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The elav Gene Product of Drosophila, Required in during their maintenance (1-5). Transcripts 
from this locus are expressed in young neu- 

Neurons, Has Three RNP Consensus Motifs rons but not in neuroblasts, the neuronal 

A sequence of developmental events transforms neurons from their immature state to 
their mature, terminally differentiated state. The elav locus is one of the first examples 
of a gene that is expressed in neurons early during this developmental sequence. This 
gene has been shown to be required for the proper development of young neurons and 
for the maintenance of mature neurons. DNA sequence data presented in this report 
suggest that the elav gene product is an RNA binding protein, based on the presence of 
RNP (ribonucleotide) consensus sequences. This leads to the proposal that this protein 
is involved in the RNA metabolism of neurons. 

A s A NEWLY BORN NEURON MA- the locus embvyonic lethal, abnovmal visual sys- 
tures, it must alter its morphology tem (elav) of the fruit fly Dvosophila melano- 
and physiology in order to become a gastev. Genetic and molecular data concern- 

functional component of a nenrous system. ing this locus suggest that the elav-encoded 
To investigate the genetic basls of these hnction is required in all neurons from their 
events of neuronal maturation we studied birth, throughout their maturation, and 

Fig. 1. Genomic organization of the elav locus. Above the genomic DNA restriction map, each 
embryonic transcript is drawn such that the underlying genomic region detects that transcript by RNA 
analysis (3). The maps of the 5.4-kb and 6.1-kb transcripts have been revised from the map shown in a 
previous paper (3). The black bar on the genomic map represents the 9.2-kb of genomic DNA 
sequenced. The hatched region of the genomic map indicates a fragment that contains sufficient 
information to provide the elav function required for viability (3). The splicing pattern of cDNA-1 is 
shown below the genomic map. Also diagrammed is an elav-lacZ gene fusion that has been constructed 
such that the l acZ  gene is fused at the Bam HI site (genomic position - 1) in frame with the 1449- 
nucleotide ORF (16). Transcription from this construct is driven from the elav promoter. The Elav- 
Lac2 fusion protein is predicted to have a molecular size of 161 kD on the basis of an analysis of the 
DNA sequence of the fusion gene. The genomic DNA and cDNA-1 were subcloned into appropriate 
vectors [Bluescript (Stratagene) and pGEM1 (Promega)] and sequenced by established techniques (23). 
In all cases, the sequence was determined for both strands. 

Fig. 2. Conceptual translation of the 1449-nucle- 
otide ORF. A single letter representation of the 
483-amino acid protein is shown. A, alanine; C, 
cysteine; D, aspartic acid; E, glutamic acid; F, 
phenylalanine; G, glycine; H, histidine; I, isoleu- 
cine; K, lysine; L, leucine; M, methionine; N, 
asparagine; P, proline; Q, glutamine; R, arginine; 
S, serine; T, threonine; V, valine; W, tryptophan; 
and Y, tyrosine. This protein has a predicted 
molecular size of 50,760 daltons. Stretches of 
alanines (A) and glutamines (Q) are found be- 
tween amino acids 24 and 126. Seventy-three 
percent of these residues are either alanine or 
glutamine. ...... Underlie the residues of the RNPl 
motif. ****** Underlie the residues of the RNP2 
motif. O Indicates a stop codon that terminates the 
ORF. 

progenitor cells (5) .  Thus, transcription of 
elav is one of the first demonstrated molecular 
events in the process of neuronal maturation. 

To gain insight into the molecular nature 
of the product or products of this locus, we 
determined the nucleotide sequence of a 
2.5-kb embryonic cDNA clone (elav cDNA- 
1) (3) and of a 9.2-kb genomic DNA frag- 
ment. An analysis of these data reveal an 
open reading frame (ORF) that can code for 
a 50.76-kD protein. We present molecular 
data that show that this ORF encodes a 
product of the elav locus. An analysis of the 
deduced amino acid seauence of this ORF 
reveals three repeats of two previously de- 
fined consensus sequences; an octapeptide 

Deparunent of Biology, Brandeis University, Waltham, 
MA 02254-9110. 

B B 
elav-IacZ fusion lac Z - L,,----r 

MDFIMANTGA GGGVDTQAQL MQSAAAAAAV AATNAAAAPV QNAAAVAAAA QLQQQQVQQA 

ILQVQQQQTQ QAVAAAAAAV TQQLQQQQQA VVAQQAVVQQ QQQQAAAWQ QAAVQQAWP 

QPQQAQPNTN GNAGSGSQNG SNGSTETRTN LIVNYLPQTM TEDEIRSLFS SVGEIESVKL * * * * * *  
IRDKSQVYID PLNPQAPSKG QSLGYGFVNY VRPQDAEQAV NVLNGLRLQN KTIKVSFARP . . . . . . . . 
SSDAIKGANL YVSGLPKTMT QQELEAIFAP FGAIITSRIL QNAGNDTQTK GVGFIRFDKR * * * * * *  . . . . . . . . 
EEATRAIIAL NGTTPSSCTD PIVVKFSNTP GSTSKIIQPQ LPAFLNPQLV RRIGGAMHTP 

VNKGLARFSP MAGDMLDVML PNGLGAAAAA ATTLASGPGG AYPIFIYNLA PETEEAALWQ * * * * * *  
LFGPFGAVQS VKIVKDPTTN QCKGYGFVSM TNYDEAAMAI RALNGYTMGN RVLQVSFKTN . . . . . . . . 
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consensus sequence (R%@lVXe), termed 
RNPl, and a hexapeptide consensus se- 
quence, termed RNP2 (6, 7). RNP2 is less 
conserved than RNPl but is characterized 
by its aliphatic and aromatic nature and its 
position relative to RNPl (7). These data 
suggest that the Elav protein is involved in 
the RNA metabolism of neurons. 

The sequenced 9.2-kb genomic merit 
and the exon map of cDNA-1 relative to the 
genomic map of the elav region (8) are 
shown in Fig. 1. The 5' end of cDNA-1 
maps to nucleotide 5292 within the 9.2-kb 
genomic fragment. Two intervening se- 
quences must be spliced from a primary 
transaipt to generate cDNA-1 from the 
genomic sequences. These introns are 1289 
and 2208 nudeotides long, respectively. At 
the exon-inmn boundaries, sequences are 
present that correspond to the consensus 
sequences for the splice junctions of the 5' 
intervening sequence [elav: AATIGTAAGA 
and WGTGAGT;  consensus: gAGI 
GT&GT (9)], and the 3' intervening se- 
quence [elav: ATCAGIA and CTCAGtT; 
COIWINUS: (Z),*A~G (9)]. 

Within the sequenced genomic fragment, 
multiple copies of two transcriptionally rele- 
vant sequence motifs are observed (10, 11). 

Fig. 3. Embryos carrying 
8 the e~av-Zacz gene hLdm 

0 produce a high molecular 
o N S weight protein detectable - .  by immunoblot analysis 

with the use of antibodies 
to p-galactosidase. Lanes: 

"Oh- - - 0-2 CS, protein O ~ O -  to 2- 
116- . - - hour Canton-S embryos; ' 2-15 CS, protein of 2- to 

l&hour Canton-S embry- 
84 - 0s; Elav-LacZ, protein of 

0- to 21-hour embryos 
58-  that carry the elav-lac2 

gene fusion. Molecular 
48.5 - size standards are indicat- 

ed (in kilcdaltons). The 
arrow indicates the high 
molecular weight protein 

36.5 - found in the embryos car- 
26.6 - - * - rying the h i o n  genc. This 

protein is not detected in 
Canton-S embryos. The 
other bands seen in all 

lanes are Drosophila proteins that cross-react with 
the primary antibody. Approximately equal 
amOUntS of protein have been loaded in each lane 
based on duplicate gels stained with Coomassie 
brilliant blue. Embryos were collected, dechorion- 
ated in 50% Clorox, and homogenized in buffer 
containing phosphate-buffered saline, 0.5% NP- 
40, 1 rnM EGTA, and 1 mM phenyhethylsul- 
fonyl fluoride. The protein of these embryos was 
then separated by polyacrylamide gel electropho- 
mis (24) and transferred to a nitrocellulose mem- 
brane (25). Using a rabbit primary antibody to P- 
galactosidase (CappeI; 1: 1000) and an alkaline 
phqhatase-conjugated secondary antibody to 
rabbit IgG (Sigma, 1:7500), we pcocessed this 
immunoblot as described by Promega. 

cl36mWS ~ G F ~ F V X ~  Fig. 4. Conserved residues 
are located near the RNPl 

203 ~ G Y G F V N Y ~ V R P Q D A E Q A V N V L N E  motifs.Thcnumbersatthe 
I A L N E  ~ " , ~ r e s ~ ? u ~ ~ a ~  

443 T N Y D E A A M A I R A L I E  RNPl repeat in the Elav 
protein ( ~ i ~ .  2). Thc three 

regions of the Elav protein that contain the RNPl motif are boxed. Above these sequences, the RNPl 
c o w u s  sequence is displayed (6). The underlined letters highhght residues that are outside the RNPl 
and RbP2 motifs and are still conserved in ad three Elav repeats. 

Exact repeats of the GAGA motif are located (16). Immunoblot analysis with antibodies 
at nuclekide 5401, which is 109 nucleo- 
tides upstream from the 5' end of cDNA-1, 
and in the second intron at nudeotide 2075. 
Eleven copies of the sequence @AG$G, 
which can be bound by the Zeste protein, 
are located throughout the 9.2-kb genomic 
w e n t  (12). Another feature of the frag- 
ment is a 30-nucleotide region, 1.1 kb up- 
stream from the 5' end of cDNA-1, which 
extends from nucleotide 6405 to nudeotide 
6376. This sequence, ATAC.ATAC.ATATA- 
CA- has a perfect 
13-bp inverted repeat around a four-nudeo- 
tide CACA core. Dyad (rotational) symme- 
ay is a characteristic of sequences bound by 
certain transcription factors (13). The signif- 
icance of these motif% for elav transcription 
is not known. 

Although cDNA-1 is only a partial D N A  
[the shortest aanscript being approximately 
4.7 kb (Fig. 1) (3)], it contains a complete 
ORF that starts 492 nudeotides from its 5' 
end. The initial ATG methionine codon is 
generated when the second splice joins an A 
nudeotide from the 5' splice junction with a 
TG nudeotide pair at the 3' splice junction. 
This ATG is embedded in a sequence (AA- 
CAATG), which is in good agreement with 
the Drosophila consensus sequence for the 
site of translation initiation as defined by 
Cavener (~&*ATG) (14). The region im- 
mediately downstream from the ORF is rich 
in stop codons in all reading frames (8). 

This 1449-nucleotide ORF potentially 
encodes a 483-amino acid protein with a 
calculated molecular size of 50.76 kD (Elav 
protein) (Fig. 2) (8). As predicted, RNA 
transcribed in v im  from cDNA- 1 produces 
a protein of approximately 50 kD when 
translated in a reticulocyte lysate (15). An 
independent elav cDNA done from an adult 
head cDNA library (cDNA-2) (16) contains 
the same 1449-nucleotide ORF and pro- 
duces a 50-kD protein on in v im  transla- 
tion (1 7), indicating that transcripts contain- 
ing this ORF are present in adults as well. 

to p-galactosidase revded that a protein of 
the predicted molecular size was present 
only in the transformed line (Fig. 3). We 
condude that the p-galactosidase protein is 
being translated as an Elav-p-galactosidase 
fusion protein. Therefore, the predicted 
ORF is translated in vivo. Second, Bier et al. 
(18) cite data that suggest that a 50-kD 
neuron-specific nuclear antigen recognized 
by the monoclonal antibody M A W 1 1  
may be a product of the elav locus. That 
cDNA-1 contains an O W  that codes for a 
50-kD protein is consistent with their pro- 
posal. Moreover, we have evidence that 
MAb44Cll recognizes an epitope con- 
tained within the Elav protein (19). 

A search of the Protein Identification 
Resource (PIR) database revealed that the 
Elav protein is similar to rat helix destabiliz- 
ing protein and to yeast polyadenylate bind- 
ing protein (20). The region of similarity 
spans both the RNPl and RNP2 consensus 
sequences h d  in these and other RNA 
binding proteins (6, 7, 20, 21). A feature 
shared by these RNA binding proteins is 
that the RNP2 motif is located approxi- 
mately 30 residues toward the arnino-termi- 
nus from the RNPl motif (7). These motif% 
are part of a larger domain of 80 to 100 
residues that are often repeated in any given 
protein (6, 7, 20, 21). These characteristics 
are also displayed by the Elav protein in 
which these motifs are repeated three times 
(Figs. 2 and 4). Other examples of proteins 
that contain these consensus sequences have 
also been observed in Drosophila (22). Be- 
cause the Elav protein contains three copies 
each of the RNPl and RNP2 motifs, and 
because these motif% are juxtaposed in a 
manner consistent with that of other RNA 
bin* proteins (7, 20, 21), we infer that 
this product of the elav gene is an RNA 
binding protein also. 

The repeated domains within the Elav pro- 
tein show similarity to each other outside of 
the RNP mot& Of parti& interest are the 

TWO independent lines of evidence show identical amino acids-in Fig. 4. Although the 
that this elav ORF is used in vivo. First, an physiological properties of these residues are 
elav-lacZ gene fusion (Fig. 1) is expressed in not known, the fact that they and their posi- 
Aies transformed with a P-element vector tion with respect to the RNPl consensus 
that contains this gene fusion (16). As ex- sequence are conserved in all three repeats 
pected, p-galactosidase activity is detected in within the Elav protein suggem that this is a 
the developing embryonic nervous system functionally significant region. 
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Finally, we consider the role that the 
Elav protein may play in the development 
of the neuron. The elav locus is not ex- 
pressed in neuroblasts but is expressed in 
young neurons (9, and it continues to be 
expressed in neurons through all develop- 
mental stages (5). Although the elav gene 
function is not required to generate neu- 
rons, it is essential for the formation of a 
structurally normal embryonic central ner- 
vous system (4) and adult retina and optic 
lobe (1, 2). Given the probable RNA-bind- 
ing capability of the Elav protein, we pro- 
pose that the product (or products) of this 
locus provides a function essential for the 
RNA metabolism of all neurons. More spe- 
cifically, we propose that the Elav protein is 
required for the proper posttranscriptional 
processing of transcripts of other genes that 
participate in neuronal maturation and 
maintenance. 
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Lineage-Specific Development of Calcium Currents 
During Embryogenesis 

The development of electrophysiological properties of isolated, identified ascidian 
blastomeres was followed fiom the fertilized egg to the neurula, and the stage at which 
cells of different lineages first express different functional ion channel populations was 
determined. Little has been known about such events because of the di6culties of 
making voltage-clamp recordings from small embryonic cells and of identifjhg their 
developmental fates in dissociated preparations. The problem of small cell size was 
circumvented by using the whole-cell patch damp, and identification was facilitated by 
the use of a species of ascidian, Boltenia villosa, in which endogenous pigment marks 
cells of specific developmental fates. Within approximately 3 hours after gastrulation, 
muscle-lineage blastomeres in these embryos developed a voltage-dependent calcium 
current while surrounding blastomeres of other lineages did not. At about the same 
time, al l  cells developed delayed outward potassium currents and lost the inwardly 
rectifying potassium currents present at earlier stages. 

T HE MECHANISMS BY WHICH CELLS is also difficult in most preparations to iden- 
of different developmental fates ac- tify the developmental fates of cells that have 

1 auire their charaaeristic electrical be& se~arated from the embrvo. A number 
1 

properties during embryogenesis are poorly of earlier studies have used cytochalasin B to 
understood. Later stage blastomeres are dif- 
ficult to isolate and record from if conven- Depamncnt of of 
tional microelectrode techniques are used. It Seattk, WA 98195. 

Flg. 1. (A) Photograph of 
a Boltenia embryo at the 
gastrula stage, a proxi- 
mately 13 hours J e r  fer- 
tilization. The embryo is 
viewed from the dorsal as- 
pect, showing the blasto- 
p e ,  with the left-right 
axis of symmetry running 
from upper left (anterior) 
to lower right (posterior). 
The diameier df the gas- 
trula is about 150 pm. 
Musde-lineage cells lie along the posterior rim of the blastopore and are easily recognized by their 
endogenous orange pigment. (B) Two cells dissociated from the gastrula and photographed under 
differential interference contrast optics. The muscle-lineage cell can be distinguished by its orange color 
but is otherwise similar in morphology to its nonmusde neighbor. The cells are about 30 pm in 
diameter. 
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