our models; Arg'® is conserved betwen
HNP-3 and NP-3b, and in the HNP-3
crystal structure this Gu forms a hydrogen
bond with Thr'® (equivalent to Asp'® of
NP-3b). In each of our three hypothetical
membrane-bound models the Arg'® side
chain can be repositioned so that its meth-
ylene groups contact lipid tails while its Gu
group binds lipid head groups. Perhaps in
NP-3b the Arg'® Gu maintains a salt bridge
with Asp'® within the hydrophobic lipid
environment. Such intramembrane salt
bridges have precedence (32). Despite the
high degree of defensin sequence variation,
the flexibility of Arg side chains and plastic-
ity of the membrane suggests that the dif-
ferent defensins could all interact with mem-
branes in an identical manner.

All three of the hypotheses are consistent
with the observation that a membrane po-
tential is required for defensin activity (8, 9).
In the wedge model the net negative charge
on the inside of the cell drives the cationic
wedge into the bilayer. In the pore models
the potential is required to pull some of the
Arg side chains completely across the mem-
brane. All three models also rationalize the
observed biphasic binding kinetics (5), in
which the first step is predominantly electro-
static (Arg side chains with head groups)
and the second of a more hydrophobic
nature with lipid functions that are initially
cryptic (hydrophobic dimer surface with
lipid tails).

Defensin shares more in structural charac-
teristics with small toxins that act by binding
to specific receptor proteins than with other
lytic peptides. Defensin’s overall dimen-
sions, positive charge, B sheet, and disulfide
bonds are reminiscent of various snake, scor-
pion, and spider toxins (33) that function
not by permeabilizing the membrane, but by
binding molecules such as the acetylcholine
receptor. Although similar to these, the de-
fensin structure is quite different from other
membrane-permabilizing peptides. The con-
strained, disulfide cross-linked structure,
common to defensins and the small toxins,
may reflect a requirement to maintain a
stable and compact conformation to avoid
digestion by proteases.
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Cross-Regul

atory Interactions Between the Proneural

achaete and scute Genes of Drosophila

CARMEN MARTINEZ AND JUAN MODOLELL

The achaete (ac) and scute (sc) genes of Drosophila allow cells to become sensory organ
mother cells. Although ac and sc have similar patterns of expression, deletion of either
gene removes specific subsets of sensory organs. This specificity was shown to reside in
the peculiar regulation of ac and sc expression. These genes are first activated in
complementary spatial domains in response to different cis-regulatory sequences. Each
gene product then stimulates expression of the other gene, thus generating similar
patterns of expression. Therefore, removal of one gene leads to the absence of both
proneural gene products and sensory organs in the sites specified by its cis-regulatory

sequences.

HE CUTICLE OF DROSOPHILA CAR-
ries many sensory organs (SOs). The
achaete (ac) and scute (sc) genes are
necessary for cells to become sensory organ
mother cells (SMCs) (1). In the imaginal

discs that give rise to the adult epidermis, ac
and sc are expressed in groups of cells called
the proneural clusters, which delimit the
sites where SMCs will develop (2). Al-
though these genes are expressed in similar

REPORTS 1485
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type of construct (21). Clusters correspond to SOs that are thought to depend on ac or sc for

development.

patterns, they have very different cis-regula-
tory regions. The cis-regulatory region of s
is complex and extends for over 50 kb (3-5),
while that of ac is simpler and occurs within
0.8 kb upstream of the structural gene (3).
To analyze how ac-sc expression is regulated,
we have examined in wing imaginal discs of
transformed flies the expression of a lacZ
gene driven by different ac or sc promoter
fragments (Fig. 1).

A 3.7-kb sc promoter fragment drove lacZ
expression in SMCs of third instar wing
discs (6) (Fig. 2). However, it did not
induce expression in neighboring cells that
constitute the proneural clusters (2). Excep-
tions to this are the clusters associated with
the dorsocentral (DC) and posterior su-
praalar (PSA) macrochaetae precursors
(Figs. 2 and 3A). Hence, this promoter
fragment has sequences that allow specific s¢
activation in SMCs.

The 1.1- and 3.7-kb sc promoters frag-
ments, but not that of 0.27 kb (Fig. 1),
induced strong lacZ expression in five patch-
es on the wing primordium (Fig. 2, top
row). Although some patches encompassed
areas where wild-type sc is expressed [for
example, the presumptive third vein (patch-
es 1 and 3) and the base of the anterior wing
margin (2) (patches 4 and 5)], these patches
are much larger than the areas of wild-type sc
expression. This indicates that the promoter
fragments contain sequences for specific sc
activation in these regions of the wing disc,
although they lack other sequences that re-
strict it to the wild-type areas. Genetic data
have suggested the presence of control ele-
ments for wing sensilla in the s¢ promoter
4).

Expression mediated by the 3.7-kb sc pro-
moter fragment depended on endogenous ac
and sc. Removal of sc eliminated expression
in SMC:s that give rise to sc-dependent SOs

Centro de Biologia Molecular, Consejo Superior de
Investigaciones Cientificas and Universidad Auténoma
de Madrid, 28049 Madrid, Spain.
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(Fig. 2, sc™), probably because these cells do
not appear under these conditions. The
SMCs that remained corresponded to the
DC and PSA macrochaetae and the dorsal
and ventral HCV sensilla campaniformia, all
of which require ac for development (4, 7).
Removal of ac eliminated lacZ expression in
these cells (Fig. 2; ac™, positions marked by
arrowheads). Most importantly, the absence
of ac strongly decreased expression in the
DC-PSA clusters (Fig. 3A), which suggests
that ac promotes wild-type sc expression in
this region. In the absence of both ac and sc,
lacZ expression remained only in the wing
patches and weakly in the DC-PSA region
(Fig. 2).

The 0.8- and 3.8-kb ac promoter frag-
ments induced similar patterns of lacZ
expression in SMCs and their associated
clusters (Figs. 2 and 3A; SMCs are recog-
nizable because of their stronger staining).
The patterns of expression (Fig. 2) were
similar to those of the endogenous ac gene
(2). Activation of the ac promoter was also

Fig. 2. lacZ expression
driven by either the 3.7-
kb sc (sc-lacZ, top row)
or the 3.8-kb ac promot-
ers (ac-lacZ, bottom
row) in wild- (wt),
ac” (Dﬂuy“’gc%e“), sc”
(Df(1)sc% sc*®y, and ac™-
sc”  (In(1)sc'®!)  wing
discs; sc, dhev, vhev, np,
and apa correspond to
isolated SMCs, while dr
corresponds to a group
of SMCs [for nomencla-
ture see (22)]. The X-gal
stained cells appear arti-
factually enlarged. Ante-
rior wing margin (wm)
SMCs barely expressed
lacZ. Expression of the ac
promoter in the wing
pouch (wp), seeming to
reveal the presumptive

sc-lacZ

ac-lacZ -W
%

largely dependent on the endogenous ac and
sc genes. Thus, removal of ac eliminated
expression in SMCs that corresponded to
the ac-dependent SOs and decreased expres-
sion in the DC and PSA clusters (Figs. 2 and
3A; ac”, bottom row). The absence of sc
eliminated expression of lacZ in the comple-
mentary set of SMCs and associated clusters
(Fig. 2, sc”, bottom row). When both ac
and sc were eliminated lacZ expression was
still observed in the wing pouch, in an area
that covered the DC-PSA region, and in the
anterior part of the presumptive notum
(Fig. 2). These results suggest that many of
the sequences required for wild-type ac
expression in the wing disc are present in the
0.8-kb fragment.

Our findings indicate that ac stimulates
expression of the endogenous sc gene at a few
sites, while the reciprocal stimulation occurs
at many more sites. To confirm these interac-
tons, endogenous ac and sc mRNA distribu-
tions were examined in sc~ and ac” back-
grounds, respectively. Each mRNA was only
present in those sites where lacZ expression
appeared in the same genetic backgrounds
(Fig. 3B) (8). In an earlier study, the difficul-
ties associated with the interpretation of pat-
terns from disc sections prevented the detec-
tion of these modifications (2).

The above results suggest that the pat-
terns of expression of ac and sc are controlled
by the cis-regulatory sequences of both
genes. Indeed, these sequences direct tran-
scription of the respective gene in distinct
sites. Once activated, each gene stimulates
expression of the other, yielding overlap-
ping patterns of expression (displayed
graphically in Fig. 4). sc has a more complex
cis-regulatory region than ac. This difference
in complexity is consistent with sc initially

[

\ .

wing veins, was not observed with the ac mRNA; a and m show anterior and medial regions of the

presumptive notum. Bar, 100 pum (23).
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being expressed in more sites than ac. Be-
cause the Ac and Sc proteins are members of
the helix-loop-helix (HLH) family of tran-
scriptional regulators (9), the cross-stimula-
tion between ac and sc may be directly
mediated by their products, which may bind
to the reciprocal regulatory regions. In fact,
DNA binding assays in vitro revealed the
presence of several binding sites for sc and
other HLH proteins in the 0.8-kb region of
the ac promoter (10).

Expression of ac and sc is regulated at
several levels. First, each gene is activated in
distinct sites by as yet uncharacterized fac-
tors. Second, each gene regulates expression
of the reciprocal gene. Third, each gene
probably stimulates its own expression. In
the case of ac, the self-stimulation occurs in
the DC-PSA area. Moreover, generalized ac
expression in the Hairy-wing" mutant pro-

A wt ac”

sc-lacZ

ac-lacz %

motes ubiquitous expression of the 0.8-kb ac
promoter (11). Self- and cross-stimulation
of ac and sc may be interferred with by the
HLH proteins encoded by the hairy and
extramacrochaetae genes (12, 13), negative
regulators of the ac-sc functions (14, 15).
These proteins may complex with the Ac
and Sc proteins and alter their putative
DNA binding activities. In addition, sc and,
possibly, ac are specifically activated in
SMCs. In fact, SMCs have higher amounts
of ac-sc mRNA and protein than all the
remaining cells of the proneural cluster (8).
This regulation may be used to maintain
SMC commitment or to activate the devel-
opmental program for SO differentiation
(2). A similar function has been proposed
for MyoD in myoblast differentiation (16).

The phenotypes of ac and sc mutations
suggest that most SOs require either ac or sc
for development (7), while other data indi-
cate that the same SOs are not specific for
either gene product (3, 17-19). Our results
propose an explanation for this paradox.
That is, ac and sc mutations primarily inter-
fere with the expression of the respective
gene, but due to their cross-stimulation the
expression of both genes is affected. There-
fore, the absence of an SO that appears to
depend on one of these genes can be due to
the loss of either Ac, Sc, or both gene
products. This agrees with the observation

Flg. 3. Presumptive notum region of wild-type and
different mutant discs that show ac-sc cross-regula-
tion and ac self-stimulation. (A) lacZ expression
driven by the 3.7-kb sc (sc-lacZ, top row) or the
3.8-kb ac (ac-lacZ, bottom row) promoters in the
central area of the presumptive notum of wild-type
(wt) and ac™ (Df{1)y**sc®®) wing discs. The area
shown corresponds to the sites where the DC,
PSA, APA macrochaetae, and sensilla trichoidea
(ST) precursors arise. In the bottom row, arrow-
heads indicate SMCs. Bar, 20 pm. (B) Distribution
of ac mRNA in the presumptive notum region of a
wild-type and sc™ (Df{1)sc®tsc*®) wing disc. The
absence of sc abolished ac expression, except in the
DC cluster. There was no expression in the PSA area;
this occurs in younger discs (8, 11), but the stability
of B-gal allows its detection in mature discs (Figs. 2
and 3A). Apparent general labeling in upper part of
pictures corresponds to nonspecific staining of the
peripodial membrane. Bar, 20 um (24).
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Fig. 4. Model for generating similar patterns of ac
and sc expression. Top, ac in response to its
cis-regulatory sequences (open rectangle) is ini-
tially expressed in a small number of sites (open
patches on left wing disc). sc, driven by more
complex regulatory sequences (filled rectangles) is
expressed in a larger number of sites (right disc).
ac and sc are expressed in different sites, which
suggests they have different regulatory sequences.
Bottom, cross-activation between ac and sc allows
expression of both genes in all sites (hatched
patches in bottom disc).

that sc can promote development of SO
previously thought to be ac-dependent (3,
17-19).
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