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Drosophila AP-1 consists of two proteins (dFRA and dJRA) that have functional and structural properties in 
common with mammalian Fos and Jun proto-oncogene products. Here, we report the isolation and 
characterization of cDNAs encoding the full-length dFRA and dJRA proteins. The predicted amino acid 
sequences reveal that both proteins contain a bipartite DNA-binding domain consisting of a leucine repeat and 
an adjacent basic region, which are characteristic of members of the AP-1 family. By using protein translated in 
vitro or expressed in Escherichia coli, we demonstrate that dFRA, in contrast to the mammalian cFos proteins, 
recognizes the AP-1 site on its own and activates transcription in vitro in the absence of dJRA or Jun. 
Heteromeric complexes formed between dFRA and dJRA bind the AP-1 site better than either protein alone, and 
the two proteins activate transcription synergistically in vitro. In the developing embryo, dFRA mRNA is first 
expressed in a limited set of cells in the head and is later restricted to a subset of peripheral neurons, several 
epidermal cells near the muscle attachment sites, and a portion of the gut. In contrast, dJRA appears to be 
uniformly expressed at a low level in all cell types. These results indicate that dFRA is a developmentally 
regulated transcription factor and suggest that its potential interplay with dJRA plays an important role in cell- 
type-specific transcription during Drosophila embryonic development. 
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A knowledge of the normal functions of proto-oncogenes 
in cell growth and differentiation and the mechanisms 
by which they act are central to an understanding of on- 
cogenesis. Drosophila has been particularly useful for 
discerning the normal roles of proto-oncogenes in devel- 
opment. A number of Drosophila proto-oncogene ho- 
mologs, such as src, ras, erb-B, rel, and int-1, display 
cell-type-specific expression or have been shown to af- 
fect certain developmental stages. In some cases, a cor- 
responding mutation in the gene has been isolated, en- 
abling the unambiguous identification of the biological 
processes in which these proto-oncogenes are involved 
(for review, see Adamson 1987; Bender and Peifer 1987; 
Shilo 1987; Steward 1987; Bishop and Corces 1988; 
Schejter and Shilo 1989). 

A wealth of evidence, accumulated from studies of a 
variety of organisms, indicates that the products of 
proto-oncogenes fulfill their biological functions by par- 
ticipating in different, stages of signal transduction, 
thereby governing the ability of cells to respond to ex- 
ternal cues. For example, many proto-oncogene products 
have been shown to transmit signals via protein phos- 
phorylation and are either receptors, such as Erb-B, or 
membrane-associated cytoplasmic proteins, such as the 
src gene product. Some membrane-associated oncopro- 

teins, such as those of the Ras family, hydrolyze GTP, 
triggering a cascade of subsequent regulatory events. 
Other oncoproteins, such as Myc and Fos, are localized 
in the nucleus and have been implicated in gene regula- 
tion (Curran and Franza 1988; for review, see Hanley 
1988). 

The transient expression of Fos is one of the earliest 
known responses to numerous external stimuli, such as 
TPA, and serum and calcium ionophores, which activate 
distinct pathways in both differentiated and nondiffer- 
entiated cell types. In addition, Fos has been found to be 
associated with chromatin. These results originally sug- 
gested that Fos was a nuclear target for signal transduc- 
tion whose transient induction triggered the expression 
of specific genes. The expression of Fos has also been 
observed in a spatially restricted fashion during mouse 
embryonic development and appears to be associated 
with differentiating tissues (for review, see Adamson 
1987}. 

It had long been observed that cellular Fos was com- 
plexed with a protein designated p39 (Curran and Teich 
1982). The findings that p39 is the Jun oncoprotein 
(Rauscher et al. 1988b) and that Jun is a member of the 
transcription factor AP-I family (Bohmann et al. 1987) 
provided the first convincing link between signal trans- 
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duction by proto-oncogene products and transcriptional 
activation. The mammalian AP-1 family is now known 
to consist of multiple proteins [such as Fos-related an- 
tigens (FRAs), FosB, JunB, and JunD (Ryder et al. 1989; 
Zerial et al. 1989 and references therein)] that are related 
to Fos and Jun by virtue of their recognition of the AP-1- 
binding sequence, TGACTCA, which can also act as a 
TPA- and serum-inducible enhancer element (Lee et al. 
1987). 

It is likely that all members of the AP-1 family influ- 
ence gene expression via their interactions with the 
AP-1 site. However, recent evidence indicates that Fos 
and mammalian Fos-related proteins must form hetero- 
dimeric complexes with Jun to recognize the AP-1 site. 
Their inability to bind the AP-1 site on their own has 
been attributed to the observation that they are not able 
to form homodimeric complexes, at least in vitro. Jun, 
however, can form a homodimeric complex and recog- 
nizes the AP-1 site on its own (Halazonetis et al. 1988; 
Rauscher et al. 1988a). The formation of these com- 
plexes is dependent on the integrity of the leucine repeat 
motifs that are structural features of both Fos and Jun 
proteins (Kouzarides and Ziff 1988; Landschulz et al. 
1988; Gentz et al. 1989; Ransone et al. 1989; Turner and 
Tjian 1989). 

There is no evidence thus far that Fos or Fos-related 
proteins can act directly as transcription factors in vitro, 
although transient transfection assays suggest that Fos 
and Jun together generally result in stronger activation 
of transcription than Jun alone (Chiu et al. 1988; Sas- 
sone-Corsi et al. 1988; SchCnthal et al. 1988). Thus, Fos 
apparently plays an active role, directly or indirectly, in 
the transcription reaction, despite its inability to recog- 
nize the AP-1 site specifically. Because it is likely that 
the coordinated activity of the two proto-oncogenes 
plays a significant role in transcriptional activation, it is 
important to understand the mechanism by which they 
act. The most direct strategy for determining the mecha- 
nism of Fos activity is by reconstituting transcription in 
vitro by using purified protein. However, the purifica- 
tion of l:os has been problematic because the native 
mammalian Fos proteins do not recognize the AP-1 s i te .  

Drosophila AP-1 consists of two proteins that are re- 
lated to Fos and Jun by their biochemical properties 
(Perkins et al. 1988). These proteins have been desig- 
nated Fos- and Jun-related antigens (dFRA and dJRA) be- 
cause they cross-react with antibodies to Fos and Jun. As 
a first step toward biochemical and genetic characteriza- 
tion of these proto-oncogene products, we have cloned 
the genes encoding them and find that they p o s s e s s  

structural motifs in common with their mammalian 
counterparts. Using protein expressed in Escherichia 
coli and purified subsequently by DNA affinity chroma- 
tography, we examined the transcriptional activation 
properties of the Drosophila Fos- and Jun-related pro- 
teins, singly and in combination. These studies reveal 
that dFRA, although structurally similar to Fos, partici- 
pates in the transcription reaction by a unique mecha- 
nism of action. The presence of Fos- and Jun-related on- 
coproteins in the Drosophila embryo suggests that they 

may exhibit temporal or tissue-specific expression con- 
sistent with a role in embryonic development. We have 
therefore used in situ hybridization to analyze the spa- 
tial expression of these genes. Our results suggest that 
dFRA may play a role in the function or determination 
of a particular subset of cells in the developing embryo 
and that, in contrast to mammalian Fos, it is able to 
carry out its function either independently of or in con- 
junction with a Jun-related protein. 

R e s u l t s  

Isolation of cDNAs encoding Drosophila AP-1 proteins 

To study the biochemical properties of dFRA and djRA 
and to determine their expression patterns in the devel- 
oping embryo, we isolated the cDNAs encoding these 
proteins. Our initial attempts to isolate Fos and Jun rela- 
tives by cross-hybridization were unsuccessful. There- 
fore, we purified sufficient quantities of dFRA and dJRA 
proteins (-3 pog of each) from Drosophila embryos (750 
grams) according to the purification scheme described 
previously (Perkins et al. 1988), and determined the se- 
quences of several tryptic peptides (as described in Mate- 
rials and methods). From this information, we designed 
oligonucleotides that were used to screen various cDNA 
and genomic libraries. By this approach, we obtained the 
full-length dFRA and dJRA cDNAs (Fig. 1A, B). A single 
dJRA cDNA was isolated from -700,000 clones in a li- 
brary prepared from embryos harvested between 9 and 
12 hr of development. To obtain the dFRA cDNA, we 
first isolated a fragment of the dJRA gene from a ge- 
nomic library and then used this fragment to probe a 
cDNA library prepared from embryos between 3 and 12 
hr of development (as described in Materials and 
methods). 

The various Drosophila cDNAs were subcloned from 
phage ~ into Bluescript-SK to generate dFRA-SK and 
dJRA-SK, which were then sequenced (Fig. 1). Within 
the predicted amino acid sequences of dFRA and dJRA, 
the tryptic peptides obtained previously were identified 
(Fig. 1). The dFRA-SK cDNA is 3652 bp in length and 
contains an open reading frame (ORF) of 1785 bp that 
encodes a protein of 595 amino acids. The dJRA-SK 
cDNA is 1178 bp in length and contains an ORF of 867 
bp that encodes a protein of 289 amino acids. 

By using the Drosophila AP-1 cDNAs as probes, we 
have localized the dFRA and dJRA genes to the regions 
99B(9-10) and 46E, respectively, on polytene chromo- 
somes (data not shown). Although, the 46E region has 
not been well characterized, the claret gene is within 
99B; Yamamoto et al. 1989, and Southern blot analysis 
has demonstrated that this gene lies within 12 kb of 
dFRA (data not shown). 

Both dFRA and dJRA proteins share structural features 
with their mammalian AP-1 counterparts. The sequence 
of dFRA resembles that of Fos, and the sequence of dJRA 
resembles that of Jun. For example, the Fos basic domain 
responsible for enhanced DNA binding of Fos-Jun com- 
plexes (Bohmann and Tjian 1989; Turner and Tjian 

GENES & DEVELOPMENT 823 

 Cold Spring Harbor Laboratory Press on November 1, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Perkins et al. 

A GGCAGCAGCAT CAACAACATCAACAGCAT C GGCAACAACATGAACT CTCC CAC GCTGAATGC GCATAACAAGGTGCCTAAGGAGC GGCC CAATACGTTGGC CTT CC AGCGT CCACTGGGC 120 
CAGATGCACCTCACCATGGCCAACAACAAGGCGGGTGGGCcCACTCAGATCCAGGGCGTGCCCATCCAGACGCCCTCGAcCGGCACcTTCAACTTCGACTCCCTGATGGACGGCGGCACT 240 
CGTAACGcC•GTCTCCGGACCCCTCGTCCCGAA•AG•TCCTC•ACGAACAAGCACCGCTGGAGCTGCCcACGcCCACcGCCCACTAGTGCTCTCCcCGTCGCCGCCGCGAGCCACGTTGG 360 
TTGGAGCGAGACAAAGAACCCCCGCCCCCcAAAGGAAATccAGCCAAcTTGTTGTTGTTACACTTGATTGTTTAACACTTTCACAAGTGCAAAGCCAGAACATTcCCAACAAACCGTCAA 480 
AAAACTGTGTGATATCTGCAATACAGCAACGCTTTTTTCCGCAGAGCGGTAGAAATCCGTGGATAATTACGAAATATTCAACCTAAAGTcGTTCAAAGTTCGATAAACAACGGTGTGTGG 600 
AGCGGGGCGTGGTTCGCCCGACTTTAATCTACAGAATTGACTGGAAAAGGCCAAAAAGGCGAAAAGAGAGTGTGTGTGTGTGTGCTCGTGTGCTGGTGTTTGATTGTGTGTGTGAGTGCC 720 
AGCTGCACATGTAAC~TTTTGTTTATAATC GCCAACT GGAGAGCAGCAACAATGAAAGTCAAAGTGGAGC GCACAACGAAAAAGCC CGCCATC AGAAAGC CC GAGGATCCAGATCCGGCGG 840 

M K V K V E R T T K K P A I R K P E D P D P A E 

AAGAGGAcAGGGTCAAGATGGTGCAGGATGACCCAGAGGACCAGGAGAACCAGGCGGTGGATGAGGAGGAGCTGGACTTTCTGCCCGCCGATCTAAGCGCTGCGATATCGACGGCGACAA 960 
E D R V K M V 0 D D P E D 0 E N Q A V D E E E L D F L P A D L S A A I S T A T T 

CGAAAATAGCAACACCGACGCGCAATCTTATCCTCGGCAACTTTGAGACCGGCCAGAGTGTTCTCACACTGAcGACGCCCACGTTGACGCCGACCACCACGCGcAACATCGAGGACACAC 1080 
K I A T P T R N L I L ~ N F F T G 0 S V L T L T T P T L T P T T T R N I E D T L 

TGGGCCACTTGCTCTCGGACACGCAGACCGATCGTGTGGCTGGTTGCGCGGGATTTGCAGTGCCAAAGGTGCTACCCAATGCCATTGATGTCCTGGGCATGGGTATTCCCACCGGTGTTT 1200 
G H L L S D T O T D R V A G C A G F A V P K V L P N A I D V L G M G I P T G V S 

CGTC GCT CC CACTTCAGCAGACATTC GATTT GAGC C TGGGGCAGGGCAGC GAGTC CGAGGAC TC CAACGCTT CGTACAACGATACGCAGATGAAC GAGGAGCAGGACACGAC C GATACTT 1320 
S L P L 0 0 T F D L S L G Q G S E S E D S N A S Y N D T Q M N E E (} D T T D T S 

CAAGTGCCCATACGGACAGCACCTCGTACCAAGCTGGCcACATCATGGCGGGCAGCGTGAACGGCGGCGGTGTCAACAACTTCTCCAATGTCCTGGCCGCCGTGAGCTCTAGCCGCGGAT 1440 
S A H T D S T S Y Q A G H I M A G S V N G G G V N N F S N V L A A V S S S R G S 

CGGCGTCGGTGGGCAGCAGCAACGCGAATACCTCAAATACGCCGGCTCGTCGTGGCGGCGGCAGACGCCCcAACCGGTCGACGAACATGACCCCGGAGGAGGAGCAGAAGCGGGCcGTGC 1560 
A S V G S S N A N T S N T P A R R G G G R R P N R S T N M T ~ i i ~  

.G..C..C..GG. GAGC GGAAC AAACAGGCGGCGGC C CGTT GCC GCAAGAGGCGC GTGGAC CAGACC AAC GAGCT CACC GAGGAGGTGGAGCAGCTGGAGAAGC GGGGC GAGAGCATGC GCAAGGAGA 1680 

TCGAGGTGCTGACGAATAGCAAGAATCAGCTGGAGTACCTTCTGGCCACCCACCGGGCCACCTGC CAAAAGATTCGCTCCGACATGCTGAGCGTGGTCACCTGCAACGGTCTGATTGCCC 1800 
iiii~..~,:::~!i!i~ii!~i!~:~i~Ci~i~i:::~i~i~::ii~4~:~::i~1~!!~ii~iiii~!f L a T H R A T C Q K I R S D M L S V V T C N G L I A P 

CGGCCGGACTCCTGAGTGCCGGGAGCAGCGGCAGCGGC GCGAGCAGCCACCACAACCACAACAGCAACGACAGCAGCAACGGCACGATCACCGGCATGGACGCCACGCTGAACTCcACCG 1920 
A G L L S A G S S G S G A S S H H N H N S N D S S N G T I T G M D A T L N S T G 

GGAGGAGCAATTCACCCTTGGATCTCAAGCCGGCGGCGAACATCGATAGCCTGCTGATGCACATCAAGGACGAGCCACTCGATGGC GCCATCGACTCAGGATCCAGCCTGGACCAGGACG 2040 
R S N S P L D L K P h h N I D S L L M H I K D E P L D G A I D S G S S L D 0 D G 

GTCCGCCGCCCAGCAAGCGCATCACCTTGCCGCCCATGTCCAC GATGCCGCACGTTCACTTGTCCACGATATTAACGCCAACC GGGCCCTCGTCGGGATCTCTGCAGACGCC GATCACGA 2160 
P P P S K R I T L P P M S T M P H V H L S T I L T P T G P S S G S L Q T g I T S 

GCAC GGCGCCCGGCGGATTCGGCAGCGCCTTCCCGGTGAC CTCCAACGGCAGCAGCATCAACAACATCAACAGCATCGGCAACAACATGAACTCTCCCACGCTGAATGCGcATAACAAGG 2280 
T A P G G F G S A F P V T S N G S S I N N I N S I G N N M N S P T L N A H N K V 

TGCCTAAGGAGCGGCCCAATACGTTGGCCTTCCAGCGTCCACTGGGCCA•ATGCACCTCACCATGGCCAACAACAAGGCGGGTGGGCCCACTCAGATCCAGGGCGTGCCCATCCAGACGC 2400 
P K E R P N T L A F C) R P L G Q M H l T M A N N K A G G P T Q I Q G V P I Q T P 

CCTC GACCGGCACCTTCAACTTC GACTCCCTGATGGACGGC GGCACTGGGCTAACGCCCGTCTCCGGACCCCTC GTCCCGAACAGCTCCTC CACGAACAAGCACCCGCTGGAGCTGCCCA 2520 
S T G T F N F D S L M D G G T G L T P V S G P L V P N S S S T N K H P L E L P T 

C GCCCACCGCCGAGCCGTCCAAGCTGGTCAGCTTATAACCGGACC GGATC TGGGACGGGGAT GGGGGCCGAGTCAGGATTAAGTTAAGTTTAT ATAGTTGGCAGGCAAACAAC GGAAGGA 2640 
P T A E P S K L V S L 

AACCGCGAAGCACTTTTCTAGTTGTAGGAGATGTTTTCATTTTTGTAATATGCTGTAATATGCGTAAACGTGACGAATGTGTTGTTTCGTTAACTCTAATGTTTTTGTATTATTATCTTT 2760 
ATTATGGTTAATTTATGATTTCGCTATGTCTTTTACATACGCC GAGGAGCTATGTACATATGTTATGTACTTGTAATTTGTGCAATTTTCAAACCTCTTCATTGCGCGTTGTATATTTTC 2880 
AAAAAATAT AAGAAC G C GAAC GC GAACG C GAAC GAC CGAC GAT GC ATGATGAGAATGAT AAGGATAATGATGATAATAGGGCGTGTAGATTTGCAGGATGC GT TGTGATATTTATTATAA 3000 
AACGAATACAAAAGATGCGAGGAT GAAAC AAAGTAGAAAGC AAAC AGGAGCGT CTAATGAAAGGAAC TAAGC CGGTTTTAAAATTGTACATTTAAACGAAT CGTAAAGCGTAAATATAC T 3120 
ATAAAACAAAACAAAGTGAATATATATTCAGCATACAAACTAAATACAATGCCTTGAGAGAGAATTAAGAAATGCAAACCTTTATATATAGAGATCTACATACATATATGTATGCATGTA 3240 
CATTTAAAGCTAAACAATAATGGCGTTGAAGCGAGTTTTATATTGAGCAAAAGCAAATGTGAAATGAGATAAATATACTTATTGTGTACTCTGTAAGCTGCAGTAGAAACCCAAATATAT 3360 
TTTTACTAAAC GCAACATT GC GC T ATTTT CAAATAC CATTTATAAGAAATGAC AAAAGCAAAGCAATTATTTAATATGTAATTATGTATTATGTATAC CT ATATCTAC CTAC C CACAAC C 3480 
TTAAATC AAAAAAC CCAAAAC GATTC AACAAAAGC TGATCAGGTAAAGCAAC TCTCGCCAGTTTCCACACTAAATTC TCAGAATATTCAAAATTTTAATC TATACAAAAC CAAAC C GATT 3600 
GATAGC AAATAAATGCACTTATAAGGGCAGAAAAACACCAAAATTTAAAC CG 3652 

ATTCTGA~ACAACCTTGCGCGTAATAAATATTTTCGTA~ATTATTTAGCGA~CCA~AT~A~TC~ACG~TTCGTTGGCCG~CCGGTGATTAAGCAGTGGCAGTGCAGAA 120 
AGCAGAA~CAC~GTACAGATTGTGCT~TCA~TTTTGCAAGCAAAGTTCCCACCCACTGATTGACGTCATTGCTTGAGCAAACATGA~ACCCCCGTTTCCGCTGCTGCGAACTT 240 

M K T p V s A ~ A N L 

AAGTATTCAGAATGCTGGCAGTTCCGGAGCAACTGCCATTCAGATCATACCTA~CCGAGCCCGTTGGAGAAG~GGCCCCATGTCACTGGACTTTCAGTCGCCG~CTGAACACATC 360 
S I 0 N A G S S G A T A I Q I I P K T E p V G E E G p M S L D F 0 S p N L N T S 

CACCCCG~TCCTAAC~GCGTCCCGGCTCGCTGGATCTGAACAGCAAGAGTGCC~G~CAAGCGCATCTTCGCACCACTGGTCATC~CTCACCGGATCTGTCATCC~GACGGTA~ 480 
T P N P N K R P G S L D L N S K S A K N K R I F A P L V I N S P D L S S K T V N 

CACACCCGATTTGGAGAAGATCCTGCTATCCAACAATCTGATGCAAACACCGCAGCCGGGAAAGGTGTTCCCCACC~GGCGGGGCCCGTCACCGTGGAGCAGTTGGACTTcGGCAGGGG 600 
T P D L E K I L L S N N L M Q T P Q P G K V F P T K A G P V T V E 0 L D F G R 

ATTCGAGGAGGCCTTACACAATCTTCACACTAACTCCCAGGCATTTCCGTCCGCC~TTCCGCCGCT~TTCCGCCGCC~TAACACAACTGCGGCAGCCATGACAGCGGTGAACAATGG 720 
F E E A I H N L H T N S Q A F P S A N S A A N S A A N N T T A A A M T A V N N G 

CATCAGCGGAGGCACCTTCACCTACACC~CATGACCGAGGGCTTCTCGGTGATT~GGACGAGCCCGTCAATC~GCCAGCTCGCCCACCGTTAATCcCATTGACATGGAAGCGCAGGA 840 
I S G G T F T Y T N M T E G F S V I K D E P V N Q A S S P T V N P I D M E !!i~iiii~ ~i 

::: . . . . . . . . . . . .  

GAAGATCAAGCTGGAGCGCAAGAGGCAGCGTAACCGTGTGGCTGCATCC~GTGCCGC~GCGCAAGCTGGAGCGCATCTC~AGCTGGAGGATCGCGTGAAGGTACTTAAGGGCGAGAA 960 

~.~CCI~G~JAGCATCGTGAAGAACCTCAAGGACCATGTGGCGCAGCTGAAGCAGCAGGTGATGGAGCACATTGCCGCGGGCTGCACGGTGCCGCCGAACTCGACAGAcCAATAACA 1080 
ii~.~ii;i~iiiiiii~iii~ii~iii~i~iii~!iii!!i!~!!!i!!!i~iiiii~.iii~i~.i.i~.ii~i.~!.!!)~i~iii.Ni~!;~i~i.ii.i~.~i.! Q V M E H I A A G C T V P P N S T D Q 

TTTGGAGTTGTCAGCCGGGGAGAATGATGAGGAGGACGTGGCACTGGAGACTGAAACCCCCTCGAATCCTG~GATCCCGAGCAACCCATGCCTCTGG I178 

Figure 1. (Continued on facing page.) 
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Figure 1. DNA and amino acid sequences of dFRA and dJRA. The nucleotide sequences of the cDNAs and the amino acid sequences 
of the ORFs of dFRA (A) and dJRA (B) are shown. The underlined sequences correspond to the peptide sequences obtained by trypsin 
digestion of dFRA and dJRA. The shaded regions represent the basic motifs and leucine repeats within dFRA and dJRA ORFs. (C) The 
basic motifs and leucine repeats of dFRA and dJRA are compared with those of Fos and Jun, respectively. The amino acids in boxes 
comprise the leucine repeat. Lines connect the amino acids that are identical between the proteins, dots represent conserved amino 
acids. 

1989) is 79% conserved in dFRA. The corresponding do- 
main of Jun is 89% conserved in dJRA (Fig. 1C). Further- 
more, the Drosophila AP-1 proteins also contain a leu- 
cine repeat (Fig. 1C; Landschulz et al. 1988) that is 
present in Fos and Jun and is required for formation of 
the Jun homodimer and the Fos-Jun heterodimer (Boh- 
mann and Tjian 1989; Turner and Tjian 1989). The 
dFRA leucine repeat differs from that of Fos, however, in 
that a methionine residue replaces the third leucine. It 
has been suggested that methionine at this position 
would not significantly alter the structural integrity of 
the leucine zipper (Landschulz et al. 1988). 

Another structural feature in common between the 
Drosophila and mammalian AP-1 proteins is the relative 
positions of the basic motif and adjacent leucine repeat 
within the protein molecule. As in Fos, these structural 
features are present in the middle of dFRA, whereas they 
are at the carboxyl terminus in dJRA and Jun (Fig. 1A, B). 
Interestingly, the Drosophila and mammalian AP-1 pro- 
teins have few significant sequences in common within 
the remaining portions of the proteins. The sequences of 
dFRA and dJRA cDNAs and their homologies with 
mammalian Fos and Jun sequences, respectively, within 
the basic motifs and leucine repeats provide strong evi- 
dence that the cDNAs we have obtained encode Droso- 
phila AP-1 proteins. 

dFRA and dJRA expressed/n E. coli each recognize the 
AP-1 site 

We demonstrated previously that dFRA and dJRA puri- 
fied from embryo extracts were - 7 0  and 40 kD, respec- 
tively (Fig. 2A, lane 2) and that they each recognized the 
AP-1 site (Perkins et al. 1988). To verify that the dFRA 
and dJRA cDNAs that we isolated encoded Drosophila 
AP-1 proteins, it was essential to determine that the en- 
coded proteins possessed similar biochemical properties. 
Toward this aim, dFRA and dJRA proteins were pro- 
duced by using an E. coli expression system and were 
purified by DEAE-Sepharose and sequence-specific 
DNA affinity chromatography (as described in Materials 
and methods). The resulting fractions, as analyzed by 
SDS-PAGE, revealed that dFRA and dJRA had been puri- 
fied to near homogeneity and were the same sizes as the 

dAP-1 proteins purified from Drosophila embryos (Fig. 
2A, lanes 2, 5, and 6). We have verified by Western blot 
analysis that purified dFRA and dJRA from bacteria 
cross-react with antibodies to mammalian Fos and Jun 
(data not shown; Perkins et al. 1988). 

We next showed that dFRA and dJRA proteins purified 
from E. coli were capable of specifically recognizing the 
AP-l-binding site in a DNase I footprinting assay (Fig. 
2B). It was necessary to add approximately fourfold more 
dFRA protein than dJRA protein to the binding assay to 
observe a footprint. In testing the individual proteins for 
DNA binding, we found that the DNase I hypersensitive 
sites resulting from the binding of dFRA are distinct 
from those of dJRA (see arrows, Fig. 2B). As expected, the 
hypersensitive sites resulting from dAP-1 purified from 
Drosophila embryos, which contain a mixture of dFRA 
and dJRA, represent the sum of the hypersensitive sites 
from either of these two proteins alone. These results 
confirm that the Drosophila Fos-related protein, unlike 
cFos from mammalian cells, is fully capable of recog- 
nizing the AP-1 site on its own, albeit with somewhat 
lower avidity than dJRA (Perkins et al. 1988). 

Complex formation between dFRA and dJRA 

Although mammalian Fos has not been demonstrated to 
recognize the AP-1 site on its own, it does form a heter- 
odimeric complex with Jun that is dependent on the in- 
tegrity of the leucine repeat domain (Turner and Tjian 
1989). In addition, the Fos-Jun heterodimer has a higher 
affinity for the AP-1 site than Jun alone (Rauscher et al. 
1988a; Zerial et al. 1989). Because we found that the 
Drosophila AP-1 proteins contained leucine repeats, it 
was of interest to determine whether they were capable 
of recognizing the AP-1 site as an oligomeric complex. 

For this purpose, we employed an electrophoretic mo- 
bility-shift assay (EMSA), which can distinguish dif- 
ferent protein complexes bound to DNA. dFRA and 
dJRA proteins were synthesized in vitro, separately or 
together, using a rabbit reticulocyte lysate. The products 
of the translation reaction were determined to be the 
proper size and to be of roughly equimolar concentra- 
tions by SDS-PAGE (data not shown). These in vitro- 
synthesized proteins were incubated with a labeled oli- 
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Figure 2. Purification and DNA binding of dFRA and dJRA expressed in E. coli. (A) Protein fractions from various stages of the 
purification were subjected to 10% SDS-PAGE and visualized by silver staining. (Lane 1) Molecular weight standards {M); (lane 2) 
dAP-1, purified from embryo extracts (0.2 ~g of protein); (lane 3) DEAE flowthrough (FT, affinity column load, -5  ~g of protein); (lane 
41 affinity FT (~ 1 ~g of protein); (lane 5) dJRA affinity column eluate (-150 ng of protein); (lane 6) dFRA affinity column eluate (-50 
ng of protein). (B) DNase I footprinting reactions were carried out as described previously and contained a probe spanning the human 
metallothionein IIA (hMTIIA) promoter that contains an AP-1 site (Perkins et al. 1988). Protein was added where indicated. (Lanes 
8-10) dAP-1 purified from embryo {1.0, 2.0, and 3.0 ng of protein, respectively); (lanes 12-14) dFRA purified from E. coli (2.5, 12.5, and 
25 ng of protein, respectively); (lanes 16-19) dJRA purified from E. coli (0.3, 3.0, and 6.0 ng of protein.) 

gonucleotide containing an AP-1 site, and the resulting 
prote in-DNA complexes were separated by PAGE (see 
Materials and methods). We found that the combination 
of dFRA and dJRA is capable of forming a complex with 
AP-1 site DNA that has an electrophoretic mobility dis- 
tinct from the complex formed either by dFRA or dJRA 
alone (Fig. 3). Although these experiments were carried 
out using dFRA and dJRA that had been cotranslated, we 
have evidence that cotranslation is not a requirement for 
formation of the dFRA-dJRA-DNA complex (data not 
shown). 

The complex formed using the mixture of dFRA and 
dJRA appears to have a higher affinity for the AP-1 site 
than either dAP-1 protein alone, as judged by the relative 
amount of labeled oligonucleotide retained as the slower 
migrating species. In addition, the intensity of the band 
corresponding to the prote in-DNA complex formed by 
dFRA is typically weaker than that formed by dJRA (Fig. 
3, cf. lanes 1 and 4 with 2 and 7). From other studies 
with EMSA, we have evidence that the complex gener- 
ated by the binding of dFRA to the AP-1 site is more 
stable at temperatures below 25~ (data not shown). 
These results strengthen our conclusions from DNase I 
footprinting data (Fig. 2B) that dFRA binds less strongly 

to the AP-1 site than dJRA does. Moreover, our findings 
indicate that dFRA and dJRA, like their mammalian 
counterparts, can form a heteromeric complex with en- 
hanced DNA binding affinity. 

dFRA is a transcription factor 

We reported previously that dJRA, but not dFRA, acti- 
vated transcription in vitro and suggested that dFRA 
may have been inactive due to the denaturing conditions 
required to purify this protein from the Drosophila em- 
bryo (Perkins et al. 1988). Here, we have used dFRA and 
dJRA proteins, purified by sequence-specific DNA af- 
finity chromatography from E. coli harboring the appro- 
priate expression plasmids, to test their transcriptional 
properties, singly and in combination. For these experi- 
ments, dFRA and/or dJRA were incubated with an ex- 
tract prepared from Drosophila embryos that had been 
depleted of dAP-1 proteins by use of an AP-1 site-specific 
DNA affinity resin (Perkins et al. 1988). In the presence 
of a template containing four AP-1 sites, dFRA, on its 
own, activates transcription (-sevenfold; Fig. 4, lane 3). 
As expected, dJRA activates transcription to a similar 
extent (Fig. 4, lane 5). Furthermore, the combination of 
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Figure 3. Protein-DNA complexes formed by dFRA and dJRA. In vitro transcription and translation and DNA-binding assays were 
as described (see Materials and methods; Turner and Tjian 1989). (Lanes 1-15) Various combinations of dAP-1 or human AP-1 
proteins translated in vitro, as indicated; (lane 16) control: DNA-binding reaction carried out in the absence of in vitro-translated 
protein. The a2P-labeled and unlabeled oligonucleotides used were identical. They were blunt-ended, double-stranded, and contained 
the AP-1 site (top-strand sequence: 5'-GAGCCGCAAGTGACTCAGCGCGGGGCGTGTGCAGG-3')from the hMTIIA promoter 
(see Turner and Tjian 1989). 

dFRA and dJRA activates transcription to a level greater 
than the sum of either of the two factors alone, because 
the mixture of half the amount of each dAP-1 protein 
resulted in an -20-fold stimulation of transcription (Fig. 
4, lanes 7 and 8). No detectable activation was observed 
from a template that lacks AP-1 sites (Fig. 4, lanes 2, 3, 
and 6). In the absence of added dAP-1 proteins, these 
sites did not alter the rate of transcription in the de- 
pleted extract (Fig. 4, lanes 1 and 2). These results indi- 
cate that a Fos-related protein, dFRA, can act as a tran- 
scription factor on its own but can also function syner- 
gistically with a Jun-related protein, dJRA, to enhance 
transcription. 

dFRA is expressed in a temporally dynamic and 
spatially restricted pattern during embryogenesis 

As a first step toward studying the roles of dFRA and 
dJRA in Drosophila development, we monitored the ex- 
pression of mRNA at various stages of embryogenesis. 
By using Northern blot analysis, we find that the tem- 
poral pattern of dFRA mRNA changes dramatically 
during embryonic development (Fig. 5). It is undetect- 
able until 4 hr after fertilization (Fig. 5, lanes ! and 2), 
and present at increasingly higher levels between 4 and 
12 hr (Fig. 5, lanes 3 and 4). This high level of expression 
is then maintained between 12 and 16 hr of embryo- 

genesis (Fig. 5, lane 5). In contrast, dJRA is expressed at a 
relatively constant level at all stages of development 
(data not shown). We estimate that the maximal levels 
of dFRA and dJRA expression are one-twentieth that of 
actin. Also, from the Northern blot, we calculate that 
the lengths of dFRA and dJRA mRNAs are -3 .7  and 1.7 
kb, respectively. These results suggest that the dFRA 
cDNA may contain sequences that are very near to the 
5' end of the message. 

To study the spatial pattern of dFRA and dJRA expres- 
sion in the Drosophila embryo, we used in situ hybrid- 
ization with both radioactive (aSS-labeled RNA) and 
nonradioactive (digoxigenin-labeled single-stranded 
DNA) probes (see Materials and methods). By using in 
situ hybridization, we found that dFRA mRNA expres- 
sion is restricted to specific cell types and tissues in the 
developing embryo. For example, RNA is initially ex- 
pressed within cells of the head soon after gastrulation 
at 4 - 5  hr of embryogenesis (Fig. 6 A-C).  The cells ex- 
pressing dFRA in the head are likely to be mesodermal 
(Fig. 6B), and some of this expression is localized to a 
region surrounding the cephalic furrow (Fig. 6C). This 
head-specific expression was observed as late as 8 hr of 
embryogenesis. During these early stages, dFRA mRNA 
expression is also observed in the dorsal ectoderm and 
amnioserosa (data not shown). 

Later, in embryos that are older than 11 hr, dFRA ex- 
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Figure 4. In vitro transcription with dFRA and dJRA expressed 
in E. coli. Transcription reactions {25 lal) were carried out as 
described {Perkins et al. 1988). They contained either AP-1- 
CAT (chloramphenicol acetyltransferase) supercoiled DNA {0.2 
lag, lanes 1, 3, 5, 7) or pMCAT supercoiled DNA {0.2 lag, lanes 2, 
4, 6, 8), Drosophila embryo extract (150 lag of protein) that had 
been depleted of AP-1 by use of a sequence-specific DNA af- 
finity resin {Perkins et al. 1988), and alcohol dehydrogenase 
(Adh) proximal promoter DNA (30 ng, pHpHL; described in He- 
berlein et al. 1985; Perkins et al. 1988) as an internal control. 
This Adh promoter fragment is transcribed at a basal level and 
does not respond to promoter selective factors. Reactions also 
contained approximate levels of dFRA [(lanes 5 and 6) 62 ng of 
protein; (lanes 7 and 8) 31 ng of protein] or dJRA [(lanes 5 and 6) 
94 ng of protein; (lanes 7 and 8) 47 ng of protein]. The levels of 
transcriptional activation were quantitated by densitometric 
scanning. 

D i s c u s s i o n  

Expression of a Fos-related gene in the developing 
embryo 

Many proto-oncogenes play a role in embryonic develop- 
ment  and are expressed in a tissue- or stage-specific 
fashion [Adamson 1987). The detection of AP-1 in Dro- 
sophila embryo extracts (Perkins et al. 1988) provided a 
starting point for studying the role of Fos- and Jun-re- 
lated proteins in an organism whose development is 
well characterized. By using in situ hybridization, we 
have now charted the expression of the Drosophila AP-1 
m R N A  in particular cell types during development. We 
find that  dFRA m R N A  is expressed in a spatially re- 
stricted fashion in specific regions of the head [between 
4 and 8 hr) and PNS [between 11 and 13 hr). The precise 
identities that we assigned to individual cell types of the 
nervous system are tentative and will require double-la- 
beling experiments to align the patterns generated with 
dFRA antibodies wi th  the patterns seen with antibodies 
that label all or subsets of peripheral neurons {Bodmer et 

pression is restricted to a subset of cells that appear to be 
part of the peripheral nervous system (PNS; Fig. 6D, F). 
In an effort to identify the cell types expressing dFRA 
more accurately, we excised the PNS from the embryo 
{Fig. 6F). From examinat ion of the excised tissue in the 
abdominal segments, the dFRA-expressing neurons ap- 
pear to be located near the lateral chordotonal cells and 
might  be the es {extrasensory) or nd [numerous dendrite) 
neurons (Ghysen et al. 1986). At the same stages of de- 
velopment, dFRA m R N A  is localized to a portion of the 
ectoderm that corresponds with  muscle a t tachment  
sites (Fig. 6E). It is also observed in part of the mid- and 
hindgut and in the anal pad [Fig. 6G). Thus, the expres- 
sion of dFRA is localized to specific cells of the Droso- 
phila embryo. In contrast, dIRA is expressed uniformly 
at a low level in all cell types [data not shown). These 
results indicate that  dFRA m R N A  is localized to cell 
types of the embryo that are involved in the develop- 
ment  of the head and nervous system. 

Figure 5. Northern blot analysis of dFRA mRNA expression. 
A Northern blot with RNA from various stages of Drosophila 
embryogenesis is shown. The Northern blot analysis was car- 
ried out as described (Hauser et al. 1985; Dynlacht et al. 1989). 
The probe used for hybridization was a restriction fragment of 
the dFRA cDNA that lacked sequences of the pBluescript 
vector and was internally labeled by nick-translation in the 
presence of [~-azP]dCTP. Following a 21-hr autoradiographic ex- 
posure at -70~ with an intensifying screen, the blot was 
stripped and then hybridized a second time with an actin probe, 
as described {Dynlacht et al. 1989). The length of autoradio- 
graphic exposure with the actin probe was - 1 hr under the con- 
ditions described for dFRA. Size standards were 0.24-9.5 kb 
{data not shown). 
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al. 1987; Patel et al. 1989). Interest ingly,  dFRA m R N A  
was not  detected by in s i tu hybr id iza t ion  at stages of 
embryogenesis  be tween  - 8  and 11 hr. Because we ob- 

serve dFRA m R N A  by Nor the rn  analysis,  it  is possible 
tha t  dFRA m R N A  is expressed during these stages at a 
low level in  all cell types. In addit ion,  dJRA m R N A  was 

Figure 6. In situ hybridization analysis of dFRA expression in embryos. In situ hybridization with both radioactive and nonradioac- 
tive probes at different stages of embryogenesis. {A) Horizontal section of a Drosophila embryo (4-5 hr of development) hybridized 
with an [~-3sS]UTPqabeled RNA probe. The probe was prepared from dFRA-SK by use of T7 RNA polymerase and conditions de- 
scribed by Dynlacht et al. (1989). Whole-mount embryos (B-E and G) and tissue excised from a whole-mount embryo {F) were labeled 
by hybridization with a nonradioactive single-stranded DNA probe. (B and C) Embryos between 4 and 5 hr of development, dFRA is 
expressed in the head in cells that we believe to be mesodermal. Embryos [D-G) or tissue from embryos (F) between 11 and 13 hr of 
development is shown. (D and F) Arrows indicate expression in cells that we believe to be peripheral neurons. (F) Tissue shown is 
epidermis and PNS excised from an 11- to 13-hr embryo. (E) Arrow indicates cells that hybridize to a dFRA probe, which are located at 
muscle attachment sites. It appears that these cells are epidermal. (G) Arrow indicates expression in the anal pad of an 11- to 13-hr 
embryo. Expression is also observed in cells of the midgut and hindgut. The orientation in each panel is as follows: (B, D, and E) 
ventral views; (C and G) anterior left and dorsal up; the tissue (F) is ventral up. 
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detectable at levels of expression that were barely above 
background (data not shown), and we conclude that 
dJRA is expressed ubiquitously throughout the embryo. 
This is in marked contrast to the tissue-specific expres- 
sion of the c-jun and junB genes during organ develop- 
ment in the mouse embryo (Wilkinson et al. 1989) and 
may reflect the involvement of mouse and Drosophila 
Jun proteins in distinct biological processes. 

The finding that the expression of dFRA is spatially 
restricted is intriguing in light of the cell- and tissue-spe- 
cific expression of mammalian cFos. For example, in the 
mouse embryo, Fos expression is restricted to extraem- 
bryonal tissues, such as the amnion and yolk sac 
(Deschamps et al. 1985 and references therein). In addb 
tion, a low level of Fos mRNA and protein is normally 
present in neuronal subpopulations of the adult rat brain 
and has been found to increase following exposure to a 
drug that induces seizures (Morgan et al. 1987; Saffen et 
al. 1988). Obviously, it is premature to assign a function 
for dFRA on the basis of its expression pattern. It is pos- 
sible, however, that the expression of dFRA mRNA in 
the embryo reflects a role for dFRA in the expression of 
genes required for neurogenesis or for other develop- 
mental processes. A careful analysis of Drosophila em- 
bryos that possess mutated versions of the dFRA gene, as 
well as identification of the target genes for dFRA tran- 
scriptional activation, will provide additional informa- 
tion concerning the role of the fos-related proto-onco- 
gene in Drosophila development. 

Synergistic activation by dFRA and dJRA 

A number of investigators have reported a cooperative 
interaction between Fos and Jun that has been observed 
by DNA-binding experiments using proteins translated 
in vitro (Halazonetis et al. 1988; Kouzarides and Ziff 
1988; Nakabeppu et al. 1988; Rauscher et al. 1988a; 
Schuermann et al. 1989; Turner and Tjian 1989) or by 
transient transfection assays (Chiu et al. 1988; Sassone- 
Corsi et al. 1988; SchCnthal et al. 1988). However, no 
direct in vitro evidence with purified Jun and Fos pro- 
teins has been forthcoming. We demonstrate that an in 
vitro transcription assay is feasible with purified Fos- 
and Jun-related proteins from Drosophila. We present 
new evidence that a protein related to Fos can activate 
transcription autonomously. Thus, dFRA is a novel 
member of the AP-1 family that resembles Fos structur- 
ally but whose mechanism of action is different from 
that of Fos. 

Our results also indicate that the mixture of dFRA and 
dJRA forms a more stable protein-DNA complex and 
activates transcription to a greater extent than either of 
the proteins alone. These experiments provide the first 
direct evidence that Fos- and Jun-related proteins can ac- 
tivate transcription synergistically. One simple explana- 
tion for the observed synergy is that the dFRA-dJRA 
complex is bound more stably to the AP-1 site than ei- 
ther of the two proteins alone. Indeed, our EMSA results 
would support this model. However, it is risky to make a 
comparison between our in vitro transcription assay and 
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the DNA-binding reaction, because the in vitro tran- 
scription reaction contains additional proteins, such as 
general transcription factors, that may contribute to the 
transcriptional synergism in vitro. Another possibility is 
that dFRA and dJRA proteins possess specific amino acid 
sequences that contribute to the synergistic activation. 
The fact that dFRA may act on its own or in combina- 
tion with dJRA provides an additional level of regulation 
of gene expression in the developing organism. 

dFRA is a relative of Fos 

The amino acid sequences of the basic region and leu- 
cine repeat of dFRA are more like Fos than Jun. We find, 
however, that dFRA is mechanistically more like ]un 
than Fos in its transcriptional activation and DNA- 
binding properties. These unexpected results raise ques- 
tions about the structural features of dFRA that enable it 
to recognize the AP-1 site and activate transcription on 
its own where Fos cannot. A number of studies have 
demonstrated that the leucine repeats confer the dimeri- 
zation function and that dimerization is a prerequisite 
for DNA binding. Thus, the fact that Fos cannot recog- 
nize the AP-1 site on its own has been attributed to an 
inability to homodimerize (Kouzarides and Ziff 1988; 
Ransone et al. 1989; Turner and Tjian 1989). The dem- 
onstration that Fos could homodimerize when its leu- 
cine repeat was replaced with that of GCN4 and that 
this chimeric molecule could recognize the AP-1 site on 
its own [Kouzarides and Ziff 1989; Sellers and Stmhl 
1989) supported the contention that amino acids pre- 
venting Fos from dimerizing are probably in the leucine 
repeat or near the repeat, but the precise residues are as 
yet unidentified. We speculate that dFRA recognizes the 
AP-1 site on its own by virtue of an inherent potential to 
form homodimers. 

One suggestion as to why Fos does not bind the AP-1 
site on its own is that Fos has few hydrophobic residues 
within its leucine repeat domain [O'Shea et al. 1989; 
Ransone et al. 19891. The high degree of hydrophobicity 
within the ]un dimerization domain, specifically in res- 
idues that comprise the 4-3 repeat [using the nomencla- 
ture for coiled coils; O'Shea et al. 1989 and references 
therein), would account for its ability to form stable 
homo- as well as heterodimers. In this regard, it is inter- 
esting to note that dFRA contains a valine where Fos 
contains a threonine residue, and dFRA contains a gly- 
cine where Fos contains a lysine residue {Fig. 1C). Thus, 
it is possible that these residues in dFRA, which may 
contribute to the hydrophobicity along one face of the 
putative s-helix, may contribute to homodimerization. 
Furthermore, it is also possible that dFRA possesses se- 
quences in remaining portions of the molecule that 
would permit dimerization. A systematic mutagenesis 
of dFRA should provide information concerning the 
structural features of a Fos-related antigen that deter- 
mine its ability to act autonomously. 

Although dFRA binds the AP-1 site in the absence of 
dJRA, we observe that the apparent affinity of dFRA for 
the AP-1 site is weaker than that of dJRA. In some ex- 
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periments, we have observed that more AP-1 oligonu- 
cleotide is complexed wi th  dFRA at temperatures below 
20~ whereas the formation of dJRA-AP-1 site com- 
plexes is not as temperature-dependent.  From these ob- 
servations, we speculate that the temperature depen- 
dence of the d F R A - D N A  complex suggests that  this 
complex is not as stable as the d J R A - D N A  complex. It 
is unclear how this complex stability affects transcrip- 
tion, as both proteins activate transcription in reactions 
carried out at 2 I~ However, there are other proteins in 
the transcription reaction that are likely to stabilize 
transcription complexes. 

Drosophila AP-1 family 

The isolation of dFRA and dJRA cDNAs from Droso- 
phila opens an alternative pathway to understanding the 
functions of Fos and Jun proto-oncogenes in develop- 
ment.  It is possible that  dFRA and dJRA are the only 
AP-1 family members  in Drosophila, because we did not 
detect any additional AP-1 cDNAs in our library 
screens, nor did we detect any additional AP-1 binding- 
site activity during protein purification. In addition to 
Drosophila, members  of the AP-1 family have now been 
isolated from such diverse species as yeast (Hope and 
Struhl 1985; Jones et al. 1988), humans  (Bohmann et al. 
1987), and plants (Katagiri et al. 1989) that are involved 
in a number  of distinct cellular activities ranging from 
amino acid biosynthesis (Hope and Struhl 1985) to regu- 
lation of a fat-specific gene (Distel et al. 1987). 

Other than the basic region and leucine repeat motifs, 
AP-1 family members  bear few similar amino acid se- 
quences. Jun is known to possess a transcriptional acti- 
vation domain that  is rich in prolines and acidic amino 
acids (Bohmann and Tjian 1989), and the transcriptional 
activation domain of GCN4 is highly acidic (Hope and 
Struhl 1985). Thus, we might  have expected that  dJRA 
(or dFRA) would contain a similar identifiable transcrip- 
tional activation domain. However, neither of the Dro- 
sophila AP-1 proteins appears to possess significant se- 
quences in common with  Fos and Jun outside of the 
conserved DNA-binding and dimerization domains. 
This finding is in keeping with the structures of many  
other AP-1 proteins. For example, the fra-1 cDNA that 
encodes a FRA from rat fibroblasts contains amino acids 
that are 77% conserved with the leucine repeat and 
basic domains of Fos but bears no similarity elsewhere 
in the molecule (Cohen and Curran 1988). In addition, 
the yeast AP-1 cDNA (yAP-l), which has been reported 
to encode a protein related to Jun, is structurally con- 
served only within the leucine repeat and basic domains 
(Moye-Rowley et al. 1989}. Thus, these two sequence 
motifs have been conserved throughout evolution and 
confer on AP-1 proteins the ability to participate in di- 
verse cellular pathways while using similar biochemical 
mechanisms.  

M a t e r i a l s  a n d  m e t h o d s  

Purification of dFRA and dIRA and peptide sequencing 

dFRA and dJRA proteins (-3 ~g of each protein) were purified 

dFRA is a transcriptional activator 

from Drosophila embryo extracts by sequence-specific DNA af- 
finity chromatography and separated by reverse-phase high-per- 
formance liquid chromatography ]HPLC), as described pre- 
viously (Perkins et al. 1988), except that cysteine residues were 
alkylated with 1 M 4-vinylpyridine in isopropanol for 2 hr at 
37~ immediately prior to HPLC injection. Following HPLC, 
dFRA and dJRA proteins [which elute from the column with 
-59% and 50% acetonitrile in 0.1% trifluoroacetic acid (TFA), 
respectively] were lyophilized to dryness. The pellets were re- 
suspended in 100 mM ammonium bicarbonate (100 ~1) and in- 
cubated with trypsin (40 ng) for 12-16 hr at 37~ To separate 
the resulting peptides, the entire fraction was applied directly 
to an HPLC C18 column (300/k, 2.1 x 150 ram, Vydacl equili- 
brated previously with 0.1% TFA. The peptides were eluted 
with a linear gradient of acetonitrile and sequenced by use of 
the Applied Biosystems Protein Sequencer 477A. 

Isolation of a recombinant clone encoding dFRA 

Two oligonucleotides (1, 5'-CCGGTGGGGATICCCATICC- 
CAGIACGTCGATGGCGTTGGGCAGIAC-3') and 2, 5'-AAG- 
GAGATCGAGGTICTGACCAACTCCAAG-3' were deduced 
from the amino acid sequences of two tryptic peptides /1, 
VLPNAIDVLGMGIPTGVS and 2, KGIEVLTNS) of dFRA by use 
of a Drosophila codon usage table (Lathe 1985; Streck et al. 
1986). The oligonucleotides were labeled at the 5' end with 
[,/-a2P]ATP and polynucleotide kinase and used to screen a 
cDNA library in kgtl 1 prepared from Drosophila embryos be- 
tween 9 and 12 hr of development (kindly provided by K. Zinn). 
For this purpose, -700,000 K plaques were plated at a density of 
50,000 plaques per plate (150 x 20 ram) and then transferred to 
nitrocellulose. The filters were hybridized with radioactive 
probes, in 5 x Denhardt's/50 mM NaPO4 (pH 6.8), 6 x SSC at 
37~ for 16 hr and then washed at 65~ (oligo 1) or at 50~ 
(oligo 2) in 2 x SST/0.5% SDS. A single dFRA cDNA was iso- 
lated by this method. 

Isolation of recombinant clones encoding dJRA 

Two oligonucleotides {3, 5'-CTTIACGATIGAGGCCAGGT- 
CIACGTTCTCICCCTTCAG-3', and 4, 5'-ICCGAAGTC- 
CAGCTGCTCIACGGTIACGGGICCGGC-3') were deduced 
from peptide sequences (3, LKGENVDLASIVK, and 4, AGPVT- 
VEQLDFG) and labeled as described for dFRA. These oligonu- 
cleotides were then used to screen a Drosophila genomic li- 
brary in kgtl0 (kindly provided by K. Moses). For this purpose, 
-40,000 phage plaques were plated at a density of 20,000 
plaques per plate (150 x 20 mm), transferred to nitrocellulose, 
and hybridized with radioactive oligonucleotides {3 and 4) by 
use of conditions described for dFRA. The filters were then 
washed at either 56~ (oligo 3) or 60~ (oligo 4) in buffers de- 
scribed for dFRA. Eleven positively hybridizing plaques were 
visualized by autoradiography and further purified. K DNA was 
prepared, digested with RsaI, HaeIII, and AluI, and subcloned 
into M13 to confirm the identities of these clones by DNA se- 
quencing (ganger et al. 1977). Six of these clones contained the 
sequences of the oligonucleotides fbr screening. 

To obtain the dJRA cDNA clone, One of the genomic dJRA 
cDNA fragments in M13 was then used as a probe to screen a 
cDNA library prepared from Drosophila embryos between 3 
and 12 hr of development (kindly provided by L. Kauvar). To 
label the dJRA genomic insert in M13, single-stranded DNA 
was prepared and annealed to the universal M13 primer. La- 
beled DNA was synthesized in the presence of [c~-a2P]dCTP and 
the Klenow fragment of E. coli DNA polymerase I. The DNA 
was then digested with EcoRI, and the labeled eDNA fragment 
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was purified by 5% polyacrylamide gel electrophoresis. This la- 
beled probe was used to screen the eDNA library by the same 
method described for dFRA, except that the wash was carried 
out at 65~ Two eDNA clones were obtained. Restriction en- 
zyme analysis indicated that the two cDNAs were related. The 
longest of the two was analyzed further by DNA sequencing. 

Sequencing of dFRA and dJRA cDNAs 

To sequence the dFRA and dJRA cDNAs, X DNA containing 
the cDNAs was prepared, and the eDNA inserts were removed 
by digestion with EcoRI and subcloned into pBluescript-SK 
{Stratagene) to create dFRA-SK and dJRA-SK. Nested dele- 
tions in the cDNAs were then prepared by the method of Heni- 
koff (1987), except that e~-thio-dNTPs (Stratagene) were used to 
prevent bidirectional exonuclease III digestion. Deletion mu- 
tants containing overlapping segments of the cDNAs were se- 
quenced (Sanger et al. 1977) by use of the M13 universal primer. 

Expression of dFRA and dlRA in E. coli 

To create constructs that would express dFRA and dJRA pro- 
teins, NdeI sites were introduced at the initiating ATG codons 
in dFRA-SK and dJRA-SK by oligonucleotide-directed muta- 
genesis (Kunkel 1985). This resulted in the fortuitous introduc- 
tion of a second NdeI site immediately downstream of the dJRA 
ORF. An NdeI site is present downstream of the wild-type 
dFRA ORF. By digestion of these constructs with NdeI, the 
cDNAs were removed. They were then subcloned into a unique 
NdeI site downstream from the 4>10 promoter for T7 RNA poly- 
merase in bacterial expression vector pAR3040 (Rosenberg et 
al. 1987). These constructs (dJRA-3040 and dFRA-3040) were 
used to transform E. cold strain BL21, which contains a chromo- 
somal copy of the T7 RNA polymerase gene. Induction of the 
gene encoding T7 polymerase was induced by the method of 
Studier and Moffatt {1986). 

Purification of dFRA and dJRA from E. coli extracts 

Extracts (5 ml, -15  mg of protein/ml) were prepared as de- 
scribed (Hoey and Levine 1988) from E. cold {500 ml) harboring 
the dAP-1 cDNAs, except that the buffer used was 25 mM 
HEPES-KOH {pH 7.6), 0.1 mM EDTA, 12.5 mM MgC12, 10% 
(vol/voll glycerol, 0.1 M KCI (0.1 M HEMGt, and dFRA and dJRA 
were fractionated in the supernatant of the 35K centrifugation. 
The salt concentration of the supernatant was adjusted to 0.3 M 
KC1 and was applied to a DEAE-Sepharose CL-6B (Pharmacia) 
column (1 ml) that had been equilibrated previously with 0.3 M 
HEMG. Then the column was washed with three volumes of 
0.3 M HEMG. The flowthrough (5.4 ml, -10  mg of protein/ml) 
and wash (3 ml, - 3  mg of protein/roll were pooled, and either 
16 ~g (for dFRA) or 156 txg (for dJRA) of poly[d{I-C)) was added. 
The conductivity was adjusted to 0.1 M HEMG by the addition 
of HEMG, and the fractions (24 ml) were applied to DNA af- 
finity columns (0.5 ml) containing an AP-1 recognition site oli- 
gonucleotide (Perkins et al. 1988). The columns were washed 
with 5 column volumes of 0.1 M HEMG and eluted stepwise 
with 3 volumes of 0.2 M HEMG, 2 volumes of 0.5 M HEMG, and 
3 volumes of 1 M HEMG. Fractions were analyzed by SDS- 
PAGE. We estimate that from 500 ml of E. cold (OD6oo = 0.6- 
0.8), we obtain - 9  ~g of dJRA and 5 ~g of dFRA protein. 

In vitro translation of dFRA and dJRA and mobility-shift 
analysis 

For transcription and translation in vitro, the cDNAs in 
dFRA-3040 or dJRA-3040 were excised with NdeI, digested 
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with mung bean exonuclease (Stratagene), and subcloned into 
the StuI site of p~3Sal (Norman et al. 1988). Transcription and 
translation in vitro, as well as mobility-shift analyses, were 
conducted as described {Turner and Tjian 1989) except that the 
DNA-binding reactions and gel electrophoresis were carried out 
at 4~ In cotranslation experiments with dFRA and dJRA, the 
amount of RNA from each eDNA was one-half the amount 
used when these proteins were translated individually. 

Nonradioactive in situ hybridization experiments 

For nonradioactive in situ hybridization experiments, single- 
stranded DNA probes were synthesized from the dFRA eDNA 
by the polymerase chain reaction in the presence of digoxi- 
genin-labeled dUTP (Boehringer-Mannheim; N.H. Patel and 
C.S. Goodman, unpubl.). Hybridization and detection were car- 
ried out by use of the protocols of Tautz and Pfeifle {1989) and 
the Boehringer-Mannheim Genius kit. This nonradioactive 
procedure provides a much finer level of resolution than radio- 
active probes and allows for expressing cells to be located in 
intact embryos instead of tissue sections. The specificities of 
these signals and the signals observed by using radioactive 
probes were confirmed by hybridization with probes to the op- 
posite DNA strand {data not shown). 
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