. Fyrberg, Eds (Academic Press, 
New York, in press)]. Affinity-purified Abl or Ab2 (45) 
was used for the primary antibody and alkaline phos- 
phatase (AP) or horseradish peroxidase (HRP)-con- 
jugated antbody to rabbit or mouse immunoglobulin 
G (lgG) (Jackson lmmunoresearch) was used for the 
secondary. Embryos from a hh13E/TM3 ftz-acZ (the 
balancer chromosome was from the Bloomington 
Stock Center, strain 321 8) stock homozygous for the 
hh13Eallele were identified by the lack of staining with 
an antibody to P-gaactosidase (Promega) In a double 
stain with Ab2 (Fig. 9D). Stainng in Fig. 9, B and C, 
was performed on formaldehyde-fixed Canton-S em- 
bryos with the use of an AP-conjugated antserum to 
rabbit IgG (secondary) Although standard formalde- 
hyde fixation was generally used, heat and acid-form- 
aldehyde fixation gave sim~lar results. 

34. Similar effects of ectopic wid-type hh expression in 
leg and wing imaginal disks have been reported (8, 
131, with ectopic expression resulting from a distinct 
method of induction or from a regulatory mutation, In 
theirs and our experiments, ectopic wild-type hh ex- 
pression affected disk morphology and gene expres- 
sion only in the anterlor portions of leg and wing 
disks. This was not surprisng because hh expres- 
sion occurs in the posterior compartments of these 
d~sks without induction (3). 

35. In eye disks, areas ectopically expressing dpp varied 
in size, presumably as a result of the Induction of 
ectop~c hh expression at varying time points during 
eye morphogenesis. 

36. A heparin binding motif following the signal se- 
quence in vhh-1 proteins from rat and zebrafish has 
been suggested (12). 

37. A. D. Cardn and H. J. Weintraub, Arteriosclerosis 9, 
21 (1988). 

38. In vitro translations were performed with the use of 
the TNT coupled transcript~on-translation system 
(Promega). [35S]Methion~ne (DuPont NEN) was used 
for detect~on by autorad~ography, In the hepar~n 
bindng experiment (Fig. 8C), In vitro translation ly- 
sate with microsomes that produce wild-type HH 
protein was added to heparn agarose (Sigma) or 
Sepharose CL-4B (Pharmacia) beads that had been 
equilibrated with hepar~n binding buffer [HBB; 20 
mM trls (pH 7.41, 150 mM NaCI, 0.1 percent Tr~ton 
X-1001. Samples were incubated at 4°C for 4 hours 
with gentle rockng. After centr~fuging the beads, su- 
pernatants in some samples were analyzed (lanes 2 
and 4). The beads were then washed five times wlth 
chilled HBB and samples (lanes 3 and 5) were sub- 
sequently eluted at 80°C for 10 minutes in SDS- 
polyacrylamde gel electrophoresis (PAGE) loading 
buffer [F. M. Ausubel et a/., Current Protocols in 

Molecular Biology (Greene and Wley-lnterscence, 
New York, 1991)l. 

39. D. P. von Kessler, J. J. Lee, P. A. Beachy; unpub- 
lished data. 

40. Alternatively, the part~al function of H329A proten 
may derive from an extremely small fraction of pro- 
tein that appears to be cleaved, since a very faint 
band with identical mobity to C appears in in vltro 
translations with the H329A proten (Fig. 4, lane 3). 

41. C.-M. Fan and M. Tessier-Lavigne, Cell, in press. 
42, lmmunoblots were performed with affinity-pur~fied 

Abl or Ab2 (45) by either of two chemiluminescence 
based protocols, In the first protocol (used In Fgures 
1, 3, and 5) samples were resolved by electrophore- 
sis on 15 percent or 12 percent SDS-polyacryamide 
gels [F. M. Ausubel etal., Current Protocols in Mo- 
lecular Biology (Greene and W~ley-nterscience, New 
York, 1991)l and transferred to Magnagraph nylon 
membranes (MSI) by electroblott~ng. Blots were de- 
veloped with the use of an alkaline phosphatase- 
conjugated donkey antrabbit IgG secondary anti- 
body and Lumi-Phos 530 (Boehringer Mannheim) 
under recommended conditions. In the second pro- 
tocol (used in Fig. 8), samples were transferred to 
nitrocellulose filters (Scheicher and Schuell), and 
blots were developed using ECL reagents (Amer- 
sham) as recommended. The secondary antibody in 
ths case was horserad~sh peroxidase conjugated 
goat anti-rabbit IgG (Jackson ImmunoResearch). 

43 Complementary DNAs encoding various HH protein 
species were cloned into the pMK33 vector, which 
allows for inducible expression under metallothionein 
promoter control [M. R. Koelle et a/., Cell 67, 59 
(1991)l. Stable S2 cell Ines were made by transfec- 
tion of the hhlpMK33 pasmids with constant selec- 
tion for hygromycin resistance. Proteins were ex- 
pressed by plating a log phase culture of cels diluted 
to 0.1 A,,, units, waiting 48 hours, Inducing with 
CuSO, at 0.2 mM final concentration, and harvesting 
the cells or supernatant or both 24 hours later. Cell 
samples for mmunobotting were made by adding 
10 volumes of 1 X SDS-PAGE loadng buffer (38) to 
peleted cells. Cell pellets shown In Fig. 8, A and B, 
were washed once with media before preparation for 
immunoblotting. 

44 Embryos from the wild-type Canton-S lne and from 
the matings, hshhlhshh or hshh H329Nhshh H329A 
Xy; Sco/CyO, enIacZll:.wg [J A. Kassis, E. Noll, E. 
P. Vansickle, W. F. Odenwald, N. Perrimon, Proc. 
Natl Acad. Sci. U.S A. 89, 191 9 (1 99211, were col- 
lected 0 to 16 hours after egg laying (AEL) at 25°C. 
They were heat shocked for 30 minutes at 37°C and 
allowed to recover for 1 hour at 25°C. Embryos In 
Fig. 1 (Canton-S) were collected 4 to 8 hours AEL at 
25°C. In preparation for immunoblotting, all embryos 
were dechorionated In 2.6 percent sodium hypo- 
chlorite and homogenized in 10 volumes of 1 X SDS- 
PAGE loading buffer (38). 

45. GST fusion proteins containing either residues 83 to 
160 or 300 to 391 from the HH proten were ex- 
pressed in Escherichia coli, purified as recommend- 
ed [F. M. Ausubel etal., Current Protocols in Molec- 
ular Biology (Greene and Wiley-nterscience, New 
York, 1991)], and used to mmunize rabbits by stan- 
dard methods. The antibodies were affinty purified 
on a column of HIS& protein [E. Harlow and D. 
Lane, Antibodies: A Laboratory Manual (Cold Spring 
Harbor Laboratory, Cold Sprng Harbor, NY, 198811 
Inked to Aff-Gel 10 beads (Bio-Rad). The pur~fca- 
tion was performed as described (Harlow and Lane) 
except that the acid and base elutions contaned 10 
percent dioxane. Biotinylated hh antibodies were 
prepared by purifyng the rabbt antisera over a pro- 
ten A column, followed by biotinyaton with the use 
of the lmmunoprobe biotinyaton kit (Sigma). Immu- 
noprecipitations were performed as described [Har- 
low and Lane] wth the use of cold RPA yss  buffer 
containing 0.25 mM phenylmethylsulfony fluoride 
(PMSF) and 5 mM EDTA for tissue homogenzation. 
Lysates were precleared twice with pre-immune rab- 
bit serum plus protein A beads (Gibco-BRL). Affnty- 
purified antbodies or premmune serum was then 
added, and the immunopreciptation was performed 
with protein A beads, with the use of NP-40 ysis 
buffer for the washes. 

46. We have performed preliminary proteinase nhib~tor 
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studies on in vitro translated HH protein by adding 
various inhbitors at the start of the translation reac- 
ton. These studes have been compcated by the fact 
that numerous protease Inhibitors lower or block 
translation effic~ency In some cases we have assayed 
the effectiveness of an inhibtor by determining fad -  
dition of an inhbitor to a completed translaton reac- 
tion will inhbit the self-processing that normally con- 
tinues to occur. At this time we can only state the 
follow~ng with certainty: (i) the serine protease lnh~bitor 
TAME (p-toluenesulfonylL-arginne methyl ester) in- 
hibits auto-proteolysis of in vitro-translated HH pro- 
tein; (I) soybean trypsin inhibtor, a, anti-trypsin, apro- 
titin, leupeptin, and E-64 do not block auto-proteoly- 
sis of translated HH prote~n; and (iii) TAME partaly 
Inhibits auto-proteolysis of purlfled HIS& protein (Fig 
3, panel B). 

47. Virgin female flies from the hornozygous l~nes hshh 
(151, hshh H329A, and y1 will8 were crossed to 
males from the homozygous BS3.0 n e  (bearing a P 
element dpp reporter construct on the second chro- 
mosome, referred to as d~p- IacZ In the text) [R. K. 
Blackman, M. Sanicoa, L. A. Raftery, T. Gllevet, W 
M. Gelbart, Development 11 1,657 (1991)l or the line 
y; Sco/CyO, enlacZl I : :wg (bearing a wg reporter P 
element enhancer trap on a second chromosome 
balancer; called wg-IacZ In the text) [J. A. Kassis, E. 
Noll, E P. VanSckIe, W. F. Odenwald, N. Perrimon, 
Proc. Natl. Acad. Sci. U.S A. 89, 191 9 (1 992)] Prog- 
eny were grown at 25°C in aerated 0.5-m microcen- 
trifuge tubes containing yeast paste unt~l the late 
second nstar or early third nstar stage of larval de- 
velopment. The larvae were then cycled continuous- 
ly at 37°C for 30 minutes followed by 25°C for 90 

minutes in a Perkin-Elmer thermal cycler unt~l they 
reached the late third instar stage. They were sub- 
sequently dissected and staned with X-gal as de- 
scribed [M. Ashburner, Drosoph~la: A Laboratory 
Manual (Cold Spring Harbor Laboratory, Cold Sprng 
Harbor, NY, 1989)l or allowed to grow to adulthood 
for phenotypic analysis. 

48. We are grateful to D Hursh and J. Kass~s for fly 
stocks; A. Harnmonds for imaginal d~sk tissue; D. 
Andrew and M Heck for embryo collections, J. Ptak 
and C. Davenport for oligonucleot~de synthess; C. 
Berkower for a pasmid containing the flu tag eptope 
tr~mer; K. Young for advice on protein pur~fication; 
and P Roehm and D Jackson for proofreading the 
manuscrpt. 
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