
thin-layer chromatography of EtOH ex- 
tracts from seeds (12). Second, the saponin 
antagonist, cholesterol (13), added to the 
chick diet at 1%, reversed the growth inhi- 
bition of S .  bigelovii meal. Third, soaking 
the seeds in 1% NaOH before meal extrac- 
tion deactivated the anti-growth factor or 
factors, similar to the finding of saponin 
detoxification by NaOH treatment in Ko- 
chia seeds (14). The unamended meal may 
be suitable for swine or ruminants that are 
less sensitive to saponins than poultry (15). 

The areas of greatest demand for oilseed 
imports (16) coincide with some of the 
greatest expanses of subtropical coastal des- 
ert (17). Salicornia bigelovii appears to be a 
potentially valuable new high-yielchng 
oilseed crop for these regions, yielding a 
vegetable oil high in unsaturated fatty acids, 
which is amenable to commercial oilseed 
extraction methods. 
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Characterization of a Dimerization Motif in AP-2 and 
Its Function in Heterologous DNA-Binding Proteins 

The mammalian transcription factor AP-2 is a retinoic acid inducible sequence-specific 
DNA-binding protein that is developmentally regulated. In this report, the functional 
domains necessary for AP-2 DNA binding were studied. AP-2 required a dimerization 
domain and an gdjacent region of net basic charge to achieve a sequence-specific 
protein:DNA interaction. The sequences responsible for dimerization consisted of two 
putative amphipathic alpha helices separated by a large intervening span region. This 
helix-span-helix (HSH) domain was unable to bind DNA when separated from the 
basic region, but was still capable of dimerization. The ability of the HSH domain to 
function as a module that promotes DNA binding through dimerization was fuaher 
demonstrated by attaching it to the heterologous basic region of the c-Jun proto- 
oncogene product. The resulting chimeric protein specifically recognized an AP-1 
DNA-binding site in the absence of an intact c-Jun leucine repeat and in a manner that 
was dependent on the presence of a functional AP-2 dimerization domain. 

S EQUENCE-SPECIFIC DNA-BINDING ing myoD, E12, TFE3, achaete scute, 
proteins provide a fundamental mech- daughterless, and AP-4 (8). 
anism for the regulation of transcrip- The mammalian transcription factor AP-2 

tion. Analysis of these proteins has indicated binds to a cyclic adenosine monophosphate 
that they are often modular in nature, con- (CAMP) and phorbol ester inducible se- 
taining separate domains for DNA binding quence motif found in the cis-regulatory 
and transcriptional activation (1). Several regions of several viral and cellular genes (9). 
transcription factors also possess dimeriza- The concentration of AP-2 is regulated tem- 
tion domains, which are essential for DNA porally and spatially during development 
binding and may modulate the activity of &d is induced by retinoic a i d  treaGent of 
the protein via complex formation (2). Re- teratocarcinoma cells (10, 11). AP-2 con- 
cent studies have indcated the importance tains a COOH-terminal region of -200 
of amphipathic a-helices for thesehrotein: 
protein interactions. Members of the bZIP 
family of proteins, including c-Jun, c-Fos, 
and WEBP, dirnerize via a single amphi- 
pathic a-helix (2-7) that has a heptad repeat 
of leucine residues on one face of the helix 
("leucine zipper"). An alternative arrange- 
ment that Dromotes dimerization consists of 

amino acids that is responsible for both 
DNA binding and dimerization of the pro- 
tein in solution (12). The AP-2 DNA-bind- 
ing region is organized in a manner similar 
to basic region-leucine zipper (bZIP) and 
HLH proteins, with a stretch of net basic 
charge adjacent to an area that is predicted 
to have an a-helical structure (Fig. 1'). Ex- \ . ,  , 

two putative amphipathic helices separated amination of this potentially helical region 
by a short loop of 10 to 25 amino acids. This reveals the presence of two amphipathic 
helix-loop-heiix (HLH) motif is found in a a-helices separated by a span of -80 amino 
number of DNA-binding proteins, includ- acids (Fig. 2). 

To determine the contribution of this 
Howard Hughes Medical Institute, Department of Mo- predicted helix-span-helix (HSH) structure 
lecdar and Cell Biology, University of California at to protein:protein interaction, we construct- 
Berkeley, Berkeley, CA 94720. ed a series of internal deletion mutants with- 
*To whom correspondence should be addressed. in the DNA-binding domain. The ability of 
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these mutants to mmgnk an AP-2 binding 
site was then compared to the wild-type 
(wt) AP-2 protein with an elecaophoreCc 
mobity shift assay (EMSA). The wt protein 
produced a pcotein:DNA complex of slow 
mobility, while an NH,-terminal deletion 
(AN165), which retained the ability to bind 
to DNA and dimecize (12), produced a 
faster migrating species (Fig. 1A). In con- 
trast, none of the intemal deletions in the 
basic and a-helical regions were able to 
generate a protein:DNA complex, confirm- 
ing the importance of the entire region for 
DNA binding. We also d whether 
these proteins could interact with DNA in 
conjunction with AN165. When the wt and 
the AN165 mutant proteins were cotrans- 
lated, a band of inmmediate mobiity was 
produced upon addition of DNA (Fig. lA), 
indicating the presence of a hctecomecic 
complex. In contrast, a deletion of five ami- 
no acids in the first potential amphipathic 

a-helix eliminated the ability of the p& 
to bind to DNA either alone or with AN165 
(INT 292C298; Fig. 1A). An identical result 
was produced by a deletion of four amino 
acids in the second helix (INT 3 M 9 5 ) .  
However, a protein that contained a dele- 
tion of 19 amino acids in the span region 

internal deletions in the HSH domain 
formed a stable homodimer. We also tested 
whether the mutant proteins could associate 
with the nonnal dhmization domain pre- 
sent in the AN165 protein. The wt and 
AN165 proteins produced a complex that 
was inmmediate in size (80 kD) when they 
were coaanslated, but not when mixed after 
translation. However, the corresponding 
h e t d c  complex was not produced by 
proteins that contained deletions in the 
a-helical regions, indicating that thcy were 
not able to dimerize with AN165. In con- 
trast, cotranslation of AN165 with INT 
363IR385, which contained a deletion in 
the span region, generated a heteromeric 
complex, demonmating that this mutant 
retained the amino acid sequences necessary 
tbr dimerimtion in solution. This conclu- 
sion is in agreement with the results ob- 
tained with EMS& which indicated that the 
span deletion formed a heteromeric complex 
with AN165 in assodation with DNA (Fig. 
1A). The INT 165/216 mutant, which con- 
tained a deletion in the basic region, did not 
produce a heteromeric DNA-binding com- 
plex with AN165 (Fig. 1A) but dimaized 
with AN165 in solution (13). These findings 
indicate that dhmization with a functional 
AN165 monomer is not d c i e n t  to fbrm a 
D N A - b i g  complex. Therrfbre, al- 
though both INT 363IR385 and INT 
165/216 were capable of dimechation, only 
the forma is likely to retain the sequences 
pertinent to sequence-specific DNA recog- 
nition. 

These results suggest that the AP-2 
dherkation domain has a bipartite HSH 
structure (Fig. 2). The ability of this HSH 
domain to dim& was d is~pted by the 
mutations in INT 292L298 and AN292, 
which i m p i i  upon the NH,-terminal 
a-helix, and by the mutations in INT 
390/395 and AC390, which altered the 
COOH-terminal a-helix (Fig. 2A) (12). 
Furthennore, the substitution of a proline in 
either of these potential helices greatly re- 
d& DNA b i g  (13). These two helices 
are separated by a large span of amino acids 
that may atkt stabity of the dimer, but 
which may not be esxntial for dimer &ma- 
tion. Indeed, the finding that a span deletion 
mutantcanstillh-withanin- 
tact HSH motif indicates that this region 
must be quite flexible to enable correct 
alignment of surfaces responsible for pro- 
tein:~& interactiom. 

The AP-2 HSH motif does not contain 
any sequence similarity to the leucine repeat 
or HLH dimerization domains (Fig. 2B). 
M o m e r ,  the AP-2 HSH domain encom- 
passes more than 120 amino acid residues 
and is approximately twice as largc as these 
other sauctures. In particular, the HLH 

rrtained the ability to produce a hetero&c 
D N A - b i g  complex with AN165 pro- 
tein, but was incapable of DNA binding on 
its own (INT 363IR385). This observation 
suggeas'that the span deletion mumnt is 
unstable as a homodimer, but is comple- 
mented by a normal AP-2 DNA-binding 
domain. 

To determint dicecdy if the mutants in 
the HSH region atkted the abiity of the 
proteins to dimcrize, we pecfbrmed cross- 
linking expekxmts in the absence of DNA. 
Proteins were translated in vim and cross- 
linked with gluoualdehydc. The wt and 
AN165 mutant prohins both yielded h e r -  
ic products upon crosslinking, indicating 
that these proteins exist as dimers in solution 
(Fig. 1B) (12). In contrast, none of the 

Fig. 1. Saqug~c analysis o f  the AP-2 dimaiza- 
tion domain. (A) EMSAs pcrfbnmd with mutant 
prac ins .Bomwn:schan?t ic~t ion~fwt  
AP-2 and the ddction mutants. AP-2 is qrtsem- 
ed by a box, with the shaded area h d k a ~ g  the 
sequences nccmary for DNA b d h g .  The des- 
ignation AN165 indicates that the N H 2 - ~  
165 amino acids have been deleted. For the 
internal deletion mutants (INT), the first and 
sccondnumberretktothelastvninoacidprtsem 
W r e  the deletion and the first amino acid pre- 
sent a k  the deletion, respectively. The IR pre- 
sent in 363IR385 indicates that an isoleucine (I) 
and arginine (R) were introduced a the site of 
deletion. The "f' means that no exuaneous amino 
acids were introduced upon deletion. Top: EMSA 
performed with AP-2 deletion mutants, as indi- 
cated above each lane. Proteins were translated in 
vim either in the prrscnce (+) or absence (-2 of 
the AN165 mutant and incubated with a 2P- 
labeled AP-2 DNA-billding site oligonucleotide. 
Thepositionsofhomodimmandhetedhm 
are indicated. The free probe runs a considerable 
distance From the shifted products and is not 
shown. (6) Glddehyde  cross-linking of the 
AP-2 HSH mutant proteins. P r 6  were trans- 
lated in vim in the presence of [35S]Met, cross- 
linked with gtutaraldchyde, separated by SDS- 
polyacry~ami~e gel el&pho&is (SDS~PAGE) 
and visualized bv autora-v. The con- 
structs anal+ ak indicandVab& each paml. 
-, Prorein cross-linked on in own; CO, the tm, 
ppteins were cotranslatcd, MIX, the protein was 
mixed with AN165 after separate translation (19); 
AN165, results obtained by cross- AN165 
itself. The arm-linked homodimen and het- 
eldllKmare*byarrows,exceptforthe 
AN165 lwnmdmers, which are bracketed. To 
obrain better resolution of the higher molecular 
size forms. the monomers are not shown on these 

INT : 
7 

gels. Dupficate samples indiated that all proteins 
were m t  in auivalent amounts 113). Plasmid 
c&cts and mrrskhods were as d&a&d (20). 
The abiity of AN165 to dime& with the wt 
protein was reported (12) and serves as a positive 
conml in dKse cxpetimcms. 
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proteins have an intervening region between 
the two predicted helices of only about 10 to 
25 amino acids, but AP-2 contains over 80 Actlvat~on Bas~c L-~epeat  
amino acids in the span region. However, 
AP-2 has an overall organization that is c - J U ~  

cimilw to bZIP and HLH proteins, I~OQQCCP- 

I NH,-ter 
nt dimerizati C - J U ~  r 

te sequer 
report and (12)l .  Analysis ( 

JU~LOHSH NRIAAS IMV ILP 

and HLH proteins indicates 
regions of net basic charge 
determinants of DNA bindin 

(4-6, 14-1 7). If the 
-egions present in thc 
DNA-binding dom 

dent hctional modules, we should be able 
to exchange the dimerization domain from 
one of these proteins with the basic region 
of another to generate a novel DNA-bind- 

~olecule. 'I 
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the c- Jun basic region to generate a series of 
chimeric proteins that contained none, one, 
or two leucines of the five normally present 
in the c-Jun leucine repeat (Fig. 3A). These 
proteins were then tested with the EMSA 
for their ability to bind to DNA. Chimeras 
with the AP-2 HSH that contained either 
no leucines (JunLOHSH) or one leucine 
(JunLlHSH) from c-Jun failed to bind to 
DNA (Fig. 3B). In contrast, the 
JunL2HSH protein, which possesses two 
leucines from the c-Jun repeat, had the 
binding specificity of intact c-Jun. This chi- 
meric protein bound to an oligonucleotide 
that contained the AP-1 site, but not to one 
with an AP-2 site. In order to verify the 
DNA binding specificity of the hybrid con- 
struct, the chimeric protein was expressed in 
Escherichia coli and tested in a deoxyribonu- 
cleasease I (DNAse I) footprinting assay on 
the human metallothionein IIa promoter 
(Fig. 3C). Comparison of the footprints of 
c-Jun, JunL2HSH and AP-2 indicated that 
JunL2HSH exhibited a DNA binding spec- 
ificity almost identical to c-Jun. 

The DNA binding ability of the 
JunL2HSH chimera was further analyzed 
by truncating the protein at the junction 
between the c-Jun and AP-2 sequences 
(JunL2HSHSca; Fig. 3, A and B). This 
shorter protein failed to bind to DNA, 
indicating that two leucines from the repeat, 
combined with adjacent linker sequences, 
were not sufficient for DNA binding. Fur- 
thermore, the presence of a proline and 
glycine in the AP-2 sequence immediately 
adjacent to the junction makes it highly un- 
likely that a helical region that extended 
through the joint was responsible for dimer- 
ization independent of the AP-2 HSH motif. 

Direct evidence that the JunL2HSH pro- 
tein was forming dimers via the AP-2 HSH 
sequences was obtained by mutating the 
HSH dimerization motif. The deletion of 
four amino acids in the second helix of the 
HSH destroyed the ability of AP-2 to 
dimerize and bind to DNA (Fig. 1; 
INT390/395). In a similar manner when 
this mutation is introduced into 
JunL2HSH, it also precluded binding of the 
fusion protein to DNA (JunL2HSX; Fig. 
3). Coirnrnunoprecipitation experiments 
confirmed that the JunL2HSX protein was 
incapable of dimerizing through the AP-2 
HSH motif, while the JunL2HSH chimera 
could form a heterodimer with AP-2 (13). 
These results are summarized schematically 
(Fig. 4). The data indicate that dimerization 
of the JunL2HSH chimera through the 
AP-2 HSH domain is essential for the pro- 
tein to bind the AP-1 site. Furthermore, in 
the wild-type c-Jun protein, the two mono- 
mers of the leucine repeat are aligned in a 
parallel orientation upon dimerization (4). 

Therefore, because the basic region of the 
JunL2HSH chimera can contact DNA cor- 
rectly, the two monomers of the AP-2 HSH 
must also align in this parallel orientation. 
Finally, because the deletion of four amino 
acids in the second helix abolished binding 
to AP-1 and AP-2 sites, for the JunL2HSH 
and AP-2 proteins, respectively, it is likely 
that this region of the HSH domain is 
involved solely in dimerization and not in 
protein: DNA contact. 

The JunLlHSH protein also formed het- 
erodimers with AP-2 (13). Therefore, al- 
though JunLlHSH contained the c-Jun ba- 
sic region and can form dimers, it was 
incapable of binding to DNA, in contrast to 
JunL2HSH (Fig. 4). The generation of a 
fully functional molecule apparently requires 
the correct apposition of amino acid se- 
quences that are spatially constrained by 
specific protein:protein and protein:DNA 
interactions. Comparison of the JunLlHSH 
and JunL2HSH may suggest that some 
component of DNA recognition is present 
in the first seven amino acids of the leucine 
repeat. However, these sequences can be 
mutated in both c-Jun and in the related 
c-Fos protein with no effect on DNA bind- 
ing specificity (5-7). In addition, for the 
bZIP protein GCN4 only the basic se- 
quences are necessary for sequence-specific 
DNA binding (17). Therefore, we favor a 
model in which the presence of two leucines 

DNA Dimer 
binding formation 

LZHSH 
Sca 

Jun 
LZHSH 

+ + 

Jun 

Fig. 4. Summary of the DNA-binding and dimer- 
ization properties of the c-Jun-AP-2 fusion pro- 
teins. DNA binding refers to sequence-specific 
binding to an AP-1 site. Dimer formation is based 
on evidence that bZIP proteins containing all five 
leucines from the repeat can dimerize, whereas 
truncations with two leucines cannot (4-6). In 
addition, with respect to the c-Jun-AP-2 fusion 
proteins, the capability of homodimer formation 
is inferred from the ability or inability to form 
heterodimers with AP-2. The DNA is represented 
by the striped oval. The other structures are 
equivalent to those shown in Fig. 3A. 

from the c-Jun repeat allows the dimeriza- 
tion domain to a 1 6  the basic regions cor- 
rectly with respect to the AP-1 binding site. 
In contrast, a single leucine is incapable of 
correctly forming the hinge region between 
the basic region and dimerization domain, 
possibly because it cannot maintain the nec- 
essary protein:protein interaction (Fig. 4). 
This hypothesis is consistent with the scis- 
sors grip model of DNA binding proposed 
for leucine repeat proteins, which predicts 
that sequences that correspond to the hinge 
region must maintain the correct helical 
register for the basic region to contact DNA 
effectively (1 6, 18). 
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Molecular Nature of the Drosophila Sex 
Determination Signal and Its Link to Neurogenesis 

In 1921 it was discovered that the sexual fate of Drosophila is determined by the ratio 
of X chromosomes to sets of autosomes. Only recently has it been found that the X 
chromosome to autosome (X:A) ratio is communicated in part by the dose of 
sisterless-b (sis-b), an X-linked genetic element located within the achaete-scute complex 
of genes involved in neurogenesis. In this report, the molecular nature of the primary 
sex determination signal and its relation to these proneural genes was determined by 
analysis of sis-b+ germline transformants. The sis-b+ function is confered by protein 
T4, a member of the helix-loop-helix family of transcription factors. Although T4 is 
shared by sis-b and scute-a, the regulatory regions ofsis-b, which control T4 expression 
in sex determination, are both separable from and simpler than those of scute-a, which 
control T4 expression in neurogenesis. Dose-sensitive cooperative interactions in the 
assembly or binding of sis-dependent transcription factors may directly determine the 
activity of the female-specific promoter of Sex-lethal, the master regulator of sexual 
development. In this model there is no need to invoke the existence of analogous 
autosomal negative regulators of Sex-lethal. 

T H E  SOMATIC SEXUAL FATE OF THE 

fruit fly is determined by the dose of 
at least two X-linked sisterless loci 

(sis-a and sis-b) and by the interactions of 
these genes with their regulatory target Sex- 
lethal (Sxl) (1). Sxl is a female-specific gene 
that coordinates all aspects of sexual differ- 
entiation including the vital process of X 
chromosome dosage compensation. In- 
creases in sis gene dose increase the proba- 
bility that a cell will express the female- 
specific sex determination and dosage 
compensation activities of Sxl, while de- 
creases have the converse effect. What fea- 
ture of the sis genes allows them to serve as 
indicators of the X chromosome to auto- 
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some (X:A) ratio? How does Sxl reliably 
distinguish the twofold difference in sis gene 
dose that defines the chromosomal sex of the 
fly? Is the role of the sis genes in develop- 
ment limited to sex determination? The an- 
swers to these questions are fundamental to 
understanding how sexual dimorphism is 
controlled in Drosophila and how that con- 
trol has evolved. 

The location of sis-b within the extensively 
studied achaete-scute complex (AS-C) (1, 2) 
has facilitated analysis of the sex determina- 
tion signal. At the same time, it has raised 
the question of how a sex determination 
signal element might be functionally related 
to a gene complex that is directly involved in 
the development of the peripheral nervous 
system (3). The AS-C is composed of a few 

small transcription units flanked by an enor- 
mous amount of regulatory DNA (4-7) 
(Fig. 1). The initial characterization of sis-b 
indicated that most, but not all, sis-b activity 
mapped to a 22-kilobase (kb) portion of the 
complex that contains the transcription unit 
(T4) of the scute-cx(sc-a) gene (1). Subse- 
quent genetic analyses of point mutations in 
the protein coding region of T4 suggested 
that the protein product of this gene partic- 
ipates in the sex determination functions of 
sis-b (2), although the picture was clouded 
by the variable, and sometimes surprisingly 
weak, sis phenotypes of lesions that elirni- 
nated T4 protein activity. Here we use P 
element mediated transformation with ge- 
nomic sir-b DNA to address the question of 
how the sex determination signal in Droso- 
phila is related to neurogenesis and whether 
a sis-b encoded protein is part of that signal. 

Three constructs that contained the intact 
T4 transcription unit with varying amounts 
of flanking genomic DNA (Fig. 1) were 
found to have sis-bc activity by the criteria 
listed in Fig. 2 (8). The T4+ transgenes 
complemented the female-specific, tempera- 
ture-sensitive lethal allele sis-bS"-' (Table 
1A). Of the 14 lines tested, only P[B5]21 
failed to fully complement the sis-b muta- 
tion, and even it rescued most of the mutant 
females. The ability of extra copies of one sis 
locus to partially compensate in females for 
decreases in the activity of another sis locus 
is a distinguishing feature of these genes. 
The P[B5]T4+ transgenes displayed this 
additive behavior, rescuing females that car- 
ried a partial loss-of-function sis-a point 
mutation over a deletion of the sir-a locus 
(Table 1B). This test demands much higher 
sis-bc activity than the sis-bK3-' complemen- 
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