UC Office of the President
Recent Work

Title
X-linked IAP is a direct inhibitor of cell-death proteases

Permalink
https://escholarship.org/uc/item/6v49f96q

Journal
Nature, 388(6639)

Authors

Deveraux, Quinn L.
Takahashi, Ryosuke
Salvesen, Guy S.

Publication Date
1997-07-01

DOI
10.1038/40901

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6v49f96q
https://escholarship.org/uc/item/6v49f96q#author
https://escholarship.org
http://www.cdlib.org/

letters to nature

CCR1, BOB, Bonzo, CCR5 or CXCR4 (ref. 2) were infected with pseudotyped
viruses (50 ng p24 per infection, 5 X 10* cells per well in 24-well plates).
3T3.CD4 cells that stably express the different chemokine receptors® were
similarly infected. 3T3.CD4 cells expressing the new receptors were prepared by
retroviral transduction with pMX.Bonzo and pMX.BOB. After 3 days, cells
were resuspended in 120 .l of luciferase lysis buffer (Promega). The luciferase
activity in 20 pl lysate was assayed in a Wallac Microbeta 1450 Counter using
commercially available reagents (Promega).

Northern blots. Polyadenylated RNA was prepared from various human cell
lines with the Micro-Fast Track kit (Invitrogen). Samples (5 pg RNA) were
electrophoresed through a 1% agarose—formaldehyde gel and transferred to a
GeneScreen nitrocellulose membrane. Multiple-tissue northern blots I and II,
purchased from Clontech, contain ~2 pg poly(A)" RNA from each tissue.
Integrity of blots was assayed by GAPDH probing. Full-length cDNAs of BOB
and Bonzo were labelled with P by using a Random Primed DNA-labelling kit
(Boehringer-Mannheim) and used to probe northern blots.

Lymphocyte purification and RT-PCR. Monocytes were purified from buffy
coats using a 46% Percoll gradient. To purify T- and B-cell subsets, PBMC were
stained with phycoerythrin-conjugated anti-CD3 or anti-CD19 antibodies
(Becton-Dickinson) and sorted using FACS (Coulter). Total RNA was isolated
using RNAzol reagent (Cinna/Biotecx), treated with RNase-free DNase, and
0.5 wg was taken for cDNA synthesis using Superscript II RNAse H reverse
transcriptase and random hexamer primers (Gibco-BRL); one-twentieth of this
reaction was used as a template for PCR amplification with Tag DNA
polymerase. BOB primers used for RT-PCR: upstream (from ATG) 5'-
CATCTGCTCTTTGGTGATG; downstream (550bp from ATG), 5'-
GTATGGCTTATCATCAATCAGC, amplifies ~600bp of transcript; Bonzo
primers were: upstream (from 270 bp downstream of ATG), 5'-CAGGCATC-
CATGAATGGGTGT, and downstream (from the stop codon), 5'-CAAGGCC-
TATAACTGGAACATGCTG, amplifies ~750bp of transcript. The PCR
reaction was run for 30 cycles at 94 °C for 40, 58 °C for 405, and 72 °C for
1 min. To exclude contamination of genomic DNA, control cDNA reactions in
which reverse transcriptase was omitted were prepared in parallel. These were
uniformly negative.
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X-linked IAP is a direct
inhibitor of cell-death
proteases
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Guy S. Salvesen & John C. Reed

The Burnham Institute, Program on Apoptosis and Cell Death Research,
10901 North Torrey Pines Road, La Jolla, California 92037, USA
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The inhibitor-of-apoptosis (IAP) family of genes has an evolu-
tionarily conserved role in regulating programmed cell death in
animals ranging from insects to humans'™. Ectopic expression of
human IAP proteins can suppress cell death induced by a variety
of stimuli, but the mechanism of this inhibition was previously
unknown. Here we show that human X-chromosome-linked IAP
directly inhibits at least two members of the caspase family of cell-
death proteases, caspase-3 and caspase-7. As the caspases are
highly conserved throughout the animal kingdom and are the
principal effectors of apoptosis’, our findings suggest how IAPs
might inhibit cell death, providing evidence for a mechanism of
action for these mammalian cell-death suppressors.

For our initial investigation of human X-chromosome-linked
IAP (XTIAP; hILP; MIHA), we used recombinant XIAP protein and a
cell-free system in which cytochrome ¢ was added to cytosolic
extracts. When added to normal cytosol, cytochrome c initiates an
apoptotic programme which includes proteolytic processing and
activation of certain caspases, and apoptotic-like destruction of
exogenously added nuclei®’. Release of cytochrome ¢ from mito-
chondria into the cytosol appears to be commonly associated with
apoptosis®’.

Purified nuclei mostly remained intact in the cytosol from
controls. In contrast, adding cytochrome ¢ caused apoptotic-like
destruction of nearly all nuclei (Fig. 1A). Addition of cytochrome ¢
directly to nuclei without cytosol had no effect, demonstrating the
requirement for cytosolic factors (results not shown)®. Recombi-
nant XIAP (rXIAP) added simultaneously with cytochrome ¢
severely inhibited nuclear destruction (Fig. 1A). An equivalent
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amount of added Bcl-2 protein had no protective effect.

In addition to nuclear destruction, XIAP also inhibited cytochro-
me-c-induced caspase activation. Two important proteolytic activ-
ities associated with caspases can be measured by assaying the
cleavage of peptide substrates containing the sequences DEVD
and YVAD: the former are recognized by most caspases and the
latter by the ICE (caspase-1) subfamily (reviewed in ref. 10).
Addition of cytochrome ¢ to extracts prepared from human 293
epithelial cells caused a rapid accumulation of DEVD-specific
protease activity (Fig. 1B) but not of YVAD-specific cleavage (results
not shown). The rXIAP protein markedly reduced cytochrome-c-
induced generation of DEVD-cleaving activity in these extracts,
whereas many control proteins had little or no effect even at =10-
fold molar excess over rXIAP (Fig. 1B). Results were similar when
DEVD-specific hydrolysis was measured for cytosol from Jurkat T-
cells, indicating that these findings are probably not unique to a
single cell line (Fig. 1B). Furthermore, in cytosolic extracts prepared
from 293T cells two days after transient transfection with either
PcDNA3-XIAP or pcDNA3 control plasmid, cytochrome-c-induced
activation of DEVD-cleaving proteases in vitro was reduced by >
50% in the XIAP-overexpressing extracts compared to control
extracts (not shown). Thus, both exogenously added rXIAP and
endogenously produced XIAP inhibit cytochrome-c-induced cas-
pase activation in vitro.

Addition of cytochrome c to cytosolic extracts causes proteolytic
processing of caspase-3 (CPP32; Yama; apopain) from its ~32K
zymogen precursor into active large and small subunits’—a result
we confirmed by immunoblotting using a rabbit antiserum specific
for the zymogen and large subunit of this protease (Fig. 1C). In
contrast, addition of rXIAP protein markedly inhibited cytochro-
me-c-induced cleavage of the caspase-3 zymogen (Fig. 1C). Equiva-
lent concentrations of several control proteins (glutathione-S-
transferase (GST), GST—-Bcl-2, GST-Bax, GST-CD40) had no
effect on caspase-3 processing (result not shown).

As an alternative way to induce apoptotis in these extracts, we
added recombinant, active caspase-8 (FLICE; Mach; Mch5), a
protease that associates with Fas and TNF-R1 receptor complexes
and functions as an upstream initiator of proteolytic cascades that
lead to caspase-3 activation and apoptosis''™*. Caspase-8 stimu-
lated cleavage of caspase-3, yielding large-subunit bands character-
istic of protease activation (Fig. 1C). In the presence of XIAP,
caspase-8 induced a partially processed form of caspase-3, presum-
ably by cleavage between the large and small subunits without the
subsequent removal of the N-terminal peptide ‘prodomain’’. XIAP
thus did not prevent the initial cleavage of caspase-3 induced
(perhaps directly) by caspase-8, but did inhibit the subsequent
processing to the mature large subunit. XIAP also inhibited caspase-
8-induced destruction of nuclei and the accumulation of DEVD-
specific protease in extracts (not shown), indicating that it interferes
with a protease(s) downstream of caspase-8.

As XIAP prevents the completion of caspase-3 processing in
extracts treated with caspase-8, XIAP might directly inhibit this
protease, given that removal of the N-terminal prodomain of
caspase-3 occurs by autocatalysis'>'®. We therefore tested the effect
of rXIAP on the activity of several purified and active recombinant
caspases in vitro. Purified GST—XIAP inhibited >95% of DEVD-
peptide cleavage by caspase-3 and by the closely related caspase-7
(LAP3/Mch3) when added at a ~10-fold molar excess, but did not
affect substrate cleavage by caspases 8, 6 (Mch2) or 1, even at 50-fold
molar excess (Fig. 2a). Even a 2-fold molar excess of XIAP was
sufficient to inhibit >70% of caspase-3 and ~100% of caspase-7
activity when assayed at high enzyme concentrations (0.5-0.7 uM)
and with XIAP added before 100 .M DEVD-pNA substrate. A GST-
fusion protein containing only the three BIR (baculovirus IAP
repeat) domains of XIAP (residues 1-336) also potently inhibited
caspase-3 and caspase-7 in vitro, whereas a GST fusion containing
the RING domain (residues 337—497), as well as several control
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Figure 1 XIAP inhibits cytochrome-c-induced processing of caspase-3 and
destruction of nuclei in cytosolic extracts. A, Isolated nuclei were added to
cytosolic extracts, followed by 10 wM cytochrome ¢ and 1mM dATP, with or
without GST-XIAP (0.4 wM) or GST-Bcl-2 (0.4 uM), and the percentage of nuclei
with apoptotic features was determined (data representative of 2 of 2
experiments). B, Cytosolic extracts from 293 or Jurkat cells were used as a
control (a) or were treated with 1 wM cytochrome ¢ and 1 mM dATP alone (b), or
with ~0.2 uM GST-XIAP (e). Controls (grey lines) consisted of addition of ~10x
more (~2 uM) control GST-fusion proteins, including GST-Bcl-2 (d), GST-Bax (e),
GST-NM23 (f) and GST-CD40 cytosolic domain (g), or addition of 5 wM Hisg-Sba
protein (h). DEVD-pNA hydrolysis was then measured at various times (data
representative of several experiments performed with independent GST-XIAP
preparations). C, Immunoblot analysis for caspase-3 was performed using
cytosolic extracts (50 ug per lane) before or at 0.5 and 1.0h after adding either
cytochromec and dATP or active caspase-8 proteases (~1 ng), with (+) or without
(-) ~0.2 uM GST-XIAP (30-pl reaction volumes). The positions are noted for the
pro-enzyme, partially processed caspase-3 (large subunit + prodomain) and the
large subunit forms of fully processed caspase-3. The blot was also probed with
anti-XIAP antiserum (lower panel).
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GST-fusion proteins, had no significant effect (not shown). The
inhibition of caspase-3 and caspase-7 by XIAP was concentration-
dependent (Fig. 2b,c). Based upon progress curve analysis, XIAP
demonstrated tight, reversible binding to caspase-3 and caspase-7
with inhibition constants of ~0.7 and ~0.2 nM, respectively. These
values compare favourably with viral inhibitors of caspases (cowpox
CrmA: 0.01-0.95nM; baculovirus p35: 1.0nM for their target
caspases)'”'®,

Besides inhibiting the proteolytic activity of caspase-3 and
caspase-7, XIAP also bound directly to these proteases in vitro.
For example, mixing purified GST-XIAP protein or GST-CD40
(negative control) immobilized on glutathione—Sepharose with
purified recombinant caspases revealed specific binding of XIAP
to caspase-3 and caspase-7 but not to caspases 1, 6 or 8 (Fig. 2d, and
data not shown). Specific binding to caspase-3 and caspase-7 was
also observed when in vitro translated **S-labelled Myc-tagged XIAP
was tested for binding to Hiss-tagged active proteases immobilized

on Ni resin (not shown). XIAP, however, did not bind efficiently to
the unprocessed pro-enzymes, based on similar experiments in
which immobilized GST-XIAP was assayed for binding to unpro-
cessed caspase-3 and caspase-7 in cytosolic extracts (Fig. 2e,f). In
contrast, after treatment of the same extracts with cytochrome ¢,
processed caspase-3 and caspase-7 then bound to immobilized
GST-XIAP but not GST-CD40. The partially processed caspase-3
seen in extracts treated with the combination of caspase-8 and
rXIAP (Fig. 1C) also bound efficiently to immobilized GST—XIAP
(not shown), consistent with the idea that cleavage between the
large and small subunit but not removal of the prodomain is
required for protease activation. Taken together, these data indicate
that XIAP directly binds active caspase-3 and caspase-7, but not the
inactive zymogens.

To determine whether XIAP can inhibit processing and activation
of caspases in intact cells, we did transient transfection experiments
in human 293T cells using overexpression of Bax protein as a
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Figure 2 XIAP directly binds and inhibits caspase-3 and caspase-7. a, Purified
recombinantcaspases 1,3, 6, 7and 8 (1-10 nM) were incubated with or without up
to a 50-fold molar excess of XIAP (10-560 nM range). Data are expressed as per
centinhibition, based on the average ratio of velocities (vi/vy) of three independent
experiments (mean * s.e.) performed in the presence (v;) or absence (vo) of GST-
XIAP. b, ¢, Representative progress curves are shown for caspase-3 (0.05 nM) and
caspase-7 (0.1 nM), respectively, in which XIAP was added at various concentra-
tions (nM) simultaneously with substrate (100 uM DEVD-AFC). d, GST-XIAP or

a —
5 b
50 L 400
0 Pl uptake o ef
s &=
2 ok v 2 300
@ 30 2
© { 2 200!
© 20 i bl
| >
§ [V < 100!
-
(=] 10 ¥ ’ g
0 eﬁ, 4 udl 00
O R & QO
s D o 2
PR

Figure 3 XIAP inhibits Bax-induced caspase-3 processing and cell death in 293T
cells. a, The percentage of dead (uptake of propidium iodide) and apoptotic
*hypodiploid DNA content) cells (mean =+ s.e. for 3 determinations) was deter-
mined 1 day after transfection of 293T cells with pcDNA3 (‘C’), pcDNA3-Bax,
pcDNA3-Myc-XIAP, or pcDNA3-Bax and pcDNA3-Myc-XIAP. ZVAD-fmk (50 uM)
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GST-CD40 on glutathione-Sepharose were tested for binding to active recombi-
nant proteases by immunoblotting. As a control, purified proteases (0.1 ug) were
run directly in the gel. e, f, GST-XIAP or GST-CDA40 fusion proteins immobilized
on glutathione-Sepharose were assayed by immunoblotting for binding to
caspase-3 (e) or caspase-7 (f) in untreated (‘control’) 293 cytosolic extracts or
after activation with cytochrome c. As a control, lysates (50 wg) were run directly in
gels. A nonspecific band detected by the caspase-7 antiserum in cell lysates is
indicated by a dot to distinguish it from the processed ~20K large subunit.
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(Bachem) was added immediately after Bax-transfection. Extracts were prepared
from transfected cells for either b, protease assay (DEVD-AFC cleavage activity;
expressed as relative fluorescence units, RFU), or ¢, immunoblot analysis of
caspase-3 processing. Different exposure was used for 32K pro- and 17K
processed caspase-3.
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stimulus for inducing apoptosis and caspase-3 activation. Pre-
viously Bax had been shown to induce mitochondrial permeability
transition (predicted to cause the release of cytochrome ¢) and
processing of caspases 3, 6 and 7 (ref. 19). Transfection of a Bax-
encoding plasmid into 293T cells caused an approximately 8—10-
fold increase in cell death (as measured by trypan-blue or
propidium iodide uptake) about an 8—10-fold increase in apoptosis
(as measured by DNA fragmentation) compared to control trans-
fected cells (Fig. 3a). In contrast, when Bax- and XIAP-encoding
plasmids were co-transfected, Bax-mediated cell death and
apoptosis were inhibited (P < 0.01; t-test). Immunoblotting con-
firmed that the Myc-tagged XIAP protein was expressed in the
expected transfected cells and verified that XIAP did not inhibit
production of Bax protein (not shown), implying that XIAP blocks
an event downstream of Bax. A Myc-tagged version of XIAP
containing only the BIR domains was as effective as the full-
length protein at suppressing Bax-induced apoptosis, whereas the
RING domain of XIAP was inactive (the percentages of apoptotic
cells, based on hypodiploid DNA content, were 11 = 1% (neo
control), 53 £ 2% (Bax), 15+ 0.5% (Bax+ XIAP), 18 = 1%
(Bax + BIRs), 47 £ 1% (Bax + RING)). The caspase-inhibiting
peptide zVAD-fmk also inhibited Bax-induced apoptosis in 293T
cells, consistent with a role for caspases in Bax-triggered cell death in
these cells.

Extracts prepared from Bax-transfected 293T cells also contained
much more caspase activity and processed caspase-3 than did
control transfected cells. In contrast, analysis of extracts from cells
co-transfected with Bax and XIAP revealed that XIAP markedly
inhibited Bax-induced generation of caspase activity (Fig. 3b) and
caspase-3 processing (Fig. 3¢). This suppression of caspase-3 pro-
cessing in cells (Fig. 3c) and cytosolic extracts in vitro (Fig. 1c)
implies that XIAP either blocks the activity of caspases upstream of
caspase-3 or that it prevents caspase-3-mediated processing of pro-
caspase-3.

We have described, to our knowledge for the first time, a
mechanism of action for an IAP-family protein: namely, inhibition
of active cell-death proteases. Although viral proteins such as CrmA
and p35 bind to and inhibit caspases, XIAP is the first cellular
protein identified with these characteristics. The extensive homol-
ogy shared by IAP-family proteins across evolution (particularly in
the BIR domains) suggests that other members of this family of
apoptosis-suppressing proteins also inhibit specific caspases.
Although apoptosis seems uniformly to require the participation
of caspases”™, the particular caspases necessary vary according to
cell-type and the stimulus triggering cell death®*’. Therefore, the
ability of each IAP family member to inhibit apoptosis may also
vary, depending on the cell and the stimulus involved. XIAP, for
instance, may be an effective inhibitor only of apoptotic stimuli that
depend on caspase-3 and/or caspase-7. Further experiments will
determine in which cell-types and under which apoptosis-stimulating
conditions XIAP effectively prevents apoptosis. O
Methods
Expression and purification of proteins. A XIAP-encoding cDNA was
obtained by RT-PCR using a first-strand cDNA derived from Jurkat cells as the
template and specific primers based upon Genbank accession number U32974
(forward primer, 5'-GGGAATTCATGACTTTTAACAGTTTTGAAGGAT-3';
reverse primer, 5'-CTCTCGAGCATGCCTACTATAGAGTTAGA-3'). The
PCR product was digested with EcoRI and Xhol, followed by ligation into
pcDNA3 (Invitrogen) containing an N-terminal Myc tag and into pGEX4T-1
(Pharmacia). Plasmid pGEX4T-1-XIAP was then introduced into an E. coli
strain BL21(DE3) harbouring the plasmid pT-Trx*. The GST-XIAP fusion
protein was prepared from the soluble fraction upon induction with 0.2 mM
IPTG at 30 °C for 3 h, affinity-purified using glutathione—Sepharose, and then
dialysed against PBS.

Full-length cDNAs encoding caspases 3, 6 and 7, and a cDNA encoding the
catalytic subunits of caspase-8 (Ser216 — Cterminus) were subcloned into
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PET vectors (Novagen), expressed in E. coli strain BL21(DE3)pLysS as Hiss-
tagged proteins, and purified as described'*'®". The preparation of recombi-
nant control proteins, GST-Bcl-2, GST-Bax, GST-CD40 cytosolic domain
and Hisg-S5a proteasome subunit, has been described* .

Enzyme assays. Caspase activity was assayed by release of 7-amino-4-
trifluoromethyl-coumarin (AFC) or p-nitroanilide (pNA) from YVAD- or
DEVD-containing synthetic peptides using continuous-reading instruments
as described”. Inhibition rates and equilibria were determined by progress
curves in which DEVD-AFC hydrolysis was measured using ~0.1 nM caspases
and a range of concentrations of rXIAP (0.1-12 uM). K; was calculated without
any assumption of the inhibitory mechanism, and therefore without adjust-
ment for the 0.1 mM DEVD-AFC substrate concentration'’. The specific
activities of the enzymes (k. /K,,) were estimated using Ac-YVAD-AFC for
caspase-1 and Ac-DEVD-AFC for all others, and ranged from 1.3 X

10'M~'s™! for caspase-8 to 1.3 X 10°M ~'s ™! for caspase-3 (Q. Zhou and
G.S.S., manuscript in preparation).

Preparation and induction of the cell-free apoptotic system. Cell extracts
were prepared as described®, but with several modifications, using 293
embryonic kidney or Jurkat T cells. Cells were washed with ice-cold buffer A
(20 mM HEPES (pH 7.5), 10mM KCl, 1.5mM MgCl,, 1 mM EDTA, 1 mM
DTTand 0.1 mM PMSF) and suspended in one volume of buffer A. Cells were
incubated on ice for 20 min and then disrupted either by passage through a 26-
gauge needle 15 times (293 cells) or Dounce-homogenized 15 times in 2 ml
buffer using a B-type pestle (Jurkat T-cells). Cell extracts (10—15mg total
protein per ml) were clarified by centrifugation at 16,000g for 30 min and the
NaCl concentration increased by 50 mM. For initiating caspase activation,
1 wM horse heart cytochrome ¢ (Sigma) and 1 mM dATP were added. Nuclei
were prepared from HeLa cells'® and stained with 0.1 g pl™" of acridine orange
or ethidium bromide.

Immunoblot analysis. Immunoblotting for caspases was done as described,
using 750 mM Tris/12% polyacrylamide gels, after normalizing cell lysates for
protein content”?. Antiserum specific for XIAP was prepared in rabbits using
a synthetic peptide NH,-CDAVSSDRNFPNSTNLPRNPS-amide (amino acids
241-261) conjugated to maleimide-activated keyhole limpet haemocyanin and
ovalbumin carrier proteins (Pierce).

Protein-binding assays. GST-XIAP (~3pg) or GST-CD40 (~6png)
immobilized on glutathione—Sepharose (5 pl) was added to 50-ul cytosolic
extracts (preincubated with or without 1 M cytochrome c and 1 mM dATP for
60 min at 30°C) or to purified caspases (0.5 g caspase 3, 6 or 7) in 100 pl
caspase assay buffer'® with 0.1% (w/v) BSA. After incubation at 4 °C for 60 min,
beads were removed by centrifugation and washed twice with 100 volumes of
50 mM Tris, pH 7.5, 150 mM KCI, 2mM DTT, 0.025% Triton-X100 before
SDS—PAGE and immunoblot assay.

Transfection of cultured cells. Subconfluent 293T cells were transfected in 6-
cm dishes using the calcium phosphate method with 1 pg pcDNA3-human-
Bax and either 9pg control plasmid pcDNA3 or pcDNA3-Myc-XIAP.
Transfection efficiency was 80-90% (based on X-gal staining following co-
transfection of pCMV-BGal). After culturing for 24 h, both the floating and
attached cells were collected and the percentage of dead cells was determined by
either trypan-blue or propidium iodide (PI) dye exclusion. Apoptotic cells
containing subdiploid DNA were quantified by FACS analysis of PI-stained,
ethanol-fixed cells. The remaining cell pellets were lysed in 10 mM HEPES,
pH 7.5, 142mM KCl, 1 mM EGTA, 1 mM DTT, 0.2% NP-40, 0.1 mM PMSF
and used for either immunoblot analysis or protease assay.
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Drosophila Mad binds to DNA
and directly mediates
activation of vestigial by
Decapentaplegic
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The TGF-3 (transforming growth factor-3)-related signalling
proteins, including Decapentaplegic (Dpp) in Drosophila and
bone morphogenic proteins and activin in vertebrates, affect the
growth and patterning of a great variety of structures. However,
the mechanisms by which these ligands regulate gene expression
are not understood. Activation of complexes of type I with type IT
receptors results in the phosphorylation and nuclear localization
of members of the SMAD protein family'~*, which are thought to
act as co-activators of transcription, perhaps in conjunction with
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sequence-specific cofactors'®. Here we show that the amino-
terminal domain of the Drosophila Mothers against dpp protein
(Mad), a mediator of Dpp signalling'' ', possesses a sequence-
specific DNA-binding activity that becomes apparent when car-
boxy-terminal residues are removed. Mad binds to and is required
for the activation of an enhancer within the vestigial wing-
patterning gene in cells across the entire developing wing blade.
Mad also binds to Dpp-response elements in other genes. These
results suggest that Dpp signalling regulates gene expression by
activating Mad binding to target gene enhancers.

In the Drosophila wing imaginal disc, the anteroposterior and
dorsoventral compartment boundaries are important signalling
sources, and inputs from both axes are required for appendage
formation'®. Growth and patterning along the anteroposterior axis
depends upon the sequential organizing activities of the Engrailed
(En), Hedgehog (Hh) and Decapentaplegic (Dpp) proteins'®".
Dpp acts as a morphogen from its source to organize wing
growth and anteroposterior patterning and to activate gene expres-
sion over a long range'” . The spalt (sal)® and optomotor-blind
(omb)* genes are expressed in nested patterns centred on and
extending up to 20 cell-diameters away from the stripe of Dpp
expression””” (Fig. 1a). The vestigial (vg) gene is even more broadly
expressed and is required in all cells of the developing wing (Fig. 1a).
Activation of vg is regulated by signals from both axes through
separate cis-regulatory elements that control complementary pat-
terns of gene expression*. The ‘boundary’ enhancer is activated
along the dorsoventral boundary through components of the Notch
pathway, whereas the ‘quadrant’ enhancer is activated in the
remainder of the developing wing blade (Fig. le) by Dpp as well
as a signal from the dorsoventral boundary™.

Because Mad is an intracellular signal transducer downstream of
Dpp receptors”'>'"*, we examined the requirement of Mad activity
for Vg expression in the wing imaginal disc in mitotic clones with
reduced Mad function. Homozygous clones for the strong Mad"*
allele in developing wing-blade cells had significantly reduced levels
of Vg expression and showed a growth disadvantage in comparison
with surrounding heterozygous or wild-type cells (twin spot) (Fig.
1b—d, arrows). In contrast, Mad'* clones along the dorsoventral
boundary did not show any changes in Vg expression levels (Fig.
1b—d, arrowheads). The different effects of the reduction of Mad
activity in dorsoventral boundary versus wing-blade clones is
explained by the different regulatory elements that control the
expression of the vg gene in these regions. Mad has no effect on
the Notch-dependent dorsoventral boundary enhancer, but the
quadrant enhancer required Dpp signalling* and Mad function.

To investigate whether Mad exerts a direct effect on vg transcrip-
tion, we tested whether Mad could bind specifically to the quadrant
enhancer. SMAD family members share highly conserved amino-
and carboxy-terminal domains, termed MAD homology regions 1
and 2 (MH1 and MH2)?, which are separated by a less conserved
proline-rich linker region. We found that the Mad MH1 plus linker,
expressed as a %}utathione S-transferase (GST) fusion protein
(designated Mad ™), bound DNA and protected a single interval
within the quadrant enhancer in a DNase I footprinting experiment
(Fig. 2a); GSTand the GST-MAD linker plus MH2 fail to bind DNA
(data not shown). The specificity of Mad binding to these protected
sequences was demonstrated by a gel mobility-shift assay (Fig. 2b).
A 39-base-pair double-stranded oligonucleotide of the vg quadrant
enhancer containing the Mad-protected region, the Q" probe, was
bound readily by Mad" (Fig. 2b, lane 2). A double-stranded
oligonucleotide in which 12bp of the Mad™ protected region was
replaced with two BglII restriction sites, the Q™ probe, was bound
with much lower affinity than the wild-type sequence (Fig. 2b, lane
7). Moreover, the Q™ mutant oligonucleotide did not compete as
efficiently as the Q" oligonucleotide with the **P-labelled Q* probe
(Fig. 2b, compare lanes 3 and 4 with lanes 5 and 6). These data
suggest that the binding of Mad" protein to the quadrant enhancer
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