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Abstract 

A recombinant DNA phage containing a cluster of Drosophila 

melanogaster tRNA genes has been isolated and analyzed. In situ 

hybridization localizes this phage to chromosomal region 50AB, a known 

tRNA site. Nucleotide sequencing of the entire Drosophila tRNA coding 

region reveals seven tRNA genes spanning 2.5 kb of chromosomal DNA. 

This cluster is separated from other tRNA regions on the chromosome 

by at least 2.7 kb on one side, and 9.6 kb on the other. Two tRNA genes 

are nearly identical and contain intervening sequences in the anticodon 

1 Th • d b Leu b f oop. ese two genes are assigne to e tRNA genes ecause o 

significant sequence homology with yeast tRNAru, and secondary structure 

Leu 
homology with yeast tRNA3 intervening sequences. In addition, an 8 

base sequence (AAAAUCUU) is conserved in the same location in the inter-

• f h' 1 t,.,"1ALeu d t t,.,"1ALe3 u vening sequences o Drosop i a .N.~ genes an a yeas .N.~ gene. 

Similar sequences occur in all other tRNAs containing intervening 

sequences. h . . f. . d . 1 Ile h. h Te remaining ive genes are i entica tRNA genes, w ic 

Ile 
are identical to a tRNA gene from chromosomal region 42A. The 5' 

flanking regions are only weakly homologous, but each set of isoacceptors 

contains short regions of strong homology approximately 20 nucleotides 

• d' d' Ile d preceding the tRNA co ing sequences: GCNTTTTG prece ing tRNA s; an 

Leu 
GANTTTGG preceding tRNA s. The genes are irregularly organized on both 

DNA strands; spacing regions are divergent in sequence and length. 

Preliminary in vitro transcription experiments with isolated restriction 

Leu 
fragments demonstrate that both tRNA genes and at least two of the 

five tRNAile genes are selectively transcribed in vitro by cytoplasmic 

extracts from HeLa cells. 
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summary 

A recombinant DNA phage containing a cluster of Drosophila 

melanogaster tRNA genes has been isolated and analyzed. In situ 

hybridization localizes this phage to chromosomal region 50AB, a known 

tRNA site (Elder, et al., 1980). Nucleotide sequencing of the entire 

Drosophila tRNA coding region reveals seven tRNA genes spanning 2.5 kb 

of chromosomal DNA. This cluster is separated from other tRNA regions 

on the chromosome by at least 2.7 kb on one side, and 9.6 kb on the 

other. Two tRNA genes are nearly identical and contain intervening 

sequences in the anticodon loop. These two genes are assigned to be 

Leu 
tRNA genes because of significant sequence homology with yeast 

tRNA~eu, and secondary structure homology with yeast tRNA~u intervening 

sequences. In addition, an 8 base sequence (AAAAUCUU) is conserved 

in the same location in the intervening sequences of Drosophila tRNALeu 

Leu 
genes and a yeast tRNA 3 gene. Similar sequences occur in all other 

tRNAs containing intervening sequences. The remaining five genes are 

. . 1 Ile h. h 1 . . Ile identica tRNA genes, w ic are a so identical to a tRNA gene 

from chromosomal region 42A (Hovemann, et al., 1980). The 5' flanking 

regions are only weakly homologous, but each set of isoacceptors 

contains short regions of strong homology approximately 20 nucleotides 

preceding the tRNA coding sequences: GCNTTTTG preceding tRNAiles; 

and GANTTTGG preceding tRNALeus . The genes are irregularly organized 

on both DNA strands; spacing regions are divergent in sequence and 

length. Preliminary in vitro transcription experiments with isolated 
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restriction fragments demonstrate that both tRNALeu genes and at least 

f h f • Ile 1 . 1 . b ' . two o t e ive tRNA genes are se ective y transcri ed in vitro 

by cytoplasmic extracts from HeLa cells (Weil, et al., 1979). 

Abbreviations used: bp - base pair; kb - kilo base pair; N - any of 

the nucleotides A, G, C, or T. 
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Introduction 

Several different organizational schemes for eukaryotic tRNA genes 

have been discovered. For the yeast Saccharomyces cerevisiae, there are 

approximately 300 tRNA genes, or about 5 genes per tRNA species. These 

genes are distributed over the yeast genome with little or no clustering 

(Beckmann, et al., 1977; Olson, et al., 1979). The fruit fly Drosophila 

melanogaster has an average of 10 genes per tRNA species; these 600 

genes occur in clusters of 2 to 15 genes at approximately SO different 

chromosomal loci (Steffensen and Wimber, 1971; Weber and Berger, 1976; 

Elder, et al., 1980). In Drosophila, different tRNA species may be 

coded within a single gene cluster, while a single tRNA species may 

be coded in several separate gene clusters (Elder, .et al., 1980; 

Tener et al., 1980; s. Hayashi, et al., 1980). A Drosophila tRNA 

gene cluster isolated from chromosomal region 42A contains 18 tRNA 

genes scattered throughout 46 kb of genomic DNA (Hovemann, et al., 1980; 

Yen and Davidson, 1980). Most of the tRNA species coded by the 

Drosophila cluster at 42A are repeated within the cluster. These 

repeated genes are not arranged as tandem repeats, which is the case 

for Drosophila SS rRNA genes. In contrast, the african toad Xenopus 

laevis has about 6,500 tRNA genes (Birnstiel, et al., 1972). 

Actinomycin-CsCl gradients indicate that most of these genes are 

clustered on DNA of different G+c content than bulk Xenopus DNA 

(Clarkson and Kurer, 1976). One Xenopus tRNA gene repeat unit of 

3.18 kb is tandemly repeated about 300 times in the genome. This 

repeat unit contains two tRNA~t genes, and potentially codes for 
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Phe Tyr 
tRNA , tRNA , and probably more tRNAs (Clarkson, et al., 1978; 

Muller and Clarkson, 1980). The reasons for these different schemes 

of tRNA gene organization are unknown. 

Other recent observations about tRNA gene structure have raised 

interesting questions about their expression. Several yeast tRNA 

genes and one Xenopus tRNATyr gene have been shown to contain 

intervening sequences: segments of DNA internal to the gene that are 

not colinear with the tRNA gene product (Goodman, et al., 1977; 

Knapp., et al., 1978; O'Farrell, et al., 1978; Valenzuela, et al., 

1978; Etcheverry, et al., 1979; Ogden, et al., 1979; Venegas, et al., 

1979; Muller and Clarkson, 1980). However, the frequency of 

occurrence of tRNA genes with intervening sequences in eukaryotes is 

still unknown. 

The function of intervening sequences in tRNA genes is also 

unknown, but their roie in the biosynthesis of tRNAs has been 

partially illuminated. In Xenopus oocytes, the removal of the 

intervening sequence of injected yeast pre-tRNATyr occurs after 3' 

and 5' end maturations and is the last step prior to transport of 

the tRNA to the cytoplasm (Melton, et al., 1980). The excision of 

the intervening sequence and religation of the tRNA half molecules 

is a two step enzymatic reaction which requires ATP for the second 

step (Peebles, et al., 1979). It is not known whether these re-

actions are accomplished by a common enzyme (or set of enzymes), or 

by separate enzymes for different pre-tRNAs. If a common enzyme 

is involved, it should recognize some conserved feature, such as 
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sequence or secondary structure, in the intervening sequence of 

different precursor tRNAs. Although no one has yet observed any 

conserved sequences, similar secondary structures have been 

proposed. The proposed structures usually contain stem loop 

structures partially within the intervening sequence, and include 

base pairing of part of the anticodon to the intervening sequence 

(Knapp, et al., 1978; O'Farrell, et al., 1978; Valenzuela, et al., 

1978; Etcheverry, et al., 1979; Ogden, et al., 1979; Venegas, et al., 

1979; Muller and Clarkson, 1980). 

The genes for small RNAs such as tRNA and 5S rRNA also provide 

convenient systems for the study of eukaryotic gene transcription. 

A unique RNA polymerase, polymerase III, transcribes these RNAs, as 

well as small nuclear and viral RNAs (Reviewed by Roeder, 1976). 

In vivo and in vitro RNA polymerase III transcription systems 

accurately and specifically transcribe cloned tRNA and 5S rRNA 

genes. Xenopus oocytes accurately transcribe injected genes and 

process homologous and heterologous tRNAs (Brown and Gurdon, 1977, 

1978; Kressman, et al., 1977; Melton, et al., 1980). Xenopus 

RNA polymerase III is also active in nuclear extracts obtained 

from oocyte germinal vesicles (Birkenmeier, et al., 1978; Schmidt 

et al., 1978). R. G. Roeder and coworkers (Weil, et al., 1979) 

have developed another in vitro polymerase III transcription 

system from cytoplasmic extracts of human tissue culture cells. The 

cytoplasmic extracts accurately transcribe exogenous 5S and small 

viral RNA genes. We report that this system also transcribes Drosophila 

tRNA genes. 
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Ultraviolet transcriptional mapping and numerous transcription 

studies indicate that eukaryotic tRNAs and 5S rRNAs are transcribed 

as small, independent units (Feldmann, 1977; Brown and Gurdon, 1977, 

1978; Schmidt, et al., 1978; Garber and Gage, 1979). 

The transcription of Xenopus 5S rRNA genes is controlled by an 

intriguing mechanism: a small protein binds to an intragenic control 

region, allowing transcription initiation (Sakonju, et al., 1980; 

Bogenhagen, et al., 1980; Engelke, et al., 1980). Sequences 

flanking the 5' end of the gene do not affect proper initiation, 

but sequences flanking the 3' end are required for proper termination. 

An intragenic control region has also been found for Drosophila 

tRNALys genes (DeFranco, et al., 1980). However, in contrast to 

the Xenopus results, the 5' flanking sequences of one tRNA~ys 

gene negatively modulated transcription of the gene. 

The comparative study of the 5' flanking sequences of RNA 

polymerase III transcripts may yet yield insights into the control 

of transcription of these genes. 

We have continued our earlier studies (Yen, et al., 1977) of 

Drosophila tRNA gene organization. We report here the isolation, 

sequence analysis , and in vitro transcription of a cloned Drosophila 

tRNA gene cluster. Five regi~ns in the cluster potentially code 

f Ile d . . 11 d f Leu or tRNA , an two regions potentia y co e or tRNA . Both 

Leu . . d h . . f" tRNA genes have intervening sequences an s are signi icant 

. . Leu . 
homologies with yeast tRNA 3 genes. The 5' flanking sequences 

of the genes contain weak homologies, and several genes are accurately 

transcribed by an in vitro extract. 
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Results 

Isolation and sequencing of a tRNA cluster 

A recombinant DNA phage containing a cluster of Drosophila 

tRNA genes was obtained by screening a recombinant library by the 

plaque filter hybridization method of Benton and Davis (1977). 

The recombinant library was constructed by cloning partial Eco RI 

digests of Drosophila nuclear DNA in the modified A cloning vector 

Charon 4 (Yen, et al., 1979; Davidson, et al., 1980). Previously 

isolated recombinant plasmids,which contained one or more Drosophila 

tRNA genes cloned in the vector Col El, were labeled with 32P and 

used as hybridization probes for the screen (P. Yen, unpublished). 

14 strongly hybridizing recombinant phage were isolated from this 

screen. DNA from each phage was bound to nitrocellulose filters 
3 

and hybridized to H labeled tRNA isolated from cultured Schneider 

Drosophila cells. The recombinant phage giving the strongest 

hybridization signal was estimated to contain 5-10 tRNA genes. 

In situ hybridization localized this phage to region S0AB of 

chromosome 2R (data not shown), and it was therefore named Ch4:Dm50AB. 

The restriction enzyme mapping and Southern hybridization analysis 

of Ch4:Drn50AB using 32 P labeled pupal tRNA as a probe indicated that all 

tRNA coding regions were located on a 3.4 kb stretch of DNA between 

a Sal I and an Eco RI restriction site (Fig. 1). In addition, four 

separate restriction fragments within the 3.4 kb Sal I-Eco RI 

fragment hybridized to the tRNA probe, indicating that multiple 

tRNA genes were located between the Sal I and Eco RI sites. 
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The Sal I-Barn HI restriction fragment containing the entire tRNA 

hybridizing region was subcloned into the plasmid vector pBR322, 

resulting in the recombinant plasmid p50AB. Additional restriction 

enzymes were used to further map the tRNA coding region between the 

Sal I and Eco RI sites of plasmid p50AB. The subcloning and 

restriction mapping are shown schematically in Figure 2. 

The entire nucleotide sequence of the tRNA coding region was 

determined by the method of Maxam and Gilbert (1980). A summary of 

the sequence runs is depicted in Figure 2. 55% of the sequence 

was obtained by sequencing both strands of a region or by inde­

pendently sequencing the same strand. When comparing the sequence 

from opposite strands, we observed a discrepancy between the two 

readings of about 2%. Therefore, we expect approximately a 2% error 

rate in those regions that were sequenced only once. However, most 

tRNA gene regions were sequenced at least twice. The sequence had 

no discrepancies with the restriction map of the clone, with the 

exception of several predicted Taq I sites which were not cleaved 

by Taq I. At all of these sites, however, the Taq I recognition 

sequence overlapped with an Mbo I recognition sequence. This 

particular combination of overlapping sites has been observed to 

confer resistance to Taq I cleavage, probably due to A methylation 

within the Taq I site when the plasmid is grown in~ coli (Muller 

and Clarkson, 1980). Thus, we find no unexplainable discrepancies 

between the restriction enzyme map and the sequence. 

The complete nucleotide sequence between the Sal I and Eco RI 

sites is presented in Appendix I. 
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Identification of tRNA genes 

The strongest conservation of sequence within eukaryotic 

cytoplasmic tRNAs is in the TljJ loop region (Clark, 1978; Sprinzl, 

et al., 1980). With the aid of a computer program (Staden, 1977), 

we searched the nucleotide sequence of pS0AB for possible TljJ loop 

regions. The-sequence for all candidate tRNA regions were then 

folded into a cloverleaf secondary structure and checked for tRNA 

conserved sequences and secondary structure. 

Seven potential tRNA coding regions were discovered. These coding 

regions, their flanking sequences, and their cloverleaf structures are 

shown in Figure 3. Five of the genes code for an identical tRNA sequence 

. . . 'd . 1 Ile d' which contains the isoleucine anticodon AAU. An i ~ntica tRNA co ing . 
sequence has been previously sequenced on a recombinant plasmid from 

region 42A of the Drosophila chromosome (Hovemann, et al., 1980). The 

remaining two tRNA coding regions are quite different from the tRNAile 

coding sequences, but are nearly identical with each other, and unexpect­

edly contain intervening sequences. As in all other tRNA genes containing 

intervening sequences, the location of the intervening sequences is 

within the anticodon loop. In our case, this location causes some 

ambiguity in the identification of the tRNAs due to the possibility 

that the splice junction may be within the anticodon of the mature 

tRNA. Knapp,et al. (1979), however, have found that there is a 

conserved site for the splice junction of all yeast tRNAs containing 

intervening sequences that have been analyzed. The conserved splice 

junction is just 3' of the purine nucleotide which is 3' to the 

anticodon. Following this rule for the position of the splice 
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junction, we have tentatively identified the Drosophila tRNA genes 

as leucine tRNA genes, containing the anticodon CAA. The differences 

Leu-a Leu-b between the sequences for the tRNA gene and the tRNA 

gene lie entirely in the intervening sequences, and consist of one 

T~G transversion and an insertion of seven nucleotides (Figure 3). 

Sequence organization of the tRNA genes and spacers 

Ile Leu-b Four tRNA genes are located on the same strand as the tRNA 

gene, corresponding to rightward transcription in Figure 1. The 

Ile-a Leu-a . tRNA and tRNA genes are located on the opposite strand, 

corresponding to leftward transcription, divergent from the other 

five genes. 

The spacing regions between the genes are variable in length (339; 
~ 

165; 230; 409; 237; and 491 bases, from left to right in Figure 2). 

None of the tRNA coding regions includes a genomically coded CCA 3' end. 

Initial inspection of the sequences near the tRNA genes revealed that 

the preceding and trailing sequences diverge immediately beyond the 

mature tRNA coding sequences. Thus, there are no repetitive units within 

this cluster except for the mature tRNA coding sequences themselves. 

Examination of the restriction map of the parent Ch4:Dm50AB 

indicated that the tRNA gene cluster is separated from any other 

tRNA coding regions by 9.6 kb and 2.7 kb on the Drosophila genome. 

There .are no tandemly repeated units within the Drosophila DNA insert 

of Ch4:Dm50AB. If the insert is part of a tandemly repeated array, 

then the repeat unit would have a minimum length of 15.6 kb, the 

length of the Ch4:Dm50AB insert. 
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In vitro transcription 

The tRNA gene cluster was transcribed in vitro with HeLa cell 

cytoplasmic extracts containing RNA polymerase III activity (Weil, 

et al., 1979). The results of these experiments are shown in 

Figure 4. In all of the transcription experiments, we used single 

stranded 32P labeled DNAs as convenient length standards to 

approximate RNA lengths. All acrylamide gels were 8M urea and 

and run at 60°C, with heat denaturation of samples in 80% formamide 

prior to loading. Under these conditions we find that the main 

band of Drosophila tRNA is located between 72 and 80 base single 

strand DNA markers. Since this is a reasonable size for tRNA, we 

believe that the size estimations are fair approximations. However, 

molecules that have an unusually high degree of secondary structure, 

or very short molecules, may migrate at anomalous lengths. In the 

results reported below, we find that RNA oligonucleotides comigrate 

with DNA oligonucleotides of approximately 10% greater length in a 

25% acrylamide, 8 M urea gel. A similar case has been found for 20% 

acrylamide, 8 M urea gels (R. Ogden, personal communication). 

The in vitro transcription of supercoiled plasmid p50AB DNA 

produced several bands: two large bands of approximate length 145 

and 137 bases; a heavy smear from 95 to 85 bases; and a ladder of 

smaller bands from 64 to 40 bases, including strong bands at 55, 

51, 47, 44 and 40 bases (Figure 4A). In our hands, there was 

considerable background at mature tRNA size in the a- 32P-UTP label 

in vitro transcription reactions. We presume that this is due to 
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• • f 32 32 anu.nation o a- P-UTP to a- P-CTP by the extract, followed by 

terminal addition of ( 32 P)CCA to endogenous tRNAs in the extract. 

There was little background from the a- 32P-GTP label reactions. 

In order to determine the origins of the various transcripts, 

we transcribed isolated restriction fragments containing tRNA coding 

regions (Figure 4B). The transcription of a 588 bp Alu I fragment 

. . th Leu-a containing e tRNA gene produced the 137 base band, a ladder 

of bands from 64 to 50 bases, and moderate bands at 44 and 40 bases. 

Th • • f 644 b 1 f • • h Leu-b e transcription o a p Au I ragment containing t e tRNA 

gene produced a similar pattern of bands, except the 137 base band 

was replaced by a 145 base band, and the 40 base band was replaced 

by a 47 base band. The transcription product of a 618 bp Hha I 

tRNA
ile-a 

fragment containing the gene was a ladder of bands from 

91 to 79 bases, while the transcription products of the 1773 bp 

Hha I fragment containing the tRNAile-b, tRNAile-c, tRNAile-d, 

Ile-e 
and tRNA genes were two sets of bands centered at approximately 

95 and 88 bases. However, a 674 bp Pvu II fragment containing the 

tRNAile-d gene transcribed extremely weakly, and a 169 bp Pvu II-

• d f • • th Ile-e d' d ib Hin III ragment containing e tRNA gene i not transcr e 

at all. Although the tRNAile transcriptions produced a moderate 

Leu 
band of approximate length 79 bases, none of the tRNA trans-

criptions produced any significant bands corresponding to mature 

tRNA length. 

Therefore we have identified the in vitro transcription bands 

from the tRNA plasmid p50AB: the 137 base transcript is from the 

tRNALeu-a . th 145 b . . f th Leu-b gene region; e ase transcript is rom e tRNA 
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gene region; the 95-85 base transcripts are from the tRNAile gene 

regions; and the ladder of bands from 64 to 40 bases is from the 

Leu tRNA gene regions. 

The 137 and 145 base bands are precursors of smaller bands 

We surmised that the 137 and 145 base transcripts from the 

tRNA
Leu . . . . . th Leu-a gene regions were primary transcripts containing e tRNA 

Leu-b 
and tRNA sequences, respectively. In order to determine if 

the 137 and 145 base transcripts were precursors of smaller bands 

appearing during in vitro transcription, we isolated the 32 P labeled 

137 and 145 base RNAs and chased them in an unlabeled in vitro 

transcription reaction. over a span of 60 min., both the 137 and 

145 base bands were chased into sets of small bands: the 137 base . 
transcript produced bands at 40, 44, and a weak ladder from 50 to 56; 

the 145 base transcript produced bands at 44, 47, and a weak ladder 

from 50 to 56 (Figure 5, compare to Figure 4B). Therefore, at least 

some of the smaller bands produced during the transcription of the 

tRNALeu genes are processing or degradation products from the large 

transcripts. 

RNAase Tl and RNAase A oligonucleotides of in vitro transcripts are 

predicted by the DNA sequence 

To prove that the 137 and 145 base bands were due to trans-

• • f h Leu d t th t • t' ·te cription o t e tRNA genes, an no some o er ranscrip ion si 

on the restriction fragments, we digested the transcripts with 

RNAase Tl and RNAase A and analyzed the products. First, the 

isolated 32 p labeled 137 and 145 base RNAs were digested with RNAase Tl 
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and the products were run on a denaturing 25% acrylamide, 8M urea 

gel. The lengths of the Tl oligonucleotides were compared to the 

Leu 
lengths predicted from the DNA sequences of the tRNA genes 

(Figure 6 and Table 1). The largest Tl oligonucleotide predicted 

from either transcript is located within the intervening sequence, 

Leu-a Leu-b and has a length of 20 bases for tRNA and 16 bases for tRNA 

Each of these Tl oligonucleotides were present as predicted, 

comigrating with single strand DNA markers of 22 and 18 bases, 

respectively. In addition to these two large characteristic 

oligonucleotides, the al.most identical sequence of the two tRNALeu 

genes predicted several identical Tl oligonucleotides, which were 

observed in all cases (Table 1). Leu Also, the tRNA gene sequences 

predicted some cases of differential a- 32P-GTP or a- 32 P-UTP label, 

which were also observed. 

To further establish the identity of the Tl oligonucleotides, 

several characteristic oligonucleotides were isolated from the 25% 

acrylamide gel, digested with RNAase A, and electrophoresed on DEAE 

paper at pH 3.5. The predicted patterns for the 20 base and 16 base 

Tl oligonucleotides from tRNALeu-b and tRNALeu-a transcripts 

include no RNAase A products greater than 2 bases except for an A4U, 

which is present in each. As predicted, we found no RNAase A oligos 

greater than 2 bases except for a band migrating near the origin, 

characteristic of A~4N (data not shown). In addition, the RNAase A 

Leu-a digest of the 13 base Tl oligonucleotides from both tRNA and 

tRNALeu-b gene transcripts yielded no oligonucleotide greater than 

2 bases except for an AAU oligonucleotide, also as predicted from the 

DNA sequence (data not shown). 
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Discussion 

The tRNALeu genes from pS0AB 

There are two arguments that the mature tRNAs from the two tRNA 

genes containing intervening sequences are identical leucine tRNAs 

containing the anticodon CAA. First, as mentioned above, previous 

studies of five yeast pre-tRNAs containing intervening sequences have 

demonstrated a conserved position for the splice junction: it is 

always located between the two nucleotides just to the 3' side of the 

anticodon (Knapp, et al., 1979). To comply with the rules for tRNA 

sequence and secondary structure (Clark, 1978), the intervening 

sequence of the pS0AB tRNALeu genes must lie within the anticodon 

loop. This location is consistent with the conserved site found for 

yeast tRNA intervening sequences. 

Secondly, there are significant homologies in sequence and 

secondary structure between yeast tRNA~eu genes (Venegas, et al., 1979; 

Kang, et al., 1980; Johnson, et al., 1980) and the proposed Drosophila 

Leu tRNA genes. Comparisons of the secondary structure of the yeast 

pre-tRNA~eus and the proposed Drosophila pre-tRNALeus were made after 

folding the sequences into cloverleaf form (Figure 7) and minimizing 

the free energy of all stem loop structures (Tinoco, et al., 1973; 

Borer, et al., 1974). The secondary structures involving the 

intervening sequences are almost identical (Figure 7). There are two 

stern loop structures involving the intervening sequences: the first 

has a stem of 5 bp in both Drosophila and yeast, while the second 

immediately follows the first with a stem of 6 bp. The sizes of the 
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loops differ slightly for the Drosophila and yeast precursors, from 

7 to 5 bases for the first loop, and from 4 to 5 bases for the second. 

The predicted free energies of these two stern loop structures are 

-3.5 kcal and -4.0 kcal for the yeast 

-3.7 kcal for the proposed Drosophila 

Leu 
pre-tRNA s, 

3 

Leu 
pre-tRNA s. 

and -1.0 kcal and 

The CAA leucine 

anticodon is completely base paired to the yeast intervening sequence, 

and the last two anticodon bases are base paired to the Drosophila 

intervening sequence. 

In addition to the conservation of secondary structures, there is 

also strong sequence homology between the Drosophila and yeast tRNA~eu 

genes (Figure 8). Most of the 65% sequence homology between these 

genes occurs in the dihydrouridine stern and loop, in the mature tRNA 

anticodon stem and loop, and in the T ~ loop. Of the 47 nucleotides 

in these regions, 43 are conserved between the Drosophila and yeast 

genes. The 91% homology in these regions is much stronger than 

d h . h. 1 Leu . h observe wen comparing the Drosop i a tRNA genes wit other tRNAs: 

7 • h Tyr • h Phe 5 • h h'l 4 % wit yeast tRNA ; 70% wit yeast tRNA ; 3% wit Drosop i a 

tRNAAsn and 51 % with Drosophila tRNAile_ These striking homologies 

h h t RN Leu d h ' l Leu suggest tat t e yeas t A3 genes an our Drosop i a tRNA genes 

have a common ancestor. 

The intervening sequences of the yeast and Drosophila tRNALeu 

genes contain two regions of·strong sequence homology (Figures 7,8). 
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One 8 base region, AAAAUCUU, in the Drosophila tRNALeu intervening 

sequences is exactly repeated in approximately the same location in 

Leu 
one yeast pre-tRNA3 (Venegas, et al., 1979). An almost identical 

sequence, AAUAUCUU, occurs at the same position in the other yeast 

Leu 
pre-tRNA 3 (Kang, et al., 1980; Johnson, et al., 1980). The homology 

originates in the first loop of the intervening sequence and continues 

into the stern which base pairs to the anticodon (Figure 7). A second 

homology of 5 bases occurs mainly within the second loop of the inter-

vening sequences. The sequence in this region is UUAAC for one yeast 

pre-tRNA~u, and UGAAC for the other yeast and Drosophila tRNALeu genes. 

The probabilities of finding exact homologies in the same approximate 

location of two random sequences of intervening sequence length are 

.12 for 5 bases and .002 for 8 bases. 

The conservation of an 8 base region between the tRNALeu inter-

vening sequences of very different organisms is an intriguing 

observation, and suggests that this sequence may be conserved in 

other tRNA genes containing intervening sequences. We have scanned 

published tRNA intervening sequences and have found similar sequences 

starting within all known tRNA intervening sequences (Table 2). 

Of six tRNA intervening sequences other than tRNALeu, three had a 

homology of 7 nucleotides with the sequence AAAAUCUU, two had a 

homology of 6, and one had a homology of 5. 

This family of conserved sequences starting within tRNA intervening 

sequences has additional similarities. The last 2 nucleotides, and 

usually more, are always base paired in a predicted stable secondary 
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structure. The first few nucleotides are always located in a loop 

region. The last nucleotide, and often more, is base paired to an 

anticodon nucleotide except for the two tRNATyr precursors. These 

similarities in sequence and secondary structure indicate that these 

sequences are strongly related. 

The homologies of this family of conserved sequences suggest a 

functional significance. One possible functional role might be the 

control of transcription of the tRNA gene (Johnson, et al., 1980). 

If the control of transcription of tRNA genes is similar to that for 

5S rRNA genes (Bogenhagen, et al., 1980; Sakonju, et al., 1980; 

Engelke, et al., 1980), then the intervening sequences would lie in 

the transcription initiation control region. Johnson, et al. (1980) 

have found that an insertion in the second stern loop structure of 

Leu d • d ff . ' • • d • yeast pre-tRNA3 i not a ect in vitro transcription an processing 

of the gene. However, the conserved sequence lies within the first 

loop structure; alterations in the second loop structure might not 

affect transcriptional control exerted by the conserved sequence. 

There are, however, some observations that the intervening 

sequence transcriptional control hypothesis does not explain. Many 

tRNA genes do not have intervening sequences. Also, many of these 

tRNAs have no sequence similarity to the 8 base conserved sequences 

(Drosophila tRNAile, for example). Thus, neither an intervening 

sequence nor the 8 base conserved sequence is required for the 

transcription of all tRNA genes. 
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Another possible function of these conserved sequences is to 

serve as a common recognition site for the enzyme or enzymes responsible 

for the removal of the intervening sequence. It is not yet known 

whether a single enzyme or different enzymes are required for removal 

of the intervening sequences of different tRNAs, but the recent 

isolation of yeast mutants which only affect tRNA intervening sequence 

metabolism (Hopper, et al., 1980) implies that a common enzyme may be 

involved. Our observations are consistent with a common enzyme 

involved in tRNA intervening sequence excision: the conserved family 

of sequences within the intervening sequence may provide a common 

recognition site for this enzyme. 

Homologies of Drosophila tRNA gene flanking regions 

There are imperfect homologies among the 5' flanking regions of 

Ile 
the tRNA genes. With no gaps or loopouts allowed, the best 

. Ile-b Ile-e 
alignment of the 50 nucleotides preceding the tRNA and tRNA 

genes produces a 62% sequence homology (Figure 9 ). Homologies in 

th • • h h Ile 36 48 is region among t e ot er tRNA genes are % to %. The 5' 

Ile 
flanking region of the tRNA gene from chromosomal region 42A 

(Hovemann, et al., 1980) has greatest homology (44%) with the sequence 

Ile-b 
preceding the tRNA gene. Although these homologies are weak, 

they are greater than homologies obtained from comparison of random 

Ile 
sequences. These results suggest that the repeated tRNA genes 

and their spacers may have been created by a gene duplication of an 

Ile-b 
ancestral gene most closely related to the tRNA gene. 
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A small region of strong homology precedes the p50AB tRNAile genes, 

starting 23 or 24 nucleotides from the 5' end of the tRNAile coding 

region. A consensus sequence derived from the nontranscribed strand 

of this region, 5' GCNTTTTG 3', occurs in the 5' flanking sequences 

of the tRNAile-b and tRNAile-e genes, while sequences which match 6 

Ile of the 7 consensus nucleotides precede the other tRNA genes 

(Figure 3). The sequences from the tRNAile gene from chromosomal 

region 42A contain a run of 8 T nucleotides starting 23 nucleotides 

from the tRNA coding region, but otherwise are not homologous to the 

consensus sequence preceding p50AB tRNAile genes. The 5' flanking 

Leu sequences of the tRNA genes also contain a small conserved sequence, 

5' GANTTTGG 3', preceding the tRNALeu-a and tRNALeu:b coding regions 

by 12 and 21 nucleotides, respectively. Similar small regions of 

imperfect homology have been found preceding repeated Drosophila 

tRNA~ys and tRNAArg genes. Hovemann, et al. (1980) have determined a 

consensus sequence from the 5' flanking sequences of the Drosophila 

tRNA~ys genes: 5' GGCAGTTTTTA 3' (Hovemann, et al., 1980; Yen and 

Davidson, 1980). It is interesting that the consensus sequences are 

G and T rich; they also contain runs of 3 or more T nucleotides. 

Whether the conservation of these small homologous regions 

preceding repeated tRNA genes is due to function or some other reason 

remains unclear. However, there is some evidence that 5' flanking 

sequences may modulate transcription of Drosophila tRNA~ys genes by 

Xenopus RNA polymerase III (DeFranco, et al., 1980). 
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The sequences flanking the 3' end of all the pS0AB tRNA genes 

contain strings of 6 or more T nucleotides in the nontranscribed 

strand, starting within 10 nucleotides of the tRNA coding region. 

Since all RNA polymerase III transcripts that have been studied 

terminate within runs of 4 or more T nucleotides in the nontranscribed 

strand (Silverman, et al., 1979; Korn and Brown, 1978; Garber and 

Gage, 1979), the stretches of T nucleotides trailing tRNA genes are 

probably termination sites. 

In vitro transcription 

Preliminary in vitro transcription experiments suggest that the 

tRNALeu genes and several tRNAile genes are selectively transcribed. 

Therefore, these tRNA genes appear to contain all information required 

for accurate initiation and termination of transcription by RNA polymerase 

III in HeLa cell extracts. We were not surprised that the HeLa system 

transcribed Drosophila tRNA genes because human cell extracts accurately 

transcribe Xenopus SS genes (Weil, et al., 1979). Also, Xenopus RNA 

polymerase III systems accurately transcribe a number of heterologous 

tRNA genes: Drosophila tRNAArg (Silverman, et al., 1979); Bombyx mori 

Ala 
tRNA2 (Garber and Gage, 1980); and yeast tRNAs (Ogden, et al., 1979; 

Johnson, et al., 1979). Clearly, the RNA polymerase III transcriptional 

apparatus is well conserved in eukaryotes. 

Leu 
When labeled primary transcripts of the tRNA genes are chased 

with unlabeled in vitro transcription extracts, the transcripts are 

partially processed, producing small bands of 56 to 40 bases. One of 
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the small processed fragments that we might expect to observe would 

be the excised intervening sequence from each tRNALeu transcript, 

predicted to be 38 bases for tRNALeu-a ~d 45 bases for tRNALeu-b_ 

Indeed we find candidate bands comigrating with single strand DNAs 

of 40 and 47 nucleotides, respectively (Figure 4). Some preliminary 

Leu-a 
experiments indicate that the tRNA 40 base band contains the 

RNAase Tl oligonucleotide characteristic of the intervening sequence 

(data not shown). However, we have not yet positively identified 

the 40 base fragment. 

Other fragments expected from processing of tRNALeu transcripts 

would be the 5' and 3' half tRNAs left after excision of the inter-

vening sequence, and the mature tRNA. 

A preliminary experiment indicates that a band from tRNALeu-a 

transcription, which comigrates with 44 base single strand DNA, 

contains RNAase Tl oligonucleotides specific only for the 5' half of 

tRNA~u However, we have not identified any small transcription 

bands which originate only from the 3' half of the tRNA, and we have 

Leu 
not found any significant bands corresponding to mature tRNA . 

h ab f ALeu • 1· h 1 f h RNA Te sence o mature tRN imp 1es tat at east some o t et 

processing enzymes are not present or active in the in vitro 

transcription extracts. 

Drosophila tRNA gene organization 

We do not know whether the tRNA genes from Ch4:Dm50AB are the 

only tRNA genes in chromosomal region 50AB; other tRNA genes may be 
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located on the chromosome near this cluster (but at least 2.7 kb 

away), which would make the tRNA genes reported here a sub-cluster 

of a larger region of tRNA genes. Nevertheless, the overall organization 

of the tRNA gene cluster in Ch4:Dm50AB is consistent with the results of 

previous investigations (Yen, et al., 1977; Tener, et al., 1980; Elder, 

et al., 1980; Hovemann, et al., 1980; Yen and Davidson, 1980). 

Drosophila tRNAs are organized in clusters of varying sizes. A cluster 

at chromosomal region 42A spans 46 kb and contains 18 tRNA coding 

regions: 8 tRNAAsn, 4 tRNAArg, 5 tRNALys, and 1 tRNAile_ The cluster 

reported here spans 2.5 kb and includes 7 tRNA coding regions: 

5 tRNAile and 2 tRNALeu_ Although individual tRNA genes are often 

repeated within a cluster, the genes are irregularly spaced and 

located on both chromosomal DNA strands. The spacer regions are 

divergent in nucleotide sequence, but small homologies exist preceding 

repeated genes. 

The reasons for this type of clustering, as opposed to the 

tandemly repeated transcriptional units of Drosophila 5S rRNA genes 

(Hershey, et al., 1977; Artavanis-Tsakonas, et al., 1977), are unclear. 

Perhaps the relatively small number of genes for a specific tRNA is 

required to be more constant throughout evolution than is the number 

of 5S rRNA genes. The tandem repetitive organization of 5S rRNA 

genes allows rapid expansion or contraction of the number of genes by 

unequal crossover events (Smith, 1973, 1976). Because of their 

irregular sequence organizations, tRNA genes would not be as 

susceptible as 5S genes to unequal crossover, reducing the rapid 
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contraction or expansion of repeated gene numbers by recombination 

events. 
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Experimental Procedures 

Screening the recombinant library 

The construction and analysis of the recombinant library has been 

described previously (Yen, et al . , 1979; Davidson, et al., 1980). 

Partial Eco RI digested nuclear DNA from pupae of Drosophila melanogaster 

strain Canton S was size selected on sucrose gradients and cloned into 

the A vector Charon 4 (Blattner, et al., 1977). Insert sizes range 

from 10-21 kb, and Cot analysis indicates that the library is 

representative of 95 + 5% of the single copy Drosophila genome. 

Dr. Pauline Yen combined three recombinant plasmids containing one 

or more Drosophila tRNA genes cloned in the vector Col El (Yen, et al., 

1977), labeled them by nick translation (Maniatis, et al., 1975), 

and used them as hybridization probes to screen the library (Benton 

and Davis, 1977; Maniatis, et al., 1978). 

Isolation and labeling of tRNA 

The isolation of Drosophila pupal tRNA and 3H labeled Drosophila 

Schneider cell tRNA has been described (Yen, et al., 1977). Drosophila 

pupal tRNA was labeled with 32P by two different methods, each 

described in detail by Yen and Davidson (1980): tRNA 5' ends were 

labeled by treatment with T4 polynucleotide kinase and y- 32P-ATP 

(Donis-Keller, et al., 1977); tRNA 3' ends were labeled by treatment 

with T4 RNA ligase and 32 P-pCp (Barrio, et al., 1978). 
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Gel electrophoresis, Southern hybridization, and restriction mapping 

Recombinant phage DNA was digested singly or in combination by 

restriction enzymes, and the products were separated by 0.7% or 1.5% 

agarose gel electrophoresis in E buffer [40 rnM Tris, 5 rnM NaOAc, 1 rnM 

EDTA (pH 7.4) ]. Restriction fragments hybridizing to tRNA were 

detected by transfer of the fragments to a nicrocellulose filter 

(Southern, 1975), and hybridization to 0.1 µg/ml 32P -tRNA at 65°C 

overnight in 1 M NaCl, 50 rnM Tris (pH 7.5), 10 rnM EDTA, 0 .1 % SDS, 

0 . 2% bovine serum albumin, 0.2% PVP-40, and 0.2% Ficoll. A restriction 

map of the phage DNA was deduced by analysis of restriction fragment 

lengths on agarose gels and the ability of restriction fragments to 

hybridize to 32P-tRNA probes. A restriction map of the plasmid p50AB 

was deduced by analysis of restriction fragment lengths on 5% 

acrylamide gels in TBE buffer [90 rnM Tris, 90 rnM HB04, 2.5 rnM EDTA 

(pH 8.3) ], and by partial digestion of end labeled restriction 

fragments (Smith and Birnstiel, 1976). 

In situ hybridization 

Dr. Pauline Yen prepared 3H-cRNA from Ch4:Dm50AB and then 

h ybridized it in situ to squashed Drosophila larval chromosomes as 

described by Yen, et al. (1 977). 

Construction of plasmid p50AB 

1.5 µ g Ch4:Dm5 0AB and 0.45 µg plasmid pBR322 DNA (Bolivar, et al ., 

1977) were mixed and digested with Sal I and Barn HI restriction enzymes. 

The resulting restriction fragments were ligated with T4 DNA ligase 
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(Mertz and Davis, 1972; Cohen, et al., 1973) and the ligation mixture 

was used to transform E. coli strain HB101. Transformants containing 

Drosop hila tRNA genes were selected by colony hybridization (Grunstein 

and Hogness, 1975) to 32P-tRNA probe. Closed circulur DNA from one 

positive colony, p50AB, was prepared from a bacterial lysate of 

chloramphenicol-amplified culture (Clewell and Helinski, 1972) by 

ethidium bromide-cesium chloride equilibrium sedimentation (Radloff, 

et al., 1967) . 

Isolation, labeling, sequencing of restriction fragments 

Restriction fragments were isolated and labeled at 5' ends with 

T4 polynucleotide kinase and y- 32 P-ATP as described by Maxam and 

Gilbert (198 0 ). Fragments were labeled at 3' ends with E. coli DNA 

polymerase (Klenow fragment): 1 µg of DNA was treated with 0.2 - 1 

units DNA polymerase (Klenow) in 30 µl of 5 rnM dithiothreitol, 6.6 rnM 

NaCl, 6.6 rnM MgC1 2 , and 6.6 rnM Tris (pH 7.5) with 1 µMeach of 32 P-dATP, 

32P-dCTP, 32 P-dGTP, and 32P-dTTP (2000 Ci/mmole) at 37°C for 30 min. 

End labeled fragments were sequenced by the method of Maxam and Gilbert, 

using reactions G, G+A, A>C, C+T, and C. 

Computer programs 

Minor modifications of the programs described by Staden (1977, 

1 978 ) we re used with a Digital Equipment VAX-11 comp uter to analyze 

DNA sequences. 
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In vitro transcription and RNA analysis 

Extracts of HeLa cells, prepared by the method of Weil, et al. 

(1979) by Dr. Ed Fritsch, were used for in vitro transcription 

experiments. The products of in vitro transcription were run on 8% 

denaturing acrylamide gels (Maxam and Gilbert, 1980), and 32P-RNA 

bands were eluted from the gels as described for DNA fragments. 

Unlabeled E. coli tRNA was added to the eluted 32P-RNA, ethanol 

precipitated, and resuspended in 5 µl RNAase Tl (10 units) in water. 

After incubation at 37°C for 30 ~in, the 32P-RNA was added to an 

equal volume of 80% formamide loading buffer, heated to 90°C for 

5 min, chilled in ice, and loaded onto a 25% acrylarnide, 8 M urea gel 

(Maxam and Gilbert, 1980). RNA bands from this gel'were eluted as 

before and digested in 20 µl of 0.1 mg/ml RNAase A at 37°C for 

30 min, then loaded and run on DEAE paper at pH 3.5 (Brownlee, 1972). 

Containment of recombinant DNA organisms 

All recombinant DNA containing organisms were handled in P2, EK! 

conditions in accordance with the NIH Guidelines. 
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Figure Legends 

Figure 1. Restriction and Southern hybridization analysis of 

Ch4:Drn50AB. Panel A - ethidium bromide stained gel of Ch4:Drn50AB 

digested with the indicated restriction enzymes (left); light 

and heavy exposures of Southern hybridization of the DNA in this 

gel with Dm 32 P-tRNA probe (middle and right). The Eco Rl digest 

lane indicates that a single 10 kb fragment hybridizes to tRNA, 

while the Eco Rl + Hind III lane shows that two fragments of 

length 2.95 and 1.15 kb hybridize to tRNA. The 5.4 kb fragment 

in the Eco RI+ Hind III lane that hybridizes to tRNA is due to 

incomplete Hind III digestion. Panel B - ethidium bromide stained 

gels of Ch4:Dm50AB digested with the indicated restriction enzymes 

and light and heavy exposures of Southern hybridizations using 

Dm 32P-tRNA probe. The Sal I+ Barn HI lane (left) contains a 

single 4.3 kb fragment which hybridizes to tRNA (higher molecular 

weight fragments that hybridize to tRNA are due to incomplete 

Sal I digestion). This 4.3 kb fragment was subcloned into pBR322 

to form p50AB. The Pvu II+ Hind III lane (right) indicates 

that four distinct fragments hybridize to tRNA:1.75 kb; 1.11 kb; 

0.66 kb; and 0.15 kb. 

Figure 2. Restriction maps and sequencing gels of Ch4:Dm50AB and 

p50AB. Restriction enzyme code: A-Alu I; B-Bam HI; D-Hind III; 

E-Hae III; F-Hinf I; H-Hha I; HP-HpaI; M-MspI; P-Pvu II; Rl-Eco RI; 

S-Sal I; T-Taq I; V-AvaII. Sequencing gels are schematically shown 
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as arrows in the direction of reading; dashed arrows indicate 3' 

end labeled fragments, while solid arrows indicate 5' end labeled 

fragments. tRNAs are schematically shown as arrows indicating 

direction of transcription. 

Figure 3. Sequences of p50AB tRNA genes and their flanking sequences. 

Panel A - The nontranscribed DNA strand in the 5' to 3' direction 

is shown. All five tRNAile genes have identical sequences for 

mature tRNA Ile. The tRNA Leu genes differ by a T-+ G transversion 

at position 42, and a 7 bp deletion starting at position 70. A 

i~dicates proposed sites for excision of the intervening sequences. 

Underlined sequences indicate small, strongly conserved sequences 

. Ile Leu 
preceding the tRNA and tRNA genes. Panel B - Clover leaf 

Ile Leu 
structures for p50AB tRNA and tRNA The tRNALeu structures 

contain the intervening sequence nucleotides. For the proposed 

stable secondary structure of the intervening sequences of the 

Leu 
tRNA genes, see Figure 7. 

Figure 4. In vitro transcription products of p50AB tRNA genes. 

In vitro transcription products were run on denaturing 8% acrylamide 

gels and exposed to X-ray film. Panel A - lanes a, b, and c 

contain the products of in vitro transcription of supercoiled 

plasmid DNAs with the indicated 32P label: lane a - p50AB DNA 

(a- 32 P-UTP); lane b - pBR322 DNA (a- 32 P-GTP); lane c - pBR322 DNA 

(a- 32 P-UTP). Lane d contains 32 P labeled Drosophila tRNA. 

Panel B - restriction fragments from p50AB DNA containing the 
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indicated tRNA genes were transcribed in vitro with a- 32 -P-GTP 

label: Leu-a 
lane a - 588 bp Alu I fragment (tRNA ); lane b - 644 bp 

Alu I fragment (tRNALeu-b); lane c - 674 bp Pvu II fragment 

Ile-d . Ile-e 
(tRNA ) ; lane d - 169 bp Pvu II+ Hind III fragment (tRNA ) ; 

Ile-a 
lane e - 618 bp Hha I fragment (tRNA ) ; lane f - 1773 bp 

Hha I fragment (tRNAile-b,c,d,e). 

Figure 5. Chase of 137 and 145 base transcripts with in vitro 

transcription extract. The 137 base and 145 base transcripts 

(lanes a and b of Figure 4) were excised and eluted. The RNAs 

were treated with an in vitro transcription extract containing 

unlabeled UTP. At the indicated times, aliquots were removed 

and quenched as before. Lanes a-d (137 base transcript): lane a -

60 min; lane b - 10 min.; lane c - l min.; lane d - 0 min., 

lanes e-f (145 base transcript): lane e - 60 min.; lane f -

10 min.; lane g - l min.; lane h - 0 min. 

Figure 6. RNAase Tl digestion of the 137 and 145 base transcripts. 

137 and 145 base transcripts, which were transcribed from isolated 

restriction fragments with either a- 32 P-GTP or a- 32 P-UTP label, 

were digested with RNAase Tl and loaded onto an 8 M urea, 25% 

acrylamide gel with single stranded DNA length standards: 

lane a - 137 base transcript (a- 32 P-UTP); lane b - 137 base 

transcript (a - 32 P-GTP); lane c - 145 base transcript (a- 32 P-UTP); 

lane d - 145 base transcript (a 32 P-GTP). See Table l for 

analysis of this gel. The numbers at left are nucleotide positions 
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from a Maxam and Gilbert (1980) sequencing gel reading. Because 

of the chemical degradation method of sequencing, however, 

nucleotide position n is actually an oligonucleotide of length 

n - 1. Thus, the RNA oligonucleotide migrating at position 23 

comigrates with DNA oligonucleotides of length 22. 

Figure 7. Predicted secondary structures of the precursor of a yeast 

Leu h' l Leu tRNA and the proposed precursors of Drosop i a tRNA 
3 

Underlines indicate short regions of strong sequence homology 

b h • • f d h'l Leu etween t e intervening sequences o yeast an Drosop i a tRNA . 

Nucleotides in parentheses indicate differences between the 

Leu-b Leu-a 
sequences for p50AB tRNA and tRNA Heavy arrows 

indicate predicted locations of splice junctions, and the 

predicted mature anticodon stem and loop is shown to the right 

of each precursor. 

Figure 8. 
Leu 

Comparison of the sequences of yeast tRNA
3 

and p50AB 

Leu-b 
tRNA . Loopouts were allowed in this comparison to maximize 

homology (looped out nucleotides are opposite-). Matches 

between the two sequences are indicated by* 

Figure 9. Homologies in the DNA sequences 5' to Drosophila tRNAile 

. . Ile 
genes. 50 bases preceding each Dm tRNA gene reported here 

(tRNA
ile-a to e) 

and by Hovemann, et al. (1980) (tRNA Ile-bh) 

were compared for homologies. Alignments producing maximum 

homology were found by a computer program that does not allow 
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loopouts in comparisons. Each alignment is identified by the 

tRNA genes that follow the compared DNA sequences: a - pSOAB 

Ile-a Ile-b Ile-c 
tRNA b - pSOAB tRNA ; c - pSOAB tRNA ; d - pSOAB 

Ile-d Ile-e Ile 
tRNA e - pSOAB tRNA ; bh - pCIT12 tRNA . 
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t RNl
1 

5' 3' gene 
GTTAGCTTC GCTATTTAGC GAAAATCGCA TTTTGTTAAA ATTACAGACAT 
••• • •••••• • •••••• • • b 

AGTTTAGTAC GCCTTCCAGT CTGCTACGCC TCTTGCATCC GTAAATACAT a 

ATATTGT GTTTCATTGG CGTAAATGCG TCTTlTGACA GAAATCAGCACAA C •• • • • • • • •••••• ••••• 
AGTTTAGTAC GCCTTCCAGT CTGCTACGCC TCTTGCATCC GTAAATACAT 0 

GCTGTTCGTC GCATTTACTC TCAAAAAGC G TTTGG CAAAA AAGAACGCAT d • • ••••• • ••••••• • •••• 
AGTTTA GTAC GCCTTCCAGT CTGCTACGCC TCTTGCATCC GTAAATACAT O 

ATCAGAATTG CTATTTGGTA AAACTGGCAT TTTGGCAGCT GTGCATAAAT e • • • •• • • ••••••••••••• 
AGTTTAGTAC GCCTTCCAGT CTGCTACGCC TCTTGCATCC GTAAATA CAT O 

TTCTAAGC TTCACAAATT TTACTAATAT TTTTTTTCAA TGCATTC CATGG bh 
•• • • • • • ••• • •• • •••• 

AGTTTAGTAC GCCTTCCAGT CTGCTACGCC TCTTGCATCC GTAAATA CAT O 

ATATTGTGTT TCATTGGCGT AAATGCGTCT TTTGACAGAA ATCAGCACAA 
• • • •• • ••••••••••••• ••• 

GTTAGCTTCG CTATTTAGC G AAAATC GCAT TTTGT TAAAA TTA CAGA CAT 

GCTGTTCGTCG CATTTACTCT CAAAAAGCGT TTGGCAAAAA AGAACGCAT 
• • ••• • •• • ••• •• • •• • •••• • • 

GTTAGCTTCG CTATTTAGCG AAAATCGCAT TTTGlTAAAA TTACAGACAT 

ATCAGAAT TG CTATTTGGTA AAACTGGCAT TTTGGCAGCT GTGCATAAAT 
•••••••••••• • •••••••••••• • ••••• 

C 

b 

d 

b 

e 
GTTAGCTTCG CTATTTAGCG AAAATCGCAT TTTGTTAAAA TTACAGACAT b 

TTCTAAG CTTCA CAAATTTTAC TAATATTTTT TTT CAATGCA TTCCATGG 
• •••••• • • •• •• • ••• ••••• 

GTTAG CTTCG CTATTTAGCG AAAATCGCAT TTTGTTAAAA TTACAGACAT 

GCTGTTC GTC GCATTTACTC TCAAAAAGCG TTTGGCAAAA AAGAACGCAT 
• •• •••• • • •••••••••••••• 

ATATTG TG TT TCATTGGCGT AAATGCGTCT TTTGACAGAA ATCAGCACA A 

ATCAGAATTG CTATTTGGTA AAACTGGCAT TTTGGCAGCT GTGCATAAAT 
•• • ••• • ••• • • •••• ••• • • • 
ATATTGTGTT TCATTGGCGT AAATGCGTCT TTTGACAGAA ATCAGCACAA 

TTCTAAGC TTCA CAAATTTTAC TAATATTTTT TTTCAATGCA TTCCATGG 
If • • • • •• • ••••••••• 

bh 
b 

d 

C 

e 
C 

bh 
ATATTGTGTT TCATTGGC GT AAATGCGTCT TTTGACAGAA ATCAGCACAA C 

AT CAGAATTG CTATTTGGTA AAACTGGCA T TTTGGCAG CT GTG CATAAAT 
• •••• • • ••••••• • • •• e 

GCT GT TCGTC GCAT TTA CTC TCAAAAAGC G TTTG GCAAAA AAGAAC GCA T d 

TTCT AAGC TTCACAAATT TTACTAATAT TTTTTTTCAA TGCATTCCATGG bh • • • * ■ ■ I ■■ • •• •• • • •• 
GCTGTTCGTC GCATTTACT C TCAAAAAG CG TTTGGCAAAA AAGAA CGC AT d 

TTCTAAG CTTCA CAAATTTTAC TAATATTTTT TTTCAATGCA TTCCATGG 
• •• • • • •• •• • ••• •• • ••• 

ATCAGAATTG CTATTTGGTA AAACTGGCAT TTTGGCAGCT GTGC ATAAAT 

Figure 9 
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APPENDIX I 

Nucleotide Sequence of Drosophila Sequences of p50AB: Sequence from 

the Sal I site extending 50 nucleotides beyond the Eco RI site. 
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Appendix II 

Sequence Organization of Drosophila tRNA Genes 

[Reprint from ICN-UCLA Symposium on Eucaryotic Gene Regulation, 

R. Axel and T. Maniatis, eds. (Academic Press, New York), 1979.] 
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EUCARYOTIC GENE REGULATION 

SEQUENCE ORGANIZATION OF DROSOPHILA tRNA GENES1 

Pauline Yen, N. Davis Hershey, 
Randy R. Robinson, and Norman Davidson 

Department of Chemistry, California Institute of 
Technology Pasadena, CA 91125 

ABSTRACT The tRNA gene cluster at region 42A of chromo­
some arm 2R of the Drosophila melanogaster genome has 
been mapped on a number of recombinant DNA molecules with 
overlapping Drosophila inserts. The cluster extends over 
a region of 46 kb and confains at least 18 tRNA qenes. 
It contains several tRNA2 YS, tRNA 2arg, and tRNAasn 
genes that are mutually interspersed and irregularly 
spaced. A preliminary account of experience with Benton­
Davis screening for A plaques with inserts carrying tRNA 
genes is given. 

INTRODUCTION 

Saturation hybridization experiments indicate that there 
are 600-800 tRNA genes in the haploid genome of Drosophila 
melanogaster. (l,2,3) There are about 90 resolvable peaks 
when total l:An tRNA is fractionated by RPC-5 chromatography(4). 
From an analysis of the kinetics of tRNA-genomic DNA hybridi­
zation, Weber and Berger estimate that l:An tRNA is made up of 
about 59 kinetic families (3). These data suggest that there 
are approximately 60-90 different tRNA sequences (i.e., 
species) in Drosophila and an average reiteration frequency 
for any one species of six to 13. 

Steffensen and Wimber (5) and later Elder, Szabo and 
Uhlenbeck (6) have mapped the sites on polytene chromosomes 
to which total labeled l:An tRNA hybridizes. In the latter 
study, 54 sites were mapped by hybridization of 125 !-labeled 
tRNA to polytene chromosomes. Of these 26 were estimated 
by grain counts to be strong sites with 4 or more gene copies, 
and 28 were weak with 1-3 gene copies. These sites are listed 
in Table l. 

The authors noted that other sites, such as those with 
small numbers of tRNA genes, those with tRNA genes of low 

1This work was supported by a grant GM 10991 from the 
United States Public Health Service. 
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abundance, or those on portions of the genome that are under­
replicated in polytene chromosomes (e. g ., the Y chromosome) 
may not have been detected. 

Several laboratories have carried out in situ studies on 
purified tRNAs. Some of these results are also reported in 
Table l (7,8,9,10). 

The overall conclusions from these studies are that most 
of the tRNA genes of Drosophila are clustered at a limited 

.! ll. 
30 22DE 

JF 23EF 

5F6A 240E 

11 A *27D 

.:fil 280 

28FzgA 

290 
Asp2 

29E 

• 34A 

35A8 

Table 1 

Orosophila 4S RNA Sites• 

?.E lh 
41CO 610 Met3 

*42A Asn 
- Arg2, Lys2 

•62A Lys2 
-Glu4 

42( Lys2 63A 

*4JA ~ 

44EF 640E Val 3a 

46A Met) 668 

48AB Metz 678 

48C~ 69F70A 

49A8 70BC Va14 

~ 700E 

*508C Lys2 72F * 73A Met2 

52F53A Glu4 79F 

54A 

;40 

55EF 

560 Val4 

* 56F Glu4 

570 

58A8 

60E 

~ 

84A Met2 

840 Va13b 

84F Arg2 

878C 

87F88A 

898C Val4 

90C Va13b 

900( 

* 91C 

92A8 Va13b 

93A 

95F96A 

97CO 

99EF 

•The l ocus assignments in hea vy type were made by Elder et al . (f ) using total labeled 

tRNA. Sites that were heavily labeled are unoerlined. Entries to the side of the main columns 

of the tab·le are ass ignments made using purified tRNA's (5,6,7,8,9,10). Asterisks indicate 

assignments for recombinant Charon plaques that give strong tRNA signals, isolated in our 

laboratory. Entries in italics are in sJt:u assignments that may be different from those of 
Elde r et ol. (6) . 

i 
none 
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number of sites, perhaps 54 to 60, on the polytene chromo­
somes; that some of these clusters contain more than one 
species of tRNA gene; and that for some tRNA species there are 
genes at 2 or more sites. 

We have previously described our initial studies of the 
sequence arrangement of the tRNA genes on a cloned fragment 
of Om tRNA of length 9 kb (11). This fragment was shown by 
in situ hybridization to map at region 42A of chromosome 2R. 
In si tu studies with labeled total Dm tRNA had shown that 42A 
is one of the richest tRNA gene clusters in the Drosophila 
melanogaster genome (5). 

In the present communication, we describe the present 
status of our further studies of the sequence organization of 
tRNA geQes in cloned DNA derived from this region of the 
chromosome. We also give a preliminary account of our exper­
ience in screening for recombinant \ plaques with Drosophila 
tRNA genes. 

EXPERIMENTAL 

A recombinant "library" of nuc_lear Dm DNA inserted into 
the modified A bacteriophage Charon 4 (12) has been con­
structed. High molecular weight nuclear Dm DNA was partially 
digested with EcoRl to varying extents (5%, 7.5%, 14%, 20%, 
31 % and 57%) of total digestion. Fractions of length 22±4 kb 
were isolated from each digest by sucrose gradient velocity 
sedimentation. Equal masses of sized DNA from each digest 
were combined and then ligated to annealed EcoRl ends of 
Charon 4 DNA. The ligation products were packaged i n vi tro 
(13,14) to yield 2 x 10 6 recombinant plaque forming units. 

The library contains inserts ranging in size from 12 to 
20 kb, and contains less than 1% Charon 4 contamination. 
Library D'n DNA is representative of the single copy D'n genome 
as demonstrated by its ability to drive 95 ~; of single copy 
tracer into duplex with a cot½ of 280, compared to 270 for 
nuclear [An DNA driver. 

The other experimental methods used here are all stan­
dard, and are referred to where necessary in the Results 
section. 

RESULTS 

a) The Gene Cluster at 42 A. The plasmid pCIT12 de­
scribed in our initial study (11) contains a Dm DNA segment 
of length 9.3 kb fused to the vector Col El. Fig. l includes 
a map of the Eco Rl cleavage sites and identified positions 
of tRNA genes on this insert. The methods by which the tRNA 
genes have been mapped and identified will be discussed later. 
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FIGURE 1. Om inserts in Charon 4 phage covering the 
region 42A. The scale is in kilobases (kb). ! denote EcoRl 
clevage sites. Capital letters denote EcoRl restriction 
fragments referred to in the text. Note that fragment A of 
pCIT12 contains the Col El vector as well as segments on both 
ends of the insert. Positions of tRNA genes were determined 
by blotting experiments with labeled total or purified tRNA 
probes as described in the text. 

It seemed probable from the strong i n si t u hybridization of 
total Om tRNA to locus 42A that the 9.3 kb segment of pCIT12 
does not include the entire gene cluster at locus 42A. This 
inference was confirmed by our initial studies of Charon 4 
recombinant molecules with inserts that overlapped with 
pCIT12, and by the studies of P. Gergan and P. Wensink who 
have independently isolated a Om plasmid which partially over­
laps with pCIT12 but extends further to the right (given the 
arbitrary orientation of the map of Fig. 1) and includes 
additional tRNA genes. We therefore wished to detennine the 
total extent of the tRNA gene cluster of band 42A which 
includes pCIT12. 

For this purpose we have engaged in the procedure of 
"walking down the chromosome". Initial attempts to isolate 
recombinant molecules with adjacent sequences from the Charon 
4 library using pCIT12 DNA as a probe gave many plaques with 
inserts derived from other regions of the genome. This was 
due to the presence of repeated sequences in the EcoRl frag­
ment C of pCIT12. Therefore, a DNA segment consisting of 
the 2 Rl segments A and B of pCIT12 (which in addition to the 
[)n segment of the A fragment indicated in Fig. 1 includes the 
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6.7 kb of the vector ColEl) was subcloned. This DNA was 
labeled by nick translation and used as a probe in a Benton­
Davis screen (15) of the Charon 4 library. Note that this 
probe includes segments from the two ends of pCIT12 but 
excludes the internal segments. With the probe used, the 
phages Al6, A8, Al7, A9, All, Al3, A15, A12 und A14 of Fig. 1 
were isolated. It was shown from the restriction patterns 
with several enzymes (data not shown in Fig. 1) t hat these 
inserts overlapped with pCIT12 as indicated in Fig. 1. A17 
has a length of 18.8 kb, extends 16 kb beyond pCIT12, and 
overlaps it for about 2.8 kb. The restriction map of Al7 was 
determined. The rightmost EcoRl fragment, 17C, of length 8.7 
kb was shown by chromosomal blots to contain mainly single 
copy sequences. It was subcloned and used as a probe to 
isolate an additional group of phage from the library. The 
restriction patterns of these phage were determined. Those 
that did not contain the EcoRl fragments 17D and 17F were 
selected for further study. These include A59, A35, and A54 . 
These three phage all end at a point 8 kb to the right of A17. 
The process was repeated using the 1 .6 kb fragment 35E and 
phage extending to the right selected. The phage A62 extends 
9 kb beyond A35. • 

In the same way phage extending to the left of pCIT12 
were selected. The phage All has a Dm DNA insert of length 
18.4 kb and extends 13.3 kb beyond pCIT12. In a series of 
two additional steps which are obvious by inspection of Fig. 
1, the phage A63 was isolated. Its end point is about 41 kb 
beyond the left end of pCIT12. Thus, the set of recombinant 
molecules cover a region of length 83 kb at locus 42A . 

. Preliminary tRNA gene assignments on some of the cloned 
segments have been made by Southern blotting experiments, 
using several different kinds of probes. Total Dm 4S RNA 
has been purified from Drosophila pupae as previously 
described (11) and labelled with 32 P either at the 5' end by 
T4 polynucleotide kinase or at the 3' end as (5'- 32 P)pCp with 
T4 RNA ligase (16). The specific activities achieved ejther 
way are approximately 2x 107 cpm/µg tRNA. However, the tRNA 
is less degraded by the 3' end labeling procedure. 

Specific genes have been identified with probes prepared 
by l abeling purified Dm t RNA species. These latter prepara­
tions were generous gifts from the laboratory of Dr. Dieter 
S~ll . Since the tRNAs are not always completely purified 
and contain other tRNA components as minor contaminants, and 
since the hybridizations are carried out in vast tRNA excess, 
care must be taken to carry out hybridizations for times such 
that only the major species gives strong spots in the autoradier 
graphs. Weak signals which are probably due to minor tRNA 
impurities have been disregarded in the tRNA gene assignments 
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FIGURE 2. Blotting experiments with purified tRNA probes 
on appropriate restriction digests of the Eco Rl fragments C 
and D of Al7 (see Fig. 3) recloned in pBR322, as well as of a 
Hind III digest of \ll. The tRNAser probe was heavily con­
taminated with tRNA 2 lys and further experiments with purified 
tRNA 2lys show that the positive signals are due to this tRNA 
(D. Soll, personal communication). Because of impurities in 
the tRNAs, only strong autoradiographic signals are inter­
preted as positive for the main tRNA component. 

in Figs. l and 3. 
An example of such a Southern blot experiment with 

several purified tRNA species is given in Fig. 2. The tRNA 
gene assignments given in Figs. l and 3 have been made, on 
the basis of experiments like those of Fig. 2 in our labora­
tory, in that of Dr. Dieter Soll (17), and by P. Gergan and 
P. Wensink (personal coITITiunication). 

Figs. land 3 show that the gene cluster at region 42A 
on chromosome arm 2R of the CATI genome contains multiple 
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FIGURE 3. Restriction enzyme map and tRNA assignments 
for the DNA phage A17 from blotting experiments such as 
illustrated in Fig. 2. 

copies of tRNA genes for tRNA/rg, tRNA 2 lys, and tRNAasn. At 
least one tRNAtyr gene seems to be present. 

On the map in Fig. 1, there are two segments of DNA, one 
extending from 25 to 28 kb and one from -17 to -20 kb, which 
hybridize with a total RNA probe; experiments with specific 
tRNAs have not yet been performed. The hybridization experi­
ments are not quantitative and the possibilities exist that: 
a) several genes for a particular species are present on a 
restriction fragment where only one has been assigned; b) 
there is a restriction endonuclease site sufficiently close 
to the center of a gene so that two restriction fragments 
hybridize to the tRNA probe even though there is only one 
gene; c) other as yet unidentified tRNA species, for which 
purified probes were not available, are also present. 

The map of pCIT12 (11,17, P. Gergan and P. Wensink, 
personal communication) and the present mapping studies of A17 
(Fig. 3) show that the several species of genes are inter­
spersed and irregularly spaced. At the level of resolution 
achieved at present, there is no evidence of extensive 
sequence homology in the regions flanking identical genes. 

It is apparent from these studies that there is a 
segment of DNA of length 47 kb in the region 42A on chromosome 
2R of the Om genome which contains at least 18 tRNA genes. 
For a region of at least 14 kb on the right and 23 kb on the 
left there are no additional tRNA genes so that it is possible 
that this segment represents the complete tRNA gene cluster 
at region 42A. 

By in situ hybridization experiments, Tener et al. (7) 
have estimated that there are approximately 18 tRNA2

1YS genes 
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in the haploid genome of Dn, and that these map at the sites 
42A, 42E, 50B, 62A and 63B. The tRNA 2 arg genes have been 
assigned to chromosomal locations of 42A and 84F. 

It thus appears that at least for some of the repeated 
tRNA gene families of Drosophila, genes are located at 
several widely spaced loci; within each locus, the genes are 
irregularly spaced and interspersed with other tRNAs. The 
functional significance of this pattern remains an intriguing, 
unsolved problem. 

b) Screening for tRNA genes. It may be useful to 
describe our preliminary experiences in screening a Charon 4 
recombinant library for tRNA genes. Fig. 4 is an example of 
hybridizations of A plaques adsorbed on to duplicate nitro­
cellulose filters by the Benton-Davis procedure (15). Hybrid­
izations were carried out with 5' 32 P labeled total pupal 
tRNA. The plate in Fig. 4 contains about 1700 plaques. Of 
these, 29 gave apparent duplicate positive signals. These 
positive p 1 aques were pi eked and rep 1 a ted. Seventeen gave 

FIGURE 4. Duplicate Benton-Davis (15) screens of the 
Charon 4 Drosophila library. Each plate contained about 1700 
plaques. Hybridizations with 5' 32 P labeled tRNA were con­
ducted with O. 15 µg/ml tRNA ( "'2 x 10 7 cpm/µg) for 15 hrs at 
68°C in 1.0 M NaCl, 0.050 M Tris, pH 8; 1 mM EDTA, 10 x 
Denhardt's solution, 0.1 % SOS, 0.1 % sodium pyrophosphate, and 
20 µg/ml Om rRNA. 
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positive plaques on at least one rescreen; thirteen were 
positive on duplicate rescreens. Nine of the strongest spots 
were selected for further study. 

Similar results were obtained in screening the entire 
library (10 plates). Comparable results were obtained using 
125 I labeled tRNA probes. A number of the plaques which 
gave strong signals were purified and characterized by 
hybridization, with the results recorded in Table l. 

At the present time, we do not know the sensitivity of 
the screening procedure. We suspect however that, with 
improvements in labeling and hybridization procedures, 
plaques with 3 or 4 tRNA genes can be identified. 
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Abstract 

The construction and characterization of a Drosophila recombinant DNA 

library with inserts of length 12-20 kb in the lambda vector Charon 4 is 

described. The library represents 95 :!:_ 5% of the Drosophila genane. A 

recombinant clone containing a Drosophila actin gene has been selected and 

mapped. The actin gene consists of a 5' proximal exon of length 60-100 

nucleotides, an intervening sequence (intron) of length 1.6 kb, and a main 

exon of length 1.6 kb. The tRNA gene cluster around locus 42A of the 

Drosophila chromosome has been characterized. There are at least 14 tRNA 

genes in a region of length 50 kb, flanked on each site by segments of length 

20 kb with no tRNA genes . At least 5 different tRNA species are present, and 

they are distributed in an irregular, interspersed pattern. 
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Introduction 

We wish to describe several applications of recombinant DNA methodology 

to study the organization of expressed genes and their flanking sequences in 

the DNA of a higher eukaryote. The examples considered are the actin genes 

and one particular subset of tRNA genes in Drosophila melanogaster. We also 

discuss the problem of preparing a set of recombinant clones which includes 

almost all of the sequences in the Drosophila genome. 

The Drosophila Library 

If random fragments of the genomic DNA from a particular organism are 

cloned in a bacterial host, and if the number of fragments is sufficient so 

that a substantial fraction of the total genome of the organism is included, 

this collection of clones is called a "library" (l) .. 

A library of Drosophila recombinant DNA molecules cloned in the vector 

Charon 4 (2) has been prepared. This particular vector has a cloning capacity of 

8 to 22 kb. The procedure for preparing the library is depicted in Fig. l. 

In brief, high molecular weight nuclear Om DNA was partially digested with 

EcoRl to varying extents (5%, 7.5%, 14%, 20%, 31%, and 57%) of total digestion. 

Fractions of lengths 22 :!:_ 4 kb were isolated from each digest by sucrose 

gradient velocity sedimentation. Equal masses of size fractionated DNA from 

each digest were combined and then ligated to cohered EcoRl arms of Charon 4 

DNA. The ligation products were packed in vitro (3,4) to yield 2 x 106 

recombinant plaque forming units. 

In spite of the effort to obtain only larger inserts by the size fraction­

ation, we observe that the library actually contains inserts ranging in length 

from 12-20 kb. Less than 1i of plaque forming phage do not contain Drosophila 

inserts. 

2 
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Given a suitable radioactiv~ probe for a given gene, bacteriophage 

libraries can be successfully screened for those recombinant DNA molecules 

containing the gene by the rapid in situ plaque hybridization procedure of 

Benton and Davis (5). These technical accomplis~ments are described in detail 

by Maniatis et al., (1). 

A question of crucial important if one wishes to find a particular gene 

is that of the representation of the library, that is, the fraction of all 

sequences from the organisms's genome that is present in the library DNA. 

This problem admits a precise solution if the insert fragments are prepared 

by perfectly random shear. For this case, let L be the average length of the 

insert, G the haploid genome length, and N the number of independently formed 

bacteriophage in the library. The probability of not finding a given nucleotide 

in the library is then simply given as 

[1-(L/G)]N = exp (-NL/G) 

Thus, if L = 18 kbp (kilobase pairs) as for Charon 4 and G = 1.8 x 105 kbp as 

for Drosophila, approximately 40,000 independently derived bacteriophage should 

be screened to give a 98% probability of finding a particular sequence in the 

library. 

The extent to which an endonuclease partial digest library mimics a random 

shear library is not known. This probability depends on the extent and randomness 

of partial digestion, on the minimum insert length which is to be cloned, 

and on the length of the cloning window, that is the difference in length 

between the maximum and minimum inserts which can be cloned. This problem 

has been studied theoretically but a reliable numerical approximation to the 

theoretical equations is not available (6). 

3 
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A brief discussion of our experimental test of the representation of the 

library and of the parameters which, according to theory, influence the 

representation is given later in this article . 

The Actin Genes 

Actin is a major prote in in both muscle and non-muscle cells. In 

vertebrates,protein sequence studies show that there are at least 6 distinct 

polypeptide sequences for actin extracted from skeletal muscle, cardiac muscle, 

smooth muscle (2 sequences) and non-muscle (2 sequences) cells (7). There 

must be at least one gene, but possibly more, coding for each actin polypeptide. 

In Dictyostelium the reiteration frequency of actin gene sequences has been 

estimated at 15-20, and there appear to be at least 2 different polypeptide 

sequences (8). 

Actin is an abundant protein in both muscle and non-muscle cells. However, 

unlike the globin and ovalbumin genes of vertebrates, there is no tissue or 

system in Drosophila from which it is practical to purify actin mRNA in sufficient 

purity to use it directly as a probe for selecting actin genes from the recom­

binant library. However, the similarities and properties in amino acid compo­

sition of actin throughout the animal kingdom suggest that it is a highly 

conserved protein (9). Therefore it seemed probable that an actin nucleic 

acid probe isolated from some other animal would be useful for selecting 

Drosophila actin genes. 

The procedure that was used for isolating a Drosophila actin gene from 
+ the Charon 4 library was as follows. Total poly A RNA was extracted from 

Drosophila larval cuticles in connection with a screen for abundantly expressed 

genes, in general. The larval cuticle cells contain significant amounts of 

4 
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actin protein and therefore presumably of actin mRNA. It was anticipated that 

actin mRNA would be present at a level of 0.5 -5% in such a preparation. 

A 32P-labeled cDNA probe was prepared from this RNA, and used to perform a 

Benton-Davis in situ plaque hybridization screen (5) on 25,000 plaques from 

the library. Many plaques which gave positive signals of detectable intensity 

were observed; 20 which gave very strong signals were selected. The above 

screening procedure was carried out by Dr . Jay Hirsh. Phage were plaque 

purified from these 20 plaques and rescreened using a poly A+ mRNA preparation 

from chick embryo ~uscle that had been enriched for actin mRNA by sucrose 

velocity centrifugation . Three positive plaques were then selected. One of 

these gave a positive signal with a probe prepared from the cloned Dictyostelium 

actin gene (8). This bacteriophage contains the Drosophila actin ADmA2 

recombinant molecule described below. 

A map of the Drosophila insert on the cloned DNA of ADmA2 is given in 

Fig. 2. The positions of various restriction endonuclease sites, as well as 

of the sequences complementary to actin mRNA, are depicted. 

The actin gene has a total length of 3.3 kb . It consists of two regions 

coding for sequences present in actin mRNA (that is, two exons) separated by 

an intervening sequence (an intron) which is not present in the mature mRNA. 

The 5' proximal exon is a very short leader sequence of estimated length 60-

100 nt. This is followed (to the right in Fig. 2) by a 1.6 kb intron, which 

is in turn followed by the 1.6 kb exon which constitutes the main body of the 

actin mRNA. Actin polypeptides have a total length of approximately 375 amino 

acids . Thus the translated sequences in the mRNA are about 1.1 kb in length . 

The remaining sequences in the 1.7 kb mRNA are untranslated. 

The map in Fig. 2 has been established by electron microscopic mapping of 

R loop hybrids formed by hybridization of actin mRNA (present in total Drosophila 

s 
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RNA) to ADmA2 DNA under appropriate conditions (10). Several such micrographs 

demonstrating the presence of an intervening sequence and the RNA:DNA hybrid 

region, are shown in Fig. 3. 

In addition to the electron microscopic mapping, the position of the 

main coding sequence within the two central Sal I fragments shown in Fig. 2 

has been demonstrated by the now standard technique of Southern (11) - that 

is, gel electrophoresis of a restriction digest followed by transfer of the 

denatured DNA to nitrocellulose filters, and hybridization with suitable 

probes. In this case, the probes used have been either cDNA from total poly A+ 

larval RNA or the nick translated Dictyostelium actin plasmid. 

Figure 4 illustrates an application to this particular gene of a method 

for assigning the 5' to 3' polarity of an RNA by restriction endonuclease 

digestion, gel electrophoresis, Southern blotting, and hybridization with 

suitable probes. The method depends on the fact that ~DNA 111i1de from mRNA by 

reverse transcription with an oligo (dT) primer has a preponderance of sequences 

from the 3' end of the RNA whereas cDNA made with a random calf thymus primer 

(12) has a uniform representation of all of the sequences in the RNA. 

The principle is that if the coding part of a gene extends across a 

restriction endonuclease site (in this case a Sal I site), then the ratio of 

hybridization intensities of the segment containing the 3' end of the gene to 

that of the segment containing the 5' end of the gene will be lower for the 

random primed cDNA than for the oligo (dT) primed cDNA. Further details of 

the experiment are explained in the legend to the figure. 

The number of actin genes in the genome has been determined by hybridizing 

Southern blots of genomic DNA digested by various restriction enzymes to actin 

probes (for example, the 1.8 kb Hind III fragment shown in Fig. 2 that contains 

the bulk of the actin coding region of ADrnl\2). When such digests are compared 

6 
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to control lanes in which genome equivalents of the cloned restriction fragments 

have been electrophoresed, it becomes clear that there are 6 actin genes in the 

haploid Drosophila genome. 

These 6 distinct genes are located at S sites on the polytene chromosome 

as determined by in situ hybridization (13). These sites are: SC on the X 

chromosome, S7A on 2R, 87E and 88E on 3R, and 79B on 3L. Present evidence 

indicates that, at the position SC on the X chromosome, there are actually 

2 distinct genes which are close enough to each other so that they are not 

resolved at the level of in situ hybridization (that is 100-200 kb). However, 

preliminary analysis of cloned DNAs indicates that these two genes are separated 

by greater than 10 kb. 

Thus, we have shown at the present state of our studies that there are 

6 distinct actin genes at 6 distinct chromosomal sites. We have not yet 

established whether or not these 6 genes differ in the amino acid sequences 

for which they code. However, there are several different actin mRNAs of 

different molecular lengths in Drosophila (our preliminary results) just as in 

vertebrates (14). There are several electrophoretic variants of the protein 

in Drosophila (15,16). It is therefore a plausible hypothesis that in Drosophila, 

as in vertebrates, . there are different nucleic acid sequences coding for several 

different muscle types of actin and for one or several non-muscle actins. 

Thus, the actin genes are an interesting multigene system for further 

investigation. In a particular type of muscle tissue, it may be presumed that 

other specific muscle protein genes will be coordinately expressed with a 

particular actin gene. Identification of the structural factors which regulate 

this coordinate expression is a problem remaining for future studies. On the 

other hand, different actin genes expressed at different stages of development 

must be controlled by different regulatory elements. 

7 
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Drosophila tRNA Genes 

Saturation hybridization experiments indicate that there are 600-800 tRNA 

in the haploid genome of Drosophila melanogaster (17,18,19). There are about 

90 resolvable peaks when total Om tRNA is fractionated by RPC-5 chromatography 

(20). Fr001 an analysis of the kinetics of tRNA-genomic DNA hybridization, Weber 

and Berger estimate that Dm tRNA is made up of about 59 kinetic families (19). 

These data suggest that there are approximately 60-90 different tRNA sequences 

(i.e., species) in Drosophila and an average reiteration frequency for any one 

species of six to 13. 

Steffensen and Wimber (21) and later Elder, Szabo and Uhlenbeck (22) have 

mapped the sites on polytene chromosomes to which total labeled Om tRNA hybridizes. 

In the latter study, 54 sites were mapped by hybridization of 1251-labeled 

tRNA to polytene chromosomes. Of these 26 were estimated by grain counts to 

be strong sites with 4 or more gene copies, and 28 were weak with 1-3 gene copies. 

These sites are listed in Table 1. The authors noted that other sites, such 

as those with small numbers of tRNA genes, those with tRNA genes of low abundance 

or those on portions of the genome that are underreplicated in polytene chromo­

somes (e.g., the Y chromosooie) may not have been detected. 

Several laboratories have carried out .ii!. situ studies on purified tRNAs. 

Some of these are also reported in Table 1 (23,24,25,26,27). 

The overall conclusions from these studies are that most of the tRNA genes 

of Drosophila are clustered at a limited number of sites, perhaps 54 to 60, on 

the polytene chromosooies; that sooie of these clusters contain more than one 

species of tRNA gene; and that for some tRNA species there are genes at 2 or 

more sites. 

8 
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We have previously described our initial studies of the sequence arrange­

ment of the tRNA genes on a cloned recombinant plasmid pCIT 12 (28). This 

plasmid contains a Drosophila DNA insert of length 9.3 kb fused to the vector 

Col El. 

A map of the distribution of restriction sites and tRNA genes on this 

insert is shown in Fig. 5. In the original study, the tRNA genes were mapped 

by electron microscopy of ferritin labeled tRNA and by the Southern blotting, 

hybridization procedure using total 3H labeled tRNA as a probe. These 

studies revealed that the insert contains 3 genes that are either identical 

or closely related in sequence, labeled tRNA-2, tRNA-3, and tRNA-4 and a 

different gene, tRNA-1, all as shown in Fig. 5. 

When single strands of the DNA were mounted for electron microscopy, 

several secondary structure features consisting of a duplex stem, usually 

separated by a single-stranded loop, were observed at reproducible positions. 

The positions of the stem sequences and their inverted complements are marked as 

c, c'; a, a', etc., in Fig. 5. 

More refined mapping has been accomplished by hybridization of partially 

purified individual tRNA probes (29,30; P. Wensink, P. Gergan, Brandeis Univer­

sity, personal communication) and most decisively by direct DNA sequencing 

(30). These studies show that there are actually 9 tRNA genes on the Drosophila 

insert of pCIT12, as indicated in Fig. 5. 

The sequencing data show that the several inverted repeat segments are 

actually tRNA genes present in two copies on opposite strands. Obviously, the 

presence of a pair of closely spaced complementary DNA segments that can hybridize 

with each other on a single strand of DNA c001plicates the problem of one segment 

hybridizing to a complementary tRNA probe. 

9 
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The insert on pCIT12 was shown by in situ hybridization to map at region 

42A of chromosome 2R . 1.!l situ studies with labeled total Drosophila tRNA had 

shown that 42A is one of the richest tRNA gene clusters in the Drosophila 

melanogaster genome (21). It therefore seemed probable that the 9.3 kb segment 

of pCIT12 does not include the entire gene cluster at locus 42A. This inference 

was confirmed by our initial studies of Charon 4 recombinant molecules with 

inserts _that overlapped with pCIT12, and by the studies of P. Gergan and 

P. Wensink who have independently isolated a Drosophila plasmid which partially 

overlaps with pCIT12 but extends further to the right {given the arbitrary 

orientation of the map of Fig. 5) and includes additional tRNA genes. We therefore 

wished to detennine the total extent of the tRNA gene cluster of band 42A 

which includes pCIT12. 

For this purpose we have engaged in the procedure of "walking down the 

chromosome". Initial attempts to isolate recombinant molecules with adjacent 

sequences from the Charon 4 library using pCIT12 DNA as a probe gave many 

plaques with inserts derived from other regions of the genome. This was due 

to the presence of repeated sequences in the EcoRl fragment C of pCIT12. 

Therefore, a DNA segment consisting of the EcoRl segments A and B of pCITl2 

{which in addition to the Om segment of the A fragment indicated in Fig. 5 

includes the 6.7 kb of the vector ColEl) was subcloned. This DNA was labeled 

by nick trans l ation and used as a probe in a Benton-Davis screen (5) of the 

Charon 4 library. Note that this probe includes segments from the two ends 

of pCIT12 but excludes the internal segments. Wi th the probe used, the phages 

A16, AB, A17, A9, All, Al3, A15, A12 and A14 were isolated. It was shown from 

the restriction patterns with several enzymes {data not shown) that these 

inserts overlapped with pCIT12 as indicated in Fig. 6. Al7 has a length of 

18.8 kb, extends 16 kb beyond pCIT12, and overlaps it for about 2.8 kb. The 

10 
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restriction map of A17 was detennined. The rightmost EcoRl fragment, 17C, 

of length 8.7 kb was shown by chromosomal blots to contain mainly single 

copy sequences. It was subcloned and used as a probe to isolate an additional 

group of phage from the library. The restriction patterns of these phage 

were determined . Those that did not contain the EcoRl fragments 170 and 17F 

were selected for further study. These include A59, A35, and A54. These three 

phage all end at a point 8 kb to the right of A17. The process was repeated 

using the 1.6 kb fragment 35E and phage extending to the right selected. The 

phage A62 extends 9 kb beyond A35. The right most Rl fragment of A62 was 

used as probe and A85, 86 and 88 were selected. The phage A88 extends 10 kb 

beyond A62. 

In the same way phage extending to the left of pCIT12 were selected. The 

phage All has a Om DNA insert of length 18.4 kb and extends 13.3 kb beyond 

pCIT12. In a series of two additional steps which are obvious by inspection 

of Fig. 1, the phage A63 was isolateg. Its end point is about 41 kb beyond 

the left end of pCIT12. Thus, the set of recombinant molecules cover a region 

of length 94 kb at locus 42A. Preliminary tRNA gene assignments on some of the 

cloned segments have been made by Southern blotting experiments, using several 

different kinds of probes. Total Dm 4S RNA has been purified from Drosophila 

pupae as previously described (28) and labeled with 32 P either at the 5' end 

by T4 polynucleotide kinase or at the 3' end as (5'- 32 P)pCP with T4 RNA ligase 

(31). The specific activities achieved either way are approximately 2 x 107 

cpm/~g tRNA. However, the tRNA is less degraded by the 3' end labeling 

procedure. 

Specific genes have been identified with probes prep~red by labeling 

purified Om tRNA species. These latter preparations were generous gifts 

from the laboratory of Dr. Dieter Soll. Since the tRNAs are not always 

11 
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completely purified and contain other tRNA components as minor contaminants, 

and since the hybridizations are carried out in vast tRNA excess, care must 

be taken to carry out hybridizations for times such that only the major species 

gives strong spots in the autoradiographs. Weak signals which are probably due 

to minor tRNA impurities have been disregarded in the tRNA gene assignments. 

The hybridization experiments are not quantitative and the possibilities 

exist that: a) several genes for a particular species are present on a restric­

tion fragment where only one has been assigned; b) there is a restriction 

endonuclease site sufficiently close to the center of a gene so that two 

restriction fragments hybridize to the tRNA probe even though there is only 

one gene; c) other as yet unidentified tRNA species, for which purified probes 

were not available, are also present. On the map in Fig. 6, there is a segment 

of DNA extending from -17 to -20 which hybridizes with a total tRNA probe, 

however, it does not hybridize with purified tRNA lys,' arg or asn probes. 

Therefore it contains different tRNA's 

By i!)_ situ hybridization experiments, Tener et al. (23) have estimated 

that there are approximately 18 tRNA2 lys genes in the haploid genome of 

Drosophila and that they map at the sites 42A, 42E, SOB, 62A and 63B. The 

tRNA2arg genes have been assigned to chromosomal locations of 42A and 84F. 

It thus appears that at least for some of the repeated tRNA gene families 

of Drosophila, genes are located at several widely spaced loci; within each 

locus, the genes for any one tRNA species are irregularly spaced, occur on both 

strands, and are interspersed with other tRNA genes. The functional significance 

of this pattern remains an intriguing, unsolved problem. 

One further interesting result, bearing on the representation problem 

disucssed in the next section, is shown in Fig. 6. The bacteriophage with 

12 
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numbers below 100 that extend either to the left or to the right of pCIT12 

were all discovered in the Charon 4 partial Rl library . However, no bacterio­

phage with an insert extending both to the left and the right of the 9 kb 

insert of pCIT12 was discovered in spite of extensive screening. We therefore 

screened the random shear library prepared by J. Lauer (1). This resulted in 

the discovery of the phages with 100 numbers spanning this region, as shown 

in Fig. 6. 

The Representation Problem 

We wished to determine as accurately as possible what fraction of the 

total Drosophila genome is present in our partial Rl library . The problem 

was studied by the methods described by Galau et al. (32). We first prepared 

single copy Drosophila nuclear DNA by suitable cycles of reassociation and 

HAP chromatography. This DNA was labeled with 3H by a Tepair reaction on 

the frayed ends and gaps with DNA polymerase. The representation of single 

copy Drosophila DNA sequences in the library was determined by comparing the 

kinetics and extent of the reassociation reaction of this tracer with total 

nuclear DNA and with library DNA as drivers. From the reassociation curves 

(Fig. 7), we see that the observed extents of reaction are 86 + 2% and 83 + 2%, 

respectively, indicating that the library contains 96 ::_ 5% of the single copy 

sequences of Drosophila. The observed cot112 •s of genome and library DNA 

are 270 and 280 mole sec liter-1 , respectively. Thus, the bulk of Drosophila 

single copy DNA is present in the library in the same relative proportion as 

in the genome. 

Unfortunately, the accuracy of the reassociation kinetics method for 

detennining representation is limited. It would be particularly illlJortant 

to know whether the library represents 93%, 98% or 99.5% (for example) of 

13 
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Drosophila sequences. There is no straightforward experimental method with 

sufficient accuracy for making this detennination. As stated above and as 

shown in Fig. 6, a segment completely overlapping that of pCIT12 in the 

region 42A could not be discovered in the partial Rl library but was found 

in the random shear library prepared by J. Lauer (1). (Note, however, that 

all of the sequences of pCIT12 were found in non-overlapping inserts in the 

Charon 4-partial Rl library.) The absence of this segment in the partial 

Rl library probably indicates that one or several of the 5 closely clustered 

EcoRl sites in the middle of pCIT12 (Fig. 5) is particularly sensitive to 

cleavage and is almost always cut even under condition of partial digestion. 

Nevertheless, in our hands, the partial Rl library has proven to be useful 

for isolation of a number of single copy genes. 

Different recombinant inserts probably affect the burst size and replication 

time of the bacteriophage differently. Faster 9rowing,phage will tend to 

displace slower growing ones when the library is amplified, and thus the 

representation of the library will be decreased. It is important to determine 

conditions for amplifying the library without loss of representation. The 

relatively large amount of library DNA needed as a driver for the experiment 

of Fig. 7 was prepared by two cycles of growth of phage from the primary 

library on a bacterial lawn on nutrient plates, thus minimizing (but not 

eliminating) competition between fast and slow growers. However, as shown 

in Fig. 7, when the primary library is anplified by two cycles of growth in 

liquid culture, the resulting samples contain only about 50% of the single 

copy sequences present in genomic DNA. Thus amplification by growth as plate 

stocks is superior to growth in liquid culture for preserving sequence 

representation. 

14 
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The theoretical problem of the representation of sequences in a partial 

digest library has been studied by B. Seed (6). An exact mathematical 

expression for the fraction of sequences totally missing from the library 

has been derived. However, this expression is too complex for a satisfactory 

numerical approximation. Nevertheless, the analysis shows clearly that the 

longer the insert, the wider the window (the difference between maximum and 

minimum insert lengths) and the greater the frequency of restriction endo­

nuclease sites, the more representative the library, provided that the conditions 

for partial digestion are properly chosen. 
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Leoends 

Figure 1. Construction of an EcoRl partial digest eukaryote library, with 

Charon 4 as a vector, as described in the text. 

Figure 2. Restriction endonuclease map of the Drosophila insert of ADmA2 

bearing an actin gene. In the lower figure, the solid bars 

indicate the regions present in Drosophila actin mRNA. 

Figure 3. Electron micrographs of R-loops of Drosophila actin mRNA 

hybridized to ADmA2 by the method of Kaback et al. (10). 

Bis an interpreted tracing of the R-loop region in mfcrograph 

A. Dis an enlargement of the important region in C, and E 

is an interpreted tracing. 

Figure 4. Restrictio~ endonuclease digests and Southern blots of the 8.7 kb 

EcoRl fragment of A[)riA2 (Fig. 2) subcloned in pBR322. The plasmid 

DNA was digested with restriction endonucleases as indicated, 

and subjected to gel electrophoresis on a 1.0% agarose slab gel. 

Panel A shows the ethidium bromide staining pattern of the gel, 

and thus displays all of the restriction fragments from the map 

of Fig. 2 (plus those of the vector). For panels Band 

C, identical gels were run in parallel and the DNA blotted 

on to nitrocellulose paper. In panel B, the 32P labeled 

cDNA probe was prepared by reverse transcription of 

total poly(A+) larval RNA with a calf thymus digested 

primer (12). In panel C, the same RNA was reverse 

transcribed using an oligo (dT) primer. In either case, the 
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only component of the RNA which gives detectable hybridization 

with ADTIA2 DNA is the actin sequences. The probe for panel Bis 

unifonnly representative of the entire actin mRNA; that for panel C 

is biased towards the first few hundred nucleotides on the 3' side 

of the message. With the representative probe, the 0.8 kb Sal 

fragment hybridizes more strongly than the 1. 1 kb fragment. With 

the 3' biased probe, the 1. 1 kb fragment gives the stronger signal. 

These observations lead to the 5' to 3' orientation of the actin 

gene shown in Figure 2. The relative intensities of hybridization 

to the 1.8 and l.~ kb Hind III fragments confinn the interpretation. 

Figure 5. Map of the pCIT12 plasmid showing the locations of the restriction 

sites, the inverted repeats and the tRNA geT1es. Only the Drosophila 

region is presented. The bars for the genes for tRNA-1, -2. and 

map of OM 

-4 represent the standard deviation of electron microscope measure­

ments. The tRNA-3 gene was identified and mapped only by Southern 

blotting with restriction fragments. Restriction fragments with 

tRNA genes are indicated as solid bars. This part of the figure 

is adapted from Yen et al. (28). The mapping data for the 9 tRNA 

genes shown at the top of the graph are from the sequencing studies 

reported by Hovemann, et. al. (30). The inverted repeat stem c 

is a tRNAite gene, the stems a, a' and c' are for tRNALys genes, 

whereas b2 , b1, and b' are tRNAAsn genes. Directions of transcription 

as detennined by sequencing are shown. 

Figure 6. OM inserts in Charon 4 phage covering the region 42A. The scale 

fs in kilobases (kb). 1 denote EcoRl cleavage sites. Capital 
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letters denote EcoRl restriction fragments referred to in the 

text. Note that fragment A of pCIT12 contains the Col El vector 

as well as segments on both ends of the insert. Positions of 

tRNA genes were detennined by blotting experiments with labeled 

total or purified tRNA probes as described in the text. The 

bacteriophage with numbers greater than 100 were obtained by 

screening the random shear library prepared by J. Lauer (1); 

all other inserts were obtained from the partial Rl library. 

Figure 7. Detennination of the complexity of the Drosophila DNA sequences 

in the partial Rl library. 3H labeled single copy Drosophila DNA was 

prepared by the procedure of Galau et al. (32) as follows. Sheared 

Drosophila pupal nuclear DNA at a concentration of 0.37 mg/ml 

was incubated in 0.41 M phosphate equivalent buffer (0.41 M PB, 

Na+= 0.62 M (32)) at 67° for 9.5 hr (Cot= 200) and passed over 

a HAP column in 0.12 M PB at 60°. The single stranded fraction 

was isolated, reacted to a Cot of 100 and again passed over HAP. 

The resulting single stranded material was incubated to a Cot of 

5000; the double stranded fraction was isolated and labeled by 

gap translation to a specific activity of approximately 106 cpm/~g. 

Time points were taken by incubating driver DNA at concentrations 

of 0.1 to 10 mg / ml in 0.41 M PB at 67° for times up to 50 hrs. 

Single and double stranded fractions were assayed by HAP chroma­

tography. The horizontal axis on the figure is equivalent Cot 

(in 0.12 M PB). We use a salt correction from 0.41 M PB of 5.0; 

we assume that the average mass fraction of Om D~A in total library 

DNA is 0.35. 
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Amplified plate stocks of library phage were prepared from 

ten 150 l11TI plates, each with 104 phage from the primary library, 

plated on to a bacterial lawn of KH 802. From the resulting phage, 

106 were plated onto 10 new plates from which 900 µg of DNA was 

isolated. For the liquid culture experiments 105 phage were 

adsorbed onto 108 bacteria in l ml, then diluted and grown in 

10 ml, following the general PDS procedure (1). The yield was 

approximately 1.3 x 1011 phage. 4 x 107 phage were then reinocu­

lated into 4 x 1010 bacteria and grown in one litre of culture by 

the previous methods, yielding approximately 1000 µg of DNA. 
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