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ABSTRACT 

We have isolated the six actin genes of Drosophila melanogaster from a 

Drosophila genomic DNA library and have compared structural features of the 

genes by restriction mapping, electron microscopy and DNA sequencing. We 

found that at least two of the actin genes contain intervening sequences which 

interrupt the genes at different positions. Several of the genes were shown to 

be lacking intervening sequences in the analogous positions. This 

nonconservation of intron position is in striking contrast to the strong 

conservation of intron positions seen in other gene families. The DNA 

sequences of the protein coding regions of the genes are highly conserved while 

the intron and untranslated sequences are not. The primary sequences of all 

the Drosophila actins resemble mammalian cytoplasmic actins more than 

mammalian muscle actins. 

We studied the distribution of actin mRNAs in different developmental 

stages and in different dissected body parts with the use of gene specific 

hybridization probes which we isolated from the 3' untranslated portions of the 

genes. We found that the genes fall into three main categories with respect to 

their patterns of expression in Drosophila. Trancripts from two of the genes 

are found throughout Drosophila development. They are expressed at higher 

levels in ovaries and embryonic cultured cells than in muscle containing tissue 

and are thought to be cytoplasmic actins. Two others encode thoracic muscle 

actins. Their transcripts accumulate predominantly in the thoracic regions of 

the adult where the flight and jump muscles are found. The other two genes 

are most active in larvae and in adult abdomens. They are thought to encode 

actins used in the larval, pupal, and adult intersegmental muscles. 



v 

We studied the structure of the cytoplasmic actin gene, act5C, in detail and 

found that it encodes at least six different mRNAs. At the 5' end there are two 

nonhomologous leader exons which are alternately spliced to the remainder of 

the gene. At the 3' end of the gene, three sites of polyadenylation are used. 

The 3' variation is the principal cause of the transcript length heterogeneity 

observed in the transcripts. In whole animal RNA, the two leader exons are 

expressed with the same pattern through development and with all three 

polyadenylation sites. There is some developmental variability in the use of the 

three polyadenylation sites. 

In order to determine if each exon is preceded by a functional promoter and 

to identify sequences important for transcription initiation from each exon, we 

made fusions between act5C promoter fragments and the bacterial chloram

phenicol acetyltransferase (CAT) gene and tested these for promoter activity in 

transient assays in Kc cells. We found that each exon is preceded by a 

separate, functional promoter. At least two regions of DNA sequences are 

necessary for optimal expression from exon 1. One of these lies greater than 

1. 9 kb upstream from the exon 1 cap site. All of the sequences required for 

exon 2 transcription lie within 450 bases of its cap site. There is evidence from 

some constructions that transcription initiation from exon 1 may inhibit 

transcription initiation from ex on 2. 
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Introduction 
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Multigene families are valuable systems in which to study the differential 

expression and the evolution of genes. In some cases, as with the globin genes 

(for review, see 25), a closely related set of genes is turned on sequentially with 

developmental stage. In other cases, as with the actins (12) and tubulins (7), 

the individual members of the gene families are expressed with unique time 

dependent and tissue specific programs. There are two possible reasons for the 

amplification of an ancestral gene and subsequent diversification in sequence 

into a multigene family. The small number of differences in amino acid 

sequence may be significant for the different functions of the isoforms in 

different tissues. Alternatively, the formation of a multigene family may be a 

convenient mechanism for evolution of different regula tory sequences for 

tissue specific expression, with the amino acid differences of no functional 

significance. In the case of the immunoglobulins (8), it is very clear that having 

multiple closely related genes is important for protein diversity. In either case 

multigene families are good systems in which to study how gene structure and 

primary amino acid sequences change over evolutionarily significant time 

periods and to compare sequences which may be important for regulated gene 

expression. 

The actin genes are good candidates for such a study. Actin is a 42,000 

dalton protein which is present in all eucaryotic cells where it performs a wide 

variety of functions. In muscle cells it is a major component of the thin 

filaments of myofibrils. Actin is also present in large quantities in nonmuscle 

cells where it comprises the microfilaments. These "cytoplasmic" actins are 

implicated in a diversity of cellular processes such as cytoplasmic streaming, 

cytokinesis, and phagacytosis and are generally associated with areas of cell 

movement (26,45). There is also evidence to suggest that actin may be a 

transcription factor for polymerase II genes. (9,40). 
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Given the diversity of roles played by this protein, it is not surprising 

that many organisms have multiple actin proteins. In mammals, three different 

actin protein species, designated alpha, beta and gamma, of nearly identical 

molecular weight but different isoelectric points can be resolved on two 

dimensional gels. Vandekerckhove and Weber showed that there are at least six 

different actin protein isoforms in mammals some of which comigrate on gels 

(47). They are the alpha skeletal muscle, alpha cardiac muscle, alpha smooth 

muscle, gamma smooth muscle, beta cytoplasmic and gamma cytoplasmic 

forms. Recently, a seventh actin protein, which appears to be another 

cytoplasmic form, has been identified in chicken by nucleic acid studies (3). 

The primary amino acid sequences of these proteins show a high degree of 

conservation both within and between species. The highest density of amino 

acid replacements that are present are found at the extreme amino terminus of 

the protein. The various mammalian muscle forms differ by the order of 4-6 

amino acids (out of 375) as do the cytoplasmic proteins. Muscle and 

cytoplasmic sequences differ from each other by roughly 25 residues (34). 

Actin proteins from several lower eucaryotes (Physarum and Dictyostelium) 

resemble the mammalian cytoplasmic actins which is not surprising given that 

these organisms do not have muscle tissue (12). 

Because of their relative abundance and the high degree of homology 

between species, actin genes from a large number of species have been 

isolated. For examples see 3,5,6,11,12,14,15,17,22,23,29,32,33,41, and 46. The 

number of genes per haploid genome ranges from 1 in yeast to 17 in 

Dictyostelium and an as yet undefined large number in mammals (>20 in 

humans). Many of the mammalian genes are known to be pseudogenes but it is 

still quite possible that new protein isoforms will be discovered as more genes 

are characterized. In general, there tend to be many more cytoplasmic actin 
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related sequences than muscle genes corresponding to the multitude of 

functions carried out by cytoplasmic actins. For example, humans have greater 

than 20 each of beta and gamma related sequences but only one each of the 

alpha skeletal and alpha cardiac genes ( 10,11 ,38). Sea urchins have five 

cytoplasmic genes and only one muscle gene (24). 

The accumulation of actin mRNAs has been studied in many organisms. 

Actin mRNAs generally are very abundant and in some cases may represent as 

much as 10% of the cellular poly A+ RNA. In many species several actin 

mRNAS of different sizes are made. Generally, the muscle actin mRNAs have 

been found to be smaller than the cytoplasmic RNAs (21). 

In mammalian and avian systems, many studies on actin gene expression 

have been carried out in primary muscle cells and in established muscle cell 

lines. The latter can be maintained in a proliferative state indefinitely or 

induced to differentiate into muscle by mitogen starvation and/or growth to 

confluence. In replicating prefusion myoblasts, the gamma and beta actins are 

the predominant species expressed. As the cells stop replicating and undergo 

terminal differentiation, the cytoplasmic actins are turned off and the muscle 

specific genes are induced ( 1 ,42). 

These cell culture systems have proven to be very useful for the study of 

the developmental switch in expression from the beta to the alpha actin 

genes. They have recently been used to study sequences required in cis for the 

induction of the alpha genes and the down regulation of beta actin in 

differentiating muscle. Several groups have demonstrated induction of alpha 

actins (chick skeletal 4,35, rat skeletal 28, human cardiac 30,31). Proper gene 

regulation has been demonstrated for the chick alpha gene with as little as 200 

base pairs of 5' flanking sequences present (4). This implies that all the 

sequences required for induction of some muscle genes lie in the 5' untranslated 
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regions. Sharp et al. and Paterson et al. have shown that beta actin genes 

which have been transfected into muscle cell lines will down regulate when the 

cells start to differentiate (37 ,43,44). There is evidence from this work that 

some of the sequences which are important for deinduction lie 3' to the gene. 

The 3' and 5' untranslated sequences of various mammalian and avian actin 

genes have been searched for DNA homologies. A comparison of the 5' 

untranslated sequences of the chicken actin genes showed that there is very 

little homology in these sequences between the different genes. This result 

also has held true in other mammalian species. There is very little homology in 

the untranslated sequences of actins of different subtypes even in the same 

species. In contrast, 3' UTRs of genes of similar function in different species 

show a remarkable degree of homology (18,20,27 ,36,38,39). For example, there 

is a 200 base stretch that is 76% homologous between the chick cardiac and the 

human cardiac genes in the 3' untranslated sequences. There is also significant 

homology in the 5' flanking regions of the chicken and rat skeletal alpha genes 

(36). Finally, there are short repeated conserved sequences that are found in 

the 5' flanking sequences of alpha genes (20,30). It seems quite likely that 

those conserved sequences play a role in the developmental regulation of those 

isoforms. The conservation of these sequences over large evolutionary 

distances suggests that they may be promoter elements associated with muscle 

specific expression of the genes. Another more general sequence motif 

CC(Arich)GG was found in many mammalian actins (30). 

In Drosophila, there are several different actin protein isoforms which are 

expressed in a tissue specific manner ( 19). As in mammals, there are three 

major actin protein bands that can be resolved on two dimensional gels. Type I 

(the most acidic) is found in primary myogenic cultures postfusion (13), and in 

supercontractile muscles such as the larval body wall, adult abdominal and 
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larval and adult visceral muscles ( 19). Isoactins II and III are generalized 

cellular actins found in all cell types and in most cases type III is an unstable 

precursor to type II (2, 19). There is also a stable form of actin III which 1s 

found in adult thorax and is probably unique to flight muscle tissue. 

One of the Drosophila actin genes was isolated by Fyrberg et al. (14). They 

showed that the Drosophila actin gene family has six members which are 

dispersed throughout the three major chromosomes. 

We were interested in further study of this gene family for several 

reasons. When we began this study, actin was one of the most highly conserved 

proteins known over such large evolutionary distances. We were interested in 

studying how the structures and sequences of the genes compared with other 

known actins from different species. We were also interested in determining 

how the different protein isoforms related to those characterized in 

mammals. Furthermore, we knew that Drosophila had several different actin 

protein isoforms that are found at particular developmental times and in 

specific tissues. We presumed that the separate genes which encode the 

different isoforms would have different patterns of expression in the 

organism. These would be good candidates for studies on the regulation of gene 

expression. 

In the work described in Chapter 2, we investigated general structural 

features of the gene family and compared them to other known actin gene 

structures. We were very surprised to find that unlike other gene families 

which had been studied at the time, the actin family does not show 

conservation of intron positions. At least three of the genes were shown to 

have introns which were all in different positions from each other and from the 

single intron which had been found in yeast. Furthermore, the primary amino 

acid sequences of the amino terminal ends of the proteins as deduced from the 
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DNA sequences showed that all of the genes encode proteins that, in this 

respect, resemble mammalian cytoplasmic genes. This is surprising given that 

Drosophila has muscles that are very similar in appearance to mammalian 

striated muscle. Because they all resembled cytoplasmic actins, a different 

criterion other than protein sequence was needed to determine the functions of 

each of the six genes. 

In Chapter 3 we investigate the functional identity of each gene by 

determining the times in development and the tissues in which each is 

expressed. We describe the generation of gene specific hybridization probes 

which are taken from the 3' untranslated regions of the genes. These are used 

in in vitro translation assays to show that each of the genes codes for an actin 

protein of the expected size and isoelectric point. This implies that each of the 

genes contains the sequences necessary to encode a functional actin protein. 

The probes are also used to study RNAs from different developmental stages 

and tissues. We find that two of the genes are expressed in early embryos, 

early pupae, and ovaries. These are all conditions under which a cytoplasmic 

gene would be expressed. Two of the genes are expressed only in late pupae 

and adults. One is expressed in thorax only and the other in thorax and leg. 

The former is thought to be the major actin expressed in the indirect flight 

muscle while the other is the major actin of the jump muscle. The final two 

genes are expressed strongly in larvae and in adult abdomens and are probably 

the actins expressed in the supercontracting muscles. 

Having determined when each of the genes was expressed, we were 

interested in studying cis-acting sequences involved in the regulation of gene 

expression. We decided to use a transient transformation system in Drosophila 

cultured cells because many constructions could be tested in a relatively short 

period of time. Before a detailed study of this kind could be initiated, more 
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precise information was needed about the actin transcriptional units. We 

decided to concentrate on the cytoplasmic act5C gene for several reasons. 

Based on RNA blots, the act5C gene appeared to have the most complex 

transcriptional unit. Three different sized bands were observed in contrast to 

the single species seen for the other actin genes. Furthermore, these 

transcripts appeared to be differentially developmentally regulated. 

In Chapter 4 the structure of the act5C gene is studied in more detail. We 

find that at least six different transcripts are synthesized from this gene. We 

show that unlike other actin genes characterized to date, this gene has two 

separate transcription start sites which are associated with two leader exons. 

These are alternately spliced to the body of the gene. Three sites of 

polyadenylation are also used, accounting for the six mRNA species. We find 

that transcripts containing each of the two leader exons exhibit the same 

pattern of developmental regulation. The use of the three polyadenylation sites 

in contrast is developmentally regulated. 

In Chapter 5 we examine whether both leader exons are preceded by 

functional promoters and we begin to define cis-acting sequences important for 

the expression from each of the transcription start sites. We find that each 

leader exon is preceded by a separate, functional promoter. By deletion 

analyses, we find that at least two regions of 5' flanking sequences are 

necessary for optimal expression of exon 1, one of which is greater than 1.9 kb 

upstream of its cap site. In contrast, 450 bases of sequences 5' to the exon 2 

cap site contain all the sequences required for its expression. 
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CHAPTER 2 

The actin genes of Drosophila: Protein coding regions 

are highly conserved but intron positions are not 

(published in Cell) 
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Summary 

The entire set of six closely related Drosophila actin 
genes was isolated using recombinant DNA meth
odology, and the structures of the respective coding 
regions were characterized by gene mapping tech
niques and by nucleotide sequencing of selected 
portions. Structural comparisons of these genes 
have resulted in several unexpected findings. Most 
striking is the nonconservation of the positions of 
Intervening sequences within the protein-encoding 
regions of these genes. One of the Drosophila actin 
genes, DmA4, Is split within a glycine codon at 
position 13; none of the remaining five genes Is 
interrupted in the analogous position. Another gene, 
DmA6, is split within a glycine codon at position 
307; at least two of the Drosophila actin genes are 
not split in the analogous position. Additionally, 
none of the Drosophila actin genes is split within 
codon four, where the yeast actin gene is inter
rupted. The six Drosophila actin genes encode sev
eral different proteins, but the amino acid sequence 
of each is similar to that of vertebrate cytoplasmic 
actins. None of the genes encodes a protein com
parable in primary sequence to vertebrate skeletal 
muscle actin. Surprisingly, in each of these derived 
actin amino acid sequences the initiator methionine 
Is directly followed by a cysteine residue, which In 
turn precedes the string of three acidic amino acids 
characteristic of the amino termini of mature ver
tebrate cytoplasmic actins. We discuss these find
Ings In the context of actin gene evolution and 
function. 

Introduction 

Much remains to be learned about the expression of 
eucaryotic genes. and in particular how the activities 
of thousands of such genes are coordinated to me
diate the ordered sequence of events leading to me
tazoan ontogeny. Increasingly, eucaryotic structural 
genes, or portions thereof, are being found not to be 
uniquely represented in animal genomes, but rather 
to be members of small gene families (reviewed by 
Long and Dawid, 1980). In some cases the members 
of such families are expressed differentially, either in 
temporal sequence or tissue specific distribution 
(Maniatis , et al.. 1980; Hagenbuchle et al.. 1980). 

Continued study of such gene families will increase 
our understanding of gene evolution and of the regu
latory elements that control gene expression. 

The actin genes are well suited for such a study. 
Because actin is a highly conserved and ubiquitous 
protein (Pollard and Weihing, 197 4), the structure of 
these genes can be examined across very large evo
lutionary distances. Furthermore, actin synthesis is 
highly regulated during metazoan development. As 
various types of muscle cells differentiate they begin 
synthesis of specific actin isoforms (Whalen et al., 
1976; Garrels and Gibson, 1976; Saborio et al. , 
1979), each of which is encoded by one or more 
members of a small family of closely related genes 
(Vandekerckhove and Weber, 1978a, 1978c). Further 
investigations of structural and functional aspects of 
these genes will help elucidate the mechanisms by 
which genes are selectively expressed . 

We have compared the structural features of the 
actin genes of Drosophila melanogaster. We report 
several unexpected results which are relevant to the 
evolution and functioning of the actin gene family. 

Results 

Isolation of All Members of the Drosophila Actin 
Gene Family 
To isolate all members of the Drosophila actin gene 
family we screened a library of Drosophila genomic 
DNA using the technique of Benton and Davis (1977). 
The probe for this screen was derived from ;\DmA2. a 
recombinant phage that contains a Drosophila actin 
gene, and that we have characterized previously (Fyr
berg et al., 1980). Of 40,000 plaques screened (ap
proximately four Drosophila genome equivalents), 30 
phages that hybridized strongly were selected . The 
Eco Rl restriction patterns of the purified DNA from 
these phages indicated that they were members of six 
distinct classes. Furthermore, blot hybridization ex
periments have demonstrated that DNA pooled from 
representatives of these six phage classes contains 
all of the actin-gene-containing fragments observed in 
digests of Drosophila genomic DNA (data not shown). 
We therefore conclude that these six phages contain 
all of the Drosophila actin genes. 

We have denoted the six actin-gene-containing 
phages as ;\DmA 1-;\DmA6 in order of the decreasing 
sizes of their actin-gene-containing Eco Rl fragments. 
By in situ hybridization to polytene chromosomes we 
have determined the chromosomal location of the 
Drosophila DNA segment inserted within each phage 
genome: ;\DmA1, 88F; ADmA2. 5C; ADmA3, 42A; 
ADmA4 , 57A; ;\DmA5, 87E; ;\DmA6, 79B ~a~ n~ 
shown). These results confirm and extend those of 
Tobin et al. (1980) and Fyrberg et al. (1980) who 
reported that actin gene probes hybridized to these 
six locations. 
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Figure 1 . High Resolution Restriction Maps of the Protein Coding 
Regions of DmA 1 -DmA6 

Solid blocks represent the 1 .1 kb protein coding regions of the actin 
genes, which are aligned to facilitate comparison of restriction sites. 
The 5' to 3' orientation is left to right as indicated. Open blocks 
represent intervening sequences. which are inserted at the positions 
indicated. The intervening sequence of DmA4 measures approxi
mately 630 nucleotides while that of DmA6 is 357 nucleotides in 
length. A small intervening sequence within codon 307 of DmA 1 

High Resolution Restriction Mapping of the 
Protein-Coding Region of Each Actin Gene Reveals 
Many Conserved Sites 
Low resolution restriction mapping and blot hybrid i
zation experiments using the chimeric phage DNAs 
revealed that each contained a single actin structural 
gene (data not shown; however, restriction maps of 
ADmA 1-DmA6 are available on request) . After lo
calizing each gene within a reasonably small (2-6 kb) 
restriction fragment, subclones were prepared by in
serting fragments into the plasmid vector pBR322 . 
Subsequently the protein coding region of each of the 
structural genes was localized within the subcloned 
fragments and mapped precisely with frequently cut
ting restriction enzymes. Appropriate fragments were 
mapped with Ava I, Bgl II , Hint I and Taq I using the 
technique of Smith and Birnstiel (1976). These results 
are presented in Figure 1 . 

As expected for a family of closely related genes, 
these maps reveal considerable conservation of re
striction sites. The conserved sites allow maps of the 
Drosophila actin genes to be aligned with those of 
Dictyostelium (Firtel et al., 1979) and yeast (Ng and 
Abelson, 1980). This alignment revealed the tentative 
positions of the 5' and 3' ends of the protein-coding 
portion of each Drosophila actin gene and thus deter
mined their transcriptional polarities. Interestingly 
there are four well conserved Hint I sites within codons 
51, 154, 259 and 363 of the cod ing regions. Hint I 
recognizes the nucleotide sequence GANTC. In each 
of these four cases this sequence is generated by 
consecutive (Asp or Glu)-Ser codons. The extremely 
regular spacing of these (Asp or Glu)-Ser sequences 
in the actin proteins (1 04 ± 1 amino acids) may be of 
functional significance. 

These restriction maps allowed us to identify ten
tatively an intervening sequence within DmA6. Align
ment of restriction enzyme sites, some of which are 
not shown in Figure 1 (Ava II , Alu I, Hpa II, Hae Ill) 
revealed that an approximately 400 nucleotide inser
tion split this gene into segments of 900 and 225 
nucleotides. No such insertion is indicated by maps of 
the other five genes. A larger intervening sequence 
within DmA4 was overlooked in this analysis, however, 
because it lies very close to the 5' end of the coding 
region (refer to Figure 1 ). 

Direct Visualization of Nonconserved Interruptions 
within DmA4 and DmA6 
To map more precisely the sequence relationships 
. among the Drosophila actin genes, we prepared het-

which has recently been discovered by F. sanchez, S. l. Tobin and 
B. J . McCarthy (personal communication) is not shown. Intervening 
sequences within untranslated regions are not shown, since these 
regions have been analyzed only in DmA2 and DmA4. DmA2 is known 
to have an intervening sequence in its 5' untranslated region , however 
(aee text) . There is an Ava1 site at codon 333 of DmA1 which is not 
ahown in the figures. 
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eroduplexes with pairs of genes and examined result
ing structures in the electron microscope . A logical 
starting point for this analysis was to compare the 
structure of DmA2 to that of DmA4. These two genes 
were known to be related very closely on the basis of 
previous cross-hybridization experiments (Fyrberg et 
al. , 1980). Additionally, both of these genes were 
known to be split by intervening sequences near their 
5' ends. For DmA2, this was known from previously 
described experiments (Fyrberg et al., 1980). In the 
case of DmA4 the intervening sequence was identified 
by an experiment in which ADmA4 DNA was hybrid
ized to total cellular poly(A)". RNA from Drosophila 
embryos under A-loop conditions (Kaback et al., 
1979),· and the resulting molecules were examined in 
the electron microscope. Observation of these mole
cules revealed that a 630 ± 70 nucleotide intervening 
sequence separates an approximately 1 00 nucleotide 
5' proximal segment from the major portion of the 
gene, which measures 1 .45 kb (data not shown). 

To visualize homologous regions of DmA2 and 
DmA4, we formed heteroduplexes between an 8 . 7 kb 
Eco AI fragment of DmA2 and a 4.2 kb Bam HI-Eco 
AI fragment of DmA4. In both cases these fragments 
contain the entire actin protein-coding region, 5' and 
3' untranslated regions, plus substantial flanking se
quences. Equimolar amounts of chimeric plasmids 
containing these fragments were linearized by cleav
ing with Bam HI , then denatured and allowed to rean
neal. The resulting molecules were then spread for 
electron microscopy. 

An electron micrograph of a representative mole
cule is shown in Figure 2. Homology of these two 
genes is limited to a 1 .1 ± 0.1 kb region . Within 
experimental error, this segment has a length and 
position indicating that it consists entirely of the pro
tein-coding regions. No homology can be seen in the 
5' or 3' untranslated or flanking regions. At the 5' end 
of this duplex region we observe a single-stranded 
loop of length 630 nucleotides in 60% of the mole
cules. The presence of a loop implies that a region of 
homology too short to be recognized as duplex by 
electron microscopy exists 5' to the loop. Because 
the size of this loop is the same size as the intervening 
sequence of DmA4, a short region of DmA4 5' to the 
loop must be homologous to the contiguous coding 
region of DmA2. Thus DmA2 and DmA4 must be split 
by intervening sequences in different positions. The 
observed heteroduplex structures were consistent 
with DmA2 being split at a position upstream from its 
coding region in the 5' untranslated region, and with 
DmA4 being split within the protein-coding region 
extremely close to the 5' end. This interpretation is 
fully confirmed by the sequence data presented be
low. 

Heteroduplexes of DmA 1 with DmA5, DmA5 with 
DmA6, and DmA3 with DmA6 have also been pre
pared. In all cases a duplex segment corresponding 

8.7 Eco RI DmA2 
x4.2 Bam HI- EcoRI DmA4 

Figure 2. Heteroduplex of the DmA2 and DmA4 Actin Genes 

Two chimeric plasmids, one containing an 8 . 7 kb Eco AI fragment of 
DmA2 and one a 4 .2 kb Bam HI-EcoRI fragment of DmA4 were 
linearized with Bam HI and used to prepare heteroduplexes. A rep
resentative molecule is shown in {A) and depicted schematically in 
{B). The long duplex region on the right is the pBR322 vector 
sequence. The shorter duplex region in the lower center corresponds 
in size and position to the protein coding regions of the two genes. 
The 3' untranslated and flanking regions are nonhomologous. Short 
Inverted repeat segments separated by approximately 600 nucleo
tldes form a stem-loop structure immediately 3' to the DmA2 coding 
region . At the 5' end of the coding regions a loop of the same size as 
the DmA4 intervening sequence {630 nucleotides) can be seen. The 
loop forms because a short segment 5 ' to the DmA4 intervening 
sequence hybridizes to the 5' end of the DmA2 coding region . The 5' 
untranslated and flanking regions of the two genes are completely 
nonhomologous. 

to the protein-coding regions terminates in forked 
single strands. The interpretation again is that the 
protein-coding regions of the several genes are ho
mologous, but that the untranslated and flanking se
quences are not. Figure 3A shows a heteroduplex of 
Drosophila actin genes DmA3 and DmA6. A 360 ± 
40 nucleotide loop of single-stranded DNA can be 
seen near the 3' end of .the DmA6 coding region. This 
sequence splits the gene into segments of approxi
mately 91 0 and 21 0 nucleotides in agreement with 
the restriction mapping data presented in Figure 1 . As 
shown below, the nonhomologous segment within the 
coding region of OmA6 is an intervening sequence. 
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Heteroduplex analysis of DmA 1 and DmA5 (Figure 
38) has failed to reveal intervening sequences within 
either coding region . 

In summary. these experiments allowed tentative 
identification of a 630 nucleotide intervening se
quence near the 5' end of the DmA4 protein coding 
region and one of 360 nucleotides near codon 300 of 
DmA6. No other introns were seen within the coding 
regions of any of the remaining actin genes. These 
experiments would not allow visualization of introns 
less than 100 nucleotides in length. Finally, the results 
of the DmA2 / DmA4 heteroduplex experiment indi
cated that the previously identified intervening se
quence of DmA2 is located upstream from the protein
coding region and lies within the 5' untranslated re
gion. 

20 

Precise Mapping of the lntrons of DmA2, DmA4 
and DmA6 
The precise positions of the introns of DmA2 , A4, and 
A6 deduced from the DNA sequence data are shown 
in Figure 4 . In panel A we show nucleotide sequence 
data for the regions that correspond to the beginning 

Figure 3. DmA3 / DmA6 and Om A 1 / DmAS Heteroduplexes 

The DmA3 / DmA6 heteroduplex was prepared by hybridizing a plas
mid containing a 6 .0 kb Eco AI fragment of DmA3 with one containing 
a 5.0 kb Bam HI fragment of DmA6. Plasmids were separately 
digested with Bgl II , which cleaves the plasmids in their respective 
actin coding regions . but in different positions {refer to Figure 1 ). 
Resulting heteroduplexes have long staggered ends which anneal to 
form circular structures. {A) shows such a molecule and {B) its 
schematic representation . One of the actin structural genes is inter
rupted by a 360 nucleotide intervening sequence, which appears as 
a small single-stranded loop. Since the same loop is apparent in 
DmA5/ DmA6 heteroduplexes, we were able to assign it unambigu
ously to DmA6. The DmA 1 / DmAS heteroduplex shown in {C) and {0) 
was prepared by hybridizing a plasmid containing a 3.6 kb Bam HI 
fragment of DmA 1 to one containing a 5.2 kb Eco AI fragment of 
DmAS. This heteroduplex failed to reveal intervening sequences 
within either actin coding region . 

of translation in DmA2 and DmA4. In the former, the 
ATG initiator codon is followed by a cysteine codon , 
then by a sequence which by comparison with known 
actin amino acid sequences positively identifies it as 
an actin gene. The sequence of DmA4 is nearly iden
tical to that of DmA2 from the amino terminus up to 
the glycine codon at amino acid position 13. The 
sequence beyond that point does not encode amino 
acids of actin; however there is an acceptable exon
intron splice junction sequence at this point (Lerner et 
al., 1980). By sequencing the appropriate region , 
approximately 600 nucleotides downstream we find 
an acceptable intron-exon junction followed by a 
continuation of the characteristic actin gene se
quence. The sequencing data therefore confirm the 
presence of an intervening sequence close to the 5' 
end of the protein-coding region of DmA4 and define 
its position precisely. 

The coding region of DmA2 appears to be continu
ous, yet A-loop experiments have revealed that it is 
split near the 5' end of the coding region by a 1.65 kb 
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Figure 4 . Nucleotide Sequences Surrounding Interruptions within 
Drosophila Actin Genes 

(A) shows the nucleotide sequences of the 5' ends of DmA2 and 
DmA4 . The sequence of the amino terminal tryptic peptide encoded 
by each gene is aligned with that of vertebrate cytoplasmic actin (BI 
represents the acetyl group which blocks the N terminus). Eight 
nucleotides upstream from the A TG initiation codon of DmA2 is a 
aeQuence which appears to be a functional intron-exon junction 
aeQuence based on previous A-loop experiments and on the homol
ogy of this sequence to the eucaryotic consensus sequence and to 
the ovalbumin G intron-exon junction sequence. {Y denotes a position 
where either pyrimidine can occur and X a position where either a 
purine or a pyrimidine is acceptable.) The lower portion of (A) illus
trates that DmA4 is interrupted within the glycine codon at position 
13 by an approximately 630 nucleotide intron. Inspection of the 
sequences of the 5' and 3' ends of this interruption reveals that they 
share homology with the eucaryotic consensus exon-intron and 
intron-exon sequences. (B) shows the sequence of codons 300-314 
for DmA2, DmA3 and DmA6. The sequence of each encoded protein 
is identical to the corresponding sequences of vertebrate actins 
except for the serine at position 307 in DmA2 (however, we are 
unsure of this amino acid assignment due to the sequencing ambiguity 
denoted by the asterisk). Comparison of the sequences of the three 
Drosophila genes reveals that OmA6 is interrupted within the glycine 
codon at position 307. Inspection of the sequence of the 5' and 3' 
ends of this interruption again reveals that they share homology with 
the eucaryotic consensus exon-intron and intron-exon sequences. 
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intron (Fyrberg et at., 1980). From results of the 
heteroduplex experiment shown in Figure 5 we sus
pected that the gene was split in the 5' untranslated 
region. Figure 4 shows that 8 nucleotides upstream 
from the ATG initiation codon of DmA2 there is a 
sequence homologous to an intron-exon junction. 
Fortuitously, we presume, the proposed DmA2 intron
exon junction almost exactly matches that of ovalbu
min G (Breathnach et at., 1978). No other reasonable 
intron-exon splice junction was found for the 200 
nucleotides upstream from this position . We therefore 
are reasonably certain that this junction is the intron
exon junction of DmA2. 

The nonconservation of the intron within DmA6 is 
illustrated in Figure 4B. Comparison of the nucleotide 
sequence through the region near codon 300 of DmA6 
with that of other actin genes shows that the interrup
tion is within a glycine codon at position 307, and that 
an acceptable exon-intron junction exists at this point . 
Exactly 357 nucleotides downstream we find an in
tron-exon junction and the continuation of the actin 
gene sequence. Sequencing of DmA2 and DmA3 
through the corresponding region shows that neither 
of these genes has an interruption in the same posi
tion . Although we have not yet sequenced DmA 1, 
DmA4 and DmA5 through this region, none of these 
genes displayed evidence for an intron at this position 
in heteroduplex mapping experiments, and any inter
vening sequences which interrupt these genes at co
don 307 must therefore be extremely short. However, 
F. Sanchez. S. l. Tobin and B. J. McCarthy (personal 
communication) have recently found that DmA 1 is split 
by a 60 nucleotide intron within codon 307, demon
strating that at least one other Drosophila actin gene 
is split in the analogous position. 

Since we had not yet examined A-loops of DmA6 it 
was reasonable to question whether this insert ac
tually represents an intervening sequence. One could 
argue that DmA6 encodes an actinlike protein of mo
lecular weight 55,000-60,000, and that the presumed 
insertion actually encodes amino acids present in the 
mature protein. Nucleotide sequence data have re
vealed, however, that the insert of DmA6 is A+ T rich 
and encodes stop codons in all three reading frames 
(data not shown). This evidence argues very strongly 
that the insert of DmA6 is an intervening sequence. 

The Amino Terminal Sequences of All Drosophila 
Actins Are Similar to Those of Vertebrate 
Cytoplasmic Actins 
The amino terminal tryptic peptides·of several verte
brate actins have been sequenced by Vandekerck
hove and Weber (1978c). This analysis has revealed 
that a relatively high number of amino acid replace
ments occurs within these peptides and that sequence 
divergences tend to be tissue-specific, rather than 
species-specific . Thus, skeletal muscle actins from 
several vertebrate species are identical in amino acid 

sequence, but differ in sequence from the cytoplasmic 
actins (Vandekerckhove and Weber, 1978a, 1978c). 
In mammals these muscle specific versus cytoplasmic 
actin amino acid replacements involve charged amino 
acids; and, as a result, the isoelectric point of skeletal 
muscle actin differs from that of the cytoplasmic spe
cies (Vandekerckhove and Weber, 1978a). Because 
these charged amino acid exchanges are limited to 
the amino terminal tryptic peptide, determination of its 
primary sequence should allow a reasonably accurate 
prediction of the isoelectric points of respective actin 
proteins and thereby facilitate assignment of biologi
cal functions to each. We therefore derived the Dro
sophila actin amino terminal sequences from the nu
cleotide sequence of the corresponding region of 
each gene. 

A comparison of the amino terminal tryptic peptides 
of each Drosophila actin with those of vertebrate 
skeletal muscle and cytoplasmic actin isoforms is 
shown in Figure 5. Within the boxes are the amino 
acid replacements characteristic of vertebrate skeletal 
and cytoplasmic actins. The sarcomeric actin se
quence is Asp 1Giu2Asp3Giu .. (Ser or Thr)5Thr6 

.•. 

Cys10 
.•. Leu16Val 17 While that of its cytoplasmic 

counterpart is (Asp or Glu)2(Asp or Glu)3(Asp or 

~m~~~~~~~~~~~w~~~~~~ 

~~~~~~~~~~~~~~~~~m~~ 

Figure 5. SeQuences of the Amino Terminal Tryptic Peptides En
coded by Each Drosophila Actin Gene 

The sequence of each encoded protein is aligned with the composite 
sequence of vertebrate muscle-specific and cytoplasmic actins . 
Within the boxed regions are the replacements which distinguish the 
vertebrate-muscle-specific actins from their cytoplasmic counterparts 
(Vandekerckhove and Weber, 1978a, 1978b, 1978c). Each of the 
Drosophila sequences resembles the vertebrate cytoplasmic actin 
sequences. partial exceptions being DmA 1 and DmA6. Each of the 
derived Drosophila sequences encodes a cysteine that immediately 
follows the Initiator methionine: however, cysteine does not occur at 
this position in the mature vertebrate actins. The sequence CAAPu 
precedes each initiator codon. except in DmA6 where the sequence 
is CAAAC. The asterisk in the DmA 1 sequence denotes an ambiguous 
nucleotide. This base may be A: however. this would not alter our 
amino acid assignment. The unusual phenylalanine-serine sequence 
occurring at positions 6 and 7 in DmA6 would become serine-alanine 
If either T of the phenylalanine codon were inserted as the result of a 
sequencing error. However, then to return the sequence to the proper 
reading frame a nucleotide must be inserted in the leucine or valine 
codon at positions 8 and 9. We have failed to detect any evidence for 
such a nucleotide in our sequence determination through this region 
and we therefore believe that the sequence as shown is correct. 
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Glu)~lle5Aia6 .•• (Val or lle)10 
•• . Met16Cys17

. Inspec
tion of the Drosophila actin gene sequences reveals 
first that only DmA4 is split within the glycine codon at 
position 13, second, that none of the Drosophila genes 
is split within codon four, as is the yeast actin gene, 
and third , that each of the derived actin amino acid 
sequences closely resembles the vertebrate cytoplas
mic sequences, partial exceptions being DmA 1 and 
DmA6. Examination of other portions of the Drosophila 
actin amino acid sequences shows that for the most 
part they also conform to the vertebrate cytoplasmic 
actin sequences (refer to Vandekerckhove and We
ber, 1978a, 1978b, 1978c and our Appendix). There
fore, Drosophila apparently does not synthesize actin 
forms comparable in amino acid sequence to that of 
vertebrate skeletal muscle. 

Figure 5 reveals another surprising result , namely 
the presence of a cysteine codon following the initiator 
methionine codons of each of the Drosophila actin 
genes. All vertebrate actins thus far characterized 
begin with an aspartic or glutamic acid residue that is 
acetylated. If only the methionine is cleaved from the 
Drosophila actins each would begin with cysteine 
followed by the three acidic residues characteristic of 
vertebrate cytoplasmic actins. Neither the Dictyoste
lium nor the yeast actin genes encode a cysteine at 
this position (Firtel et at., 1979; Gallwitz and Sures, 
1980; Ng and Abelson , 1980). It is of course possible 
that the cysteine residue is cleaved by in vivo proc
essing , and that the mature Drosophila actins begin 
with the string of acidic residues as do those of 
vertebrates. 

A conserved sequence in the 5' untranslated region 
of each Drosophila actin gene is apparent in Figure 5. 
In DmA 1 -DmA5 the sequence CAAPu precedes each 
ATG initiation codon . In DmA6 a cytidine has been 
inserted to give the sequence CAAAC. Immediately 
upstream from this region the sequences of the genes 
become completely divergent (data not shown). Thus 
selective pressure may preserve this four nucleotide 
sequence. 

The Six Drosophila Actin Genes Encode Several 
Different Polypeptides 
An interesting question is whether the six Drosophila 
actin genes encode proteins that differ in their primary 
amino acid sequences. Knowledge of such sequence 
differences may lead to a better understanding of the 
relationship of the structure of actin isoforms to their 
particular developmental roles. In the course of our 
studies we have obtained some, but not all , of the 
data needed for a decisive answer. These incomplete 
data are presented in the Appendix, in which we show 
Drosophila actin gene sequences not presented in 
Figures 4 or 5. Comparison of all of the available 
sequence information reveals that the six genes en
code at least five different proteins. Only the compar
ison of DmA4 with DmA5 has as yet failed to reveal a 

difference in the sequence of the encoded proteins. 
Far more striking than the differences in the se

quences of these proteins are their similarities . Se
quences of Drosophila actins are apparently ex
tremely conserved. Most of the amino acid replace
ments are very conservative . such as replacement of 
valine with isoleucine, or threonine with serine . There
fore the observed amino acid replacements may not 
be functionally significant . Rather, we th ink it equally 
probable that for the most part they represent neutral 
mutations which have accumulated and resulted in 
slight divergences of the respective sequences. 

Discussion 

In this communication we have reported the isolation 
and structural characterization of the six Drosophila 
actin genes. We have shown that the protein-coding 
regions of these genes are highly homologous and 
that each encodes an actin protein with an amino acid 
sequence closely resembling those of the vertebrate 
cytoplasmic isoforms. We find no homology of un
translated or flanking regions of these genes. Addi
tionally , we have discovered two introns within pro
tein-coding regions (one in DmA4, one in DmA6) 
which are either in a position where no other Dro
sophila actin genes have an intron (as is the case for 
the DmA4 intron), or are in a position where some, 
but not all , other actin genes have introns (as is the 
case for the DmA6 intron). Additional introns in the 
Drosophila actin genes may be discovered when the 
characterization of the genes is completed . 

The probe used to isolate the complete set of Dro
sophila actin genes was derived from .XDmA2. Since 
this probe encodes an actin protein that resembles 
the vertebrate cytoplasmic isoforms one could argue 
that our screen succeeded in isolating the genes 
encoding cytoplasmic actin isoforms but failed to iso
late those encoding muscle-specific isoforms. We 
think this improbable. Mammalian skeletal muscle ac
tins differ from the cytoplasmic isoforms in approxi
mately 25 of 375 amino acid residues (Vandekerck
hove and Weber, 1978a, 1978b). Analysis of these 
amino acid replacements shows that they would in
crease nucleotide mismatch of these two types of 
actin genes by at most 3% above the value due to 
codon degeneracy. The moderately stringent hybridi
zation conditions employed in our library screening 
and blot hybridization protocols do not distinguish 
such a small increase in nucleotide mismatch . There
fore unless the amino acid sequences of Drosophila 
muscle-specific actins are considerably more diver
gent from their cytoplasmic counterparts than is the 
case for vertebrates, our hybridization experiments 
would have detected them . 

The variability in the positions of the introns in the 
Drosophila actin genes is in sharp contrast to the 
situation observed in globin genes (Maniatis et al.. 
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1980), vitellogenin genes (Wahli et al., 1980) and the 
ovalbumin-X-Y gene series (Royal et al., 1979). In 
each of these cases the placement of intervening 
sequences is exactly the same for all members of the 
gene family . For the globins this property extends 
across rather large evolutionary distances; for exam
ple, globin genes of Xenopus and humans are inter
rupted in exactly the same positions (Patient et al., 
1980) despite the fact that their ancestral lines di
verged approximately 350 million years ago (Young, 
1962). In fact, there are only two cases where mem
bers of vertebrate multigene families differ in place
ment of introns, the first being one of the nonallelic rat 
insulin genes, which has lost an intron (Lomedico, et 
al., 1979), and the second being a nonfunctional 
mouse a-globin-like gene which has lost both introns 
(Nishioka et al., 1 980). 

Placement of intervening sequences is much more 
divergent in the Drosophila actin gene family than in 
the multigene families discussed above. At least three 
interruptions occur within the protein-coding regions 
of Drosophila actin genes, one within codon 13 of 
DmA4, one within codon 307 of DmA6, and a shorter 
intron at the same position of DmA 1 (F. Sanchez, S. 
L. Tobin and B. J. McCarthy, personal communica
tion). The interruption within codon 13 is not present 
in any other Drosophila actin genes, while that within 
codon 307 is not present in at least two other genes. 
Furthermore, none of the Drosophila actin genes is 
interrupted within codon 4 where the yeast actin gene 
is split (Gallwitz and Sures, 1980; Ng and Abelson, 
1980) and at least two (DmA3 and DmA6) are not split 
between codons 121 and 122 where one of the sea 
urchin actin genes is split (refer to Durica et al ., 1980; 
Schuler and Keller, 1981; and our Appendix). Finally, 
none of the several Dictyostelium actin genes se
quenced by Firtel et al. (1979) appears to have inter
ruptions within its protein-coding regions . 

These results may help to elucidate the functional 
and/or evolutionary roles of intervening sequences. 
Gilbert (1979) has proposed that the primary function 
of introns is to facilitate gene evolution and as a 
corollary that the older form of a gene will have more 
introns. According to a strict form of this hypothesis, 
the primordial metazoan actin gene had at least four 
introns: one in the 5' untranslated region (as does 
DmA2), one in codon 13 (as does DmA4), one after 
codon 121 (as does sea urchin) and one in codon 307 
(as do DmA6 and DmA 1 ). If this were the case, then 
many introns have been deleted from individual Dro
sophila actin genes during evolution. This could be for 
any or all of several reasons. First, because the actin 
genes are probably of ancient evolutionary origin 
there has been a long period in which to excise 
introns. Second, there may be strong selective pres
sure to delete introns from genes encoding proteins 
which evolve slowly, such as actin . Third, Drosophila 
may have more rapidly deleted introns during its ev-

olution than have typical eucaryotes. Consistent with 
this notion is the observation that Drosophila has one 
of the smallest eucaryotic genomes. 

Further comparisons of the positions of introns 
within the actin genes of a variety of metazoans will 
be most informative. If positions of introns are con
served even between protostomes and deuteros
tomes, this will support the hypothesis that the pri
mordial metazoan actin gene contained many introns, 
several of which have been deleted from Drosophila 
actin genes. Conversely , if no conservation of intron 
positions within actin genes is found , then perhaps at 
least some introns are the vestiges of transposonlike 
elements which have inserted into genes, become 
fixed , and subsequently diverged in nucleotide se
quence (see Doolittle and Sapienza, 1980; Orgel and 
Crick, 1980). 

The observation that all of the Drosophila actins are 
similar in sequence to the vertebrate cytoplasmic is
oforms has implications for both the evolution and 
functioning of actin proteins. Lower eucaryotes such 
as Physarum and Dictyostelium synthesize only actins 
with amino acid sequences closely resembling the 
vertebrate cytoplasmic isoforms (Vandekerckhove 
and Weber, 1978d, 1980), suggesting that the verte
brate cytoplasmic actins predate the vertebrate mus
cle-specific isoforms. Our results indicate that verte
brate muscle-specific actin isoforms evolved after in
sects separated from the phylogenetic line that gave 
rise to the vertebrates. Furthermore, our data suggest 
that the amino acid replacements found in vertebrate 
muscle-specific actin isoforms are not required for 
striated muscle function per se. Many types of insect 
muscle bear an anatomical resemblance to vertebrate 
striated muscle (Smith, 1968), and Drosophila muscle
specific actin isoforms have been documented (Storti 
et al., 1978; Fyrberg and Donady, 1979; Horovitch et 
al. , 1979). However, our data clearly show that the 
amino acid sequences of Drosophila muscle-specific 
isoforms most closely resemble those of vertebrate 
cytoplasmic actins. In accordance with this conclu
sion, Lubit and Schwartz (1980) have found that rabbit 
antibodies elicited by actin extracted from the body 
wall musculature of the marine mollusc Aplysia will 
crossreact with vertebrate cytoplasmic actins but not 
with vertebrate skeletal muscle actin. Myofibrillar actin 
in Aplysia may therefore also have an amino acid 
sequence like vertebrate cytoplasmic actins. 

Our results and those of Tobin et al. (1980) and 
Fyrberg et al. (1980) have revealed that Drosophila 
actin genes comprise a highly conserved family that 
encodes a nearly identical set of proteins. Examina
tion of the constellation of tissue types and develop
mental intervals in which each gene is expressed 
should enhance our knowledge of the factors that 
regulate eucaryotic gene expression and additionally 
those factors that determine the cellular roles of newly 
synthesized proteins. 
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CCC GAT GGA CAG GTC ATC ACC ATC GGA AAT GAG CGA TTC CGT TGC CCC GAA m CTG TTC CAG CCG TCG TTC m GGC ATG GAG ~ m 
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GGC ATT CAC GAG ACC ACC m AAC TCA ATC ATG AAG TGT GAC clr GAC ATC CGT AAG GAT CTG TAC GCC AAC xiT GTG m TCC 

GGC ATC CAC GAG ACC GTC ffi ~ TCC ATC ATG AAG TGC GAC CTi GAC ATC CCC AAG GAT CTG TAT CCC .UC ffi GTG ~ TCT 

Jlt 32 C 32~ JJ C 3H J4 :-
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GAG ATC ACC CCC CTT GCA CCC TCG • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

GAA ATC ACG GCG TTG GCT CCG TCC ACC ATG AAG ATT AAG ATT GTT GCC CCG CCA GAA CCC AAG TAC TCT GTT TGG ATC GGC GGC TCC ATC 

GAA ATC ••• • •• ••• ••• ••• • •• ••• ••• ·-· ••• ••• • •• ••• ••• ••• • •• • •• ••• ••• ••• ••• ••• ••• ••• ••• ••• ••• ••• 

Jft 3~ 0 H~ S•r 36 0 S•r 36 5 37 0 J7t 
;.ea.-A La -Ser-Le&. -Ser-Tkr·Pite-Cl.Jf.-G l "-II• t -Trp- 1 Z.e g L!fi-C Z "-C Za.- T!-~1'-A If: -C Zw fl= !~ -Pf"o -Ser-1 z, .. Vo Z -Hi I -A 1'g-Ly l -C!f e-Phr- T ,,., 

. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • - • • • • • • • • • • · • • • • • • • • • • • • • • • GGC CCC TCC A TT GTG CAC CGC AAG TGC TTC TM 
hr hr 

Cl A GCT TCG CTG TCT ACT TTC CAG CAG ATG TGG ATC m AAG CAA GAG TAC GAC GAG m CCC CCC TCC ATT GTT CAC CGC AAG TGC TTC TAA 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • GTC CAC CCC AAG TGC TIC TAA 

••••• · ••••••••• ACT TTC CAG CAG ATG TGG ATC ffi AAG CAG GAG TAT GAC GAG ffi GGT CCC ~ ATC GTC CAC CGC AAG TGC TTT TAA 

Appendix. Available SeQuences of the Six Drosophila Actin Genes Not Presented in Figures 4 and 5 
Codons of the Drosophila genes are aligned with the amino acid aequence of rabbit skeletal muscle actin . Amino acid residues of the skeletal 
muscle actin sequence that are replaced in vertebrate cytoplasmic actin isoforms are boxed. and their replacements appear directly above 
(replacements within the amino terminal tryptic peptldes of Ktins are praented in F~gure 5). In most caees the eequences of the encoded 
Drosophila actins conform to those of the vertebrate cytoplasmic isoforms. Amino acid replacements among the Drosophila actins occur at 
residues 3, 4. 5. 6, 7, 10. 52. 66. 76. 129. 270, 279, 296. 307 and 367 (refer also to Figures 4 and 5). accounting for five slightly divergent 
proteins. The amino acids encoded at these positions by the Drosophila genes appear above the appropriate codons. Codons that are not assigned 
an amino acid specify the same residue as is found in the rabbit skeletal muscle actin aequence. Codons that specify amino acids not expected 
on the basis of the vertebrate aequence data are boxed. and the amino actd assignments are written directly above. Codon 277 of OmA6 encodes 
valine. but this is not indicated in the figure. 
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A library of Drosophila genomic DNA (Canton S strain) constructed 
by ligation of Eco Rl partial digestion products to Charon 4 arms (Yen 
et al. , 1979; Davidson et al., 1980) was screened using the in situ 
plaque hybridization techniQue (Benton and Davis, 1 977). A 1 .8 kb 
Hind Ill fragment derived from a previously characterized Drosophila 
actin gene (Fyrberg et al. , 1 980) was 32P-Iabeled by nick translation 
(Schachat and Hog ness. 1 973; Maniatis et al. , 1 975) and used as a 
probe. This particular DNA fragment is known to contain the entire 
actin protein-coding sequence (E. A. Fyrberg and N. D. Hershey, 
unpublished data). 

From a screen of 40,000 plaques, 30 which gave strong signals 
were selected . After purification, each of these phages was grown up 
individually as a plate lysate and DNA was prepared according to the 
method of Maniatis et al. (1 978). The phage DNAs were digested with 
various restriction enzymes, and the fragments that hybridized to the 
1 .8 kb Hind Ill probe were identified by blotting (Southern, 1 975). 

Subclonlng of Genomic Actin Sequences into Plasmid Vectors 
Chimeric plasmids were constructed by ligation of gel isolated Eco 
Rl, Hind Ill or Bam HI-cut fragments of lambda clones to pBR322 DNA 
that had been cut by the same enzyme(s) in order to generate 
complementary ends (Mertz and Davis, 1972: Cohen et al. , 1973). 
DNA prepared in this fashion was used for transformation of E. coli 
K-1 2 strain HB 101 (Cohen et al. , 1 972). Selection of clones contain
ing the desired fragments and their subsequent DNA preparation 
were as previously described (Fyrberg et al., 1 980). 

A-Loop and Heteroduplex Mapping 
To form A-loops we used a protocol essentially as described by 
Kaback et al. (1 979). Hybridizations were carried out in 20 111 reac
tions which contained 70% formamide (3X recrystallized) , 0 .5 M 
NaCI, 0 .1 M PIPES (pH 7 .2), 0.01 M EDTA, 50 ng DNA and 10 l'g of 
total cellular poly(A). RNA from 1 8 hr embryos. Hybridizations were 
for 24 hr and during this period temperature was lowered from 55•c 
to 47 .s•c . 

Heteroduplexes were formed essentially according to the method 
of Davis et al. (1971). Chimeric plasmid DNAs were linearized with 
the appropriate restriction enzymes and equimolar amounts of each 
(approximately 'h l'g of each fragment) were mixed in 25 1'1 of DNA 
buffer (0 .01 0 M NaCI, 0.01 M Tris-CI (pH 7 .4) and 0 .001 M EDTA). 
The DNA was denatured by addition of 2.51'1 of 3M NaOH. After 10 
min at room temperature the solution was neutralized by the addition 
of 10 ~tl of 2.5 M Trizma-HCI (Sigma). An equal volume of 3X 
recrystallized formamide was then added, and the single strands were 
allowed to renature at room temperature . Aliquots of the reaction 
were removed at 1 0, 20 and 30 min and quenched by the addition of 
2 vol of ice-cold double-distilled water. 

Both A-loops and heteroduplexes were spread from a hyperphase 
that contained 45% formamide, 0.10 M Tris-HCI (pH 8 .5), 0 .01 M 
EDT A and both single- and double-stranded q.X DNA as length 
markers. The hypophase contained 17% formamide , 0.01 M Tris
HCI (pH 8.5) and 0.001 M EDTA (Davis et al. , 1971 ). Grids were 
strained in uranyl acetate , shadowed in Pt-Pd and examined in a 
Philips 300 electron microscope. 

Restriction Mapping and Sequencing of DNA Fragments 
Actin-gene-containing phage DNAs were mapped using the conven
tional complete single and double restriction-enzyme digests . Sub
cloned fragments were mapped in finer detail by the method of Smith 
and Birnshel (1976). DNA to be mapped was digested using enzymes 
that produce 3' recessed ends, and these were filled using appropri
ate a- 32 P nucleotides and the Klenow fragment of E. coli DNA 
polymerase (Kienow and Henningsen , 1970). DNA was resuspended 
in 50111 of 0.0066 M NaCI, 0.0066 M Tris-HCI (pH 7.5), 0 .0066 M 
MgCI,, and 0 .0066 M on. Of each labeled nucleotide 50 11C was 
then added (400 Ci / mmole Amersham-Searle) , and the reaction was 
initiated by addition of 1 U of enzyme. After 15 min at room temper
ature the reaction was stopped by addition of EDT A, and the labeled 

fragment was separated from unincorporated nucleotides by passage 
over a small G-50 Sephadex column The double end-labeled frag
ment was cleaved with a restriction enzyme and the two ends were 
purified by gel electrophoresis and elution . Partial digestion products 
of end-labeled fragment were electrophoresed on 5% acrylamade gels 
and autoradiogrammed after drying on a Hoefer gel dryer. 

Fragments to be sequenced were prepared in an identical fashion . 
except that they were labeled with nucleotides of higher specific 
activity (2000-3000 Ci / mmole: Amersham-Searle , Inc.). Additionally . 
we routinely " chased " the labeled fragments with excess cold nu
cleotides to ensure that the staggered ends were completely filled in 
by the polymerase . End-labeled fragments were sequenced by the 
method of Maxam and Gilbert (1 980). 

Most of the presented data were obtained by seQuencing only one 
strand of DNA. We have taken several measures to ensure that these 
determinations were very accurate . Six separate base cleavage re
actions CG , G > A. G + A, A > C. T + C. C) were carried out to 
reduce ambiguous base assignments . Intensifying screens were not 
used during autoradiography , thus maintaining better resolution of 
cleavage products. Gels were read only in regions where bands were 
clearly resolved . All sequences from which interesting conclusions 
were drawn were read independently by three observers. Since all of 
the sequences presented lie within actin protein-coding regions, we 
eliminated the majority of clerical errors by derivang the encoded 
protein sequence and comparing it with other actin amino acid se
quences. 

From the cases where overlapping sequences were determined. 
we judged our error rate to be approximately 1 %. This error rate 
would not influence any of the major conclusaons drawn from the 
sequence data. 
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Summary 

We have surveyed expression of the six Drosophila 
actin genes during ontogeny. Unique portions of 
cloned actin genes were used to monitor levels of 
respective mRNAs in developmentally staged whole 
organisms and dissected body parts. We find that 
each gene is transcribed to form functional mRNA, 
which accumulates with a distinct pattern. Two of 
the genes, actSC and act42A, are expressed in un
differentiated cells and probably encode cyto· 
plasmic actins. Act57 A and act87f are expressed 
predominantly in larval, pupal, and aduh interseg
mental muscles; act88F in muscles of the adult 
thorax; and act798 in the thorax and leg muscles. 
These composite data define three main patterns of 
actin gene expression which are correlated with 
changing Drosophila morphology, particularly mus
cle differentiation and reorganization. 

Introduction 

A substantial fraction of a metazoan genome is comprised 
of small families of imperfectly repeated genes. Such 
multigene families typically encode a series of protein 
isoforms whose distributions are temporally and spatially 
regulated during development. The list of proteins known 
to be encoded by multigene families has grown consider
ably in recent years, now including structural, enzymatic, 
and storage polypeptides. 

Multigene families represent useful paradigms for study
ing the function and evolution of eucaryotic genes. Com
parisons of 5' and 3' untranslated and flanking regions of 
various gene family members have revealed conserved 
sequences which may be required for their regulated 
transcription and processing. Additionally, comparisons of 
the nucleotide sequence and intron-exon arrangement of 
related genes facilitate tracing their evolutionary histories, 
thereby elucidating the mechanisms by which genetic 
information is preserved and changed. 

In order to utilize fully such structural information, it is 
important to determine in vivo expression patterns of 
members of multigene families. Such knowledge is nec
essary for identification of regulatory regions in these 
genes. Furthermore, it allows one to correlate evolutionary 

'To whom correspondence should be addressed. 

changes in a particular multigene family with phylogenetic 
changes in metazoan body plans and developmental path
ways, and thus to comprehend more fully the relationship 
of genotype to phenotype. 

Actin genes are well suited for such functional and 
evolutionary studies because of their evolutionary conser
vation (Firtel , 1981) and their developmentally regulated 
expression, which has been investigated primarily by mon
itoring accumulation of protein isoforms (Garrels and Gib
son, 1976; Whalen et al. , 1976). The isolation and char
acterization of the six actin genes of Drosophila melano
gaster have already been reported (Tobin et al ., 1980; 
Fyrberg, et al. , 1980, 1981). We report the temporal and 
anatomical distribution of actin mRNAs during normal Dro
sophila development. Our results establish that two of the 
genes encode cytoplasmic actins, since complementary 
mRNAs are found during all stages of development and in 
dividing Drosophila cultured cells as well . Messenger RNAs 
transcribed from the remaining four genes accumulate 
only during the differentiation of particular types of muscle 
cells. We discuss these results in the contexts of Dro
sophila development and eucaryotic gene regulation . 

Resuhs 

Construction of Gene-Specific Hybridization Probes 
We have previously isolated and characterized in some 
detail the six Drosophila actin genes. The protein cod1ng 
regions are approximately 85% homologous, and cross
hybridize efficiently even under moderately stringent con
ditions. As shown below, mRNAs transcribed from these 
genes range in length from 1.6 to 2.2 kb, considerably 
larger than the 1131 nucleotide protein coding region . 
Nucleotide sequencing data (E. Fyrberg and N. D. Her
shey, unpublished data; F. Sanchez et al ., 1983) have 
revealed that most of this additional length comprises the 
respective 3' untranslated regions, which have lengths of 
300 to 700 nucleotides. Sequences of these regions are 
different for each gene. Therefore we subcloned fragments 
from each 3' untranslated region to use as probes for 
determining levels of homologous mRNAs. 

The positions and lengths of the several subclones thus 
prepared are illustrated in Figure 1 . We have adopted the 
convention of Zulauf et al. (1981), and denote these 
subclones and the parental clones from which they are 
derived by their chromosomal locations, in preference to 
our previous notation (Fyrberg et al., 1981 ; see also legend 
to Figure 1 ). Sequences of several of these subclones 
begin at the Hae Ill or Ava II site which spans codons 365 
and 366. These probes include approximately 30 nucleo
tides of the protein coding region. One probe, probe B of 
actBBF, includes 131 nucleotides of the protein coding 
region. Additionally, each probe contains a substantial 
length of the 3' untranslated region and, in some cases, 
3' flanking sequences as well . 

The specificity of each probe was tested by hybridization 
to Of\IAs of the parental actin clones. Each of the eight 
gene-specific probes was labeled with 32p and hybridized 
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The top schemat1c d1agram represent!' the transcribed reg100 of an actin 
gene. The soltd ltne represents the protein cod1ng reg1on. whiCh measures 
1131 nucleolides. Posrt1ons of codons 333 and 365. which form the 5 ' 
border of partiCular subclones. are 1ndteated. Open blocks represent gene 
reg1ons encod1ng the 5' and 3 ' untranslated reg100s. whiCh are of variable 
length Immediately below we show the fragments subcloned from each 
gene Lengths of fragments and identrt~es of restnclion enzymes used to 
generate them are indteated. All fragments were cloned 1n pBR322 (Of rts 
denvalives) as described 1n Experimental Procedures. 

It should be noted that we follow Zulauf et al . (1981) in denot1ng the 
actin genes by their chromosomal locat1ons, 1n preference to our preVIOUs 
notatiOn (Fyrt>erg et al .. 1981) which 1s gtven 1n parentheses actBBF 
(DmA1). actSC (DmA2). act42A (DmA3). act57A (DmA4). act87E (DmAS). 
and act79B (DmA6). 

to a nitrocellulose strip containing " dots" of each of the 
six parental actin gene DNAs. As seen 1n Figure 2A, at 
moderately stringent conditions each probe hybridizes only 
to the parental actin gene DNA. Since all of the experimen
tal hybridizations described below were performed under 
conditions of equal or greater stringency, we are confident 
that none of our results is due to cross-hybridization of 
specific probes with heterologous transcripts. 

As illustrated by Figures 2A and 28, when hybridization 
stringency is dropped sufficiently, several of these probes 
will hybridize weakly with nonhomologous genes, but only 
probe A of act87E will cross-hybridize significantly. To 
avoid erroneous results due to cross-hybridization of this 
probe, we have in every case performed a second hybrid
ization using act87E probe 8 , which does not cross
hybridize at any stringency. 

The Six Drosophila Actin Genes Are Functional 
To determine whether each Drosophila actin gene is func
tional, we performed hybrid-selection experiments using 
the technique of Ricciardi et al ., 1979. (See also Fyrberg 
et al ., 1980.) Specific probe DNAs were hybridized to 
poly(At RNA isolated from the appropriate stage of Dro
sophila development (as determined by the experiments 
described below). Messenger RNA complementary to 
each probe was translated in vitro, and protein products 
were separated using two-dimensional gel electrophoresis. 
These experiments demonstrate that each gene-specific 
probe hybrid-selects mANA, which translates to form one 
of the known Drosophila actin isoforms. Figure 3A shows 
results obtained using the actSC probe. Identical results 
were seen with the act42A, act87E, actBBF, and act798 
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To test the speCifiCity of the 3' untranslated reg1on probes. DNA of each 
was ISolated tree of vector sequences. labeled by mck-translat1on 1n the 
presence of four 32p nucleohdes, and hybnd1zed to nitrocellulose stnps 
conta1n1ng 50 l'g dots of each of the parental actin genes. wh1ch were also 
isolated free of vectOf sequences Probes are arranged 1n the vert1cal 
d1mens1on. wh1le clones parental DNAs are arranged 1n the honzontaJ axis 
Hybnd1zahons and washes were carried ou1 under conditions listed below 
each panel (FA) formam1de. 

probes. In each case a major translation product having 
the correct molecular weight and an isoelectric point of 
5. 77 is seen along with a minor form of isoelectric point 
5.84. Figure 38 shows results obtained using the act57 A 
probe. The major translation product is more acidic (pi 
5.70), as is the minor form (pi 5.77). In all of these 
experiments, the major translation products correspond to 
stable actin isoforms seen in vivo (Storti et al. . 1978; 
Fyrberg and Donady, 1979; Horovitch et al. , 1979). The 
minor translation forms probably represent a small per
centage of actin molecules not acetylated in vitro (see 
Berger and Cox, 1979: Garrels and Hunter, 1979). These 
composite hybrid-selection data strongly indicate that each 
of the six Drosophila actin genes is transcribed to form 
stable functional messenger RNA in vivo. and that none is 
a " pseudogene." 

Figure 3C illustrates results obtained using a non-actin 
gene probe for the selection. Here a clone encoding a 
presumed tropomyosin gene (a gift from S. Falkenthal) 
was used to select mANA. Even when this autoradiograph 
is greatly overexposed, no actin protein can be detected, 
indicating the specificity of the hybrid-selection protocol. 

Drosophila Actin Gene Expression Is Temporally 
Modulated 
We performed two types of experiments to study variation 
in steady state levels of actin gene transcripts during the 
Drosophila life cycle. Poly(At RNA was prepared from 
several developmental stages, ranging from early embryo 
to adult, and also from several permanent Drosophila cell 
lines. In one set of experiments, equal amounts of RNA 
from different developmental stages were subjected to gel 
electrophoresis under denaturing conditions, transferred to 
nitrocellulose filters. and hybridized to nick-translated gene
specific probes (RNA gel blots) under conditions that are 
sufficiently stringent for specificity (see Experimental Pro
cedures). 

In a second set of experiments, denatured DNA from 
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3A shows a fluorograph of 32S-Iabeled proteins whose synthesiS is directed 
by mRNA homologous to the act5C-specif1C probe. IdentiCal resutts were 

obtained us1ng the act42A, act87E, actBBF, and act79B probes. 38 shows 
results of an identical expenment uSing the act57A probe fOf the selec!lon. 

An asynchronous embryo RNA prepara!lon (2-24 hr) was used 104' hybrid 

selectiOns with the 5C. 42A, 57A, and 87£ probes. A mixed pupal RNA 

sample (containing RNA from early, middle, and late pupae) was used fOf 

the hybrid selecliOns to the BBF and 798 probes 3C shows an overexposed 
ffuorograph of prote1ns translated from RNA selected by a cloned Drosoph

ila gene bel~eved to be tropomyosin. " E" is a protein synthesiZed by the 
translatton system 1n the absence of exogenously added mRNA. All gels 

conta1ned 50,000 cpm. Exposures were fOf 72-96 hr. Arrows indteate the 
directtons of SDS gel electroph0fes1s and 1soelectnc focuSing. 

each gene-specific probe was applied as a series of 
"dots" onto nitrocellulose strips (Kafatos et al. , 1979). 
Identical dot series were individually hybridized to 32P
Iabeled eDNA representing poly(At RNA isolated from a 
particular developmental stage (DNA dot blots). The former 
set of experiments provides the lengths of transcripts as 
well as variations in their steady state levels during devel
opment. The latter experiments conveniently demonstrate 
relative levels of transcripts from the six different genes 

30 

within a particular developmental stage. 
A typical set of results using the RNA gel blot-hybridi

zation technique is illustrated in Figure 4, and the integrated 
intensities of the mANA bands are plotted as a function of 
developmental time in Figure 5. 

The main conclusions of the RNA gel blot experiments 
are as follows. First, RNA complementary to act5C and 
act42A is present during all developmental stages exam
ined. Levels of both mRNAs peak during early-to-mid 
embryogenesis, decrease during late embryogenesis and 
the larval instars, and rise again during early pupal devel
opment. This pattern of expression is not correlated with 
Drosophila muscle differentiation, which occurs during late 
embryogenesis and late in pupal development as well 
(Poulson, 1950; Bodenstein, 1950). Furthermore, using 
either RNA gel blots or dot blots (described below), we 
find that in several undifferentiated permanent Drosophila 
cell lines all actin mANA is transcribed from either act5C 
or act42A. Both of the aforementioned observations lead 
us to propose that act5C and act42A encode cytoplasmic 
or cytoskeletal actins. Finally, it is of interest to note that 
the act5C probe is complementary to three different size 
classes of mANA, and that the relative levels of these three 
classes change somewhat during development. 

Second, transcripts from genes act57 A and act87E are 
most abundant during late embryogenesis. Both tran
scripts are present at reduced levels throughout larval 
growth, although the reduction is more marked for act87E. 
Rather low levels of both transcripts are found during the 
later larval to early pupal transition, and these subsequently 
rise to moderate levels during late pupal development. 
Periods during which these two mRNAs are abundant are 
correlated with the differentiation of larval musculature and 
its subsequent restructuring during late pupation to form 
adult muscles (see Poulson, 1950; Crossley, 1978). 

Third, messenger RNAs encoded by the final two genes, 
act798 and actBBF, occur at maximal levels during mid
to-late pupal development, and remain high in newly 
eclosed adults. Additionally, we detect very low levels of 
act798 transcripts during late embryogenesis and through
out larval growth (not visible in the exposure in Figure 4). 
As we show in more detail below, the timing and location 
of act798 and actBBF mANA accumulation during pupal 
development is precisely correlated with differentiation of 
adult leg and thoracic musculature (Crossley, 1978). 

To examine further the accumulation of actin mRNAs 
during Drosophila development, we have used the dot blot 
technique described by Kafatos et al . (1979). We empha
size that we have used these experiments to assess the 
relative abundance of actin mRNAs within a particular 
developmental stage. Since exposures of the dot blots 
were not standardized, they cannot be reliably compared 
between developmental stages. 

Results of temporal dot blot experiments are shown in 
Figure 6. As illustrated, during early embryogenesis and 
early pupal development, when no major Drosophila mus
cle types differentiate, actSC and act42A mRNAs predom
inate. These two transcripts are also among the most 
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FIQIXe 4. Devek:lpmental Patterns of Tran~ts for the Six Acbn Genes 

1 11g of poly( At RNA from different developmental stages was subjeCted to electrophoresis on formaldehyde-agarose gels and blotted to nitrocellulose. Six 

liters, ldentJcaJiy prepared. were hybridiZed to the six nick-translated actan gene specific probes. The lengths of the transcripts from each gene are indicated 

to the left of each panel. The ealiy (E). mtd (M). and late (L) embryo RNAs were made from embryos which had been aged for 0-4, 8-12, and 6-20 hr, 
respecbvely , after egg laying. The 1st, 2nd, and 3rd snstar larval RNAs were made from anrnals aged 32-37. 48- 51, and 89-99 hr, respectiVely. after egg 
laYiflQ. The pupae were selected 21-27 hr (ealiy) and 48-58 hr (mtd) after flotation on water . The late J)l4)al RNA sample was made from animals that had 

been synchroniZed by flotation on water to a 9 hr peood. After a few anrnals had edosed, RNA was made from the rest. The adult RNA was made from both 
males and females <5 days old. Act88F and act87E here refer to probe A only. 

E. col1 16S and 23S ribosomal RNAs were used as a standard to determine the length of the actin ~ts. Nick-translated pKK2361 (a gift from HarTy 
Noller and Mary Allee Raker) that contains the entire E. coli rrrB ribosomal RNA operon was hybriazed to the lanes containing the standard. 

abundant in 5-day adult flies, which have completed mus
cle development and would have presumably reduced 
levels of muscle-specific actin gene transcripts. Taken 
together, these results strengthen our conclusion that 
act5C and act42A encode cytoplasmic actins. 

During late embryogenesis and throughout larval growth, 
act57 A transcripts are very abundant, overshadowing 

. act87E, act798, and the cytoplasmic actin gene tran
scripts. all of which are known to be present from the RNA 
blots displayed in Figure 4. We conclude that act57 A 
encodes the major actin isoform of larval skeletal muscle. 
Hybridization of eDNA to the act87E probe is much less 
intense, and we conclude that this gene encodes a minor 
actin isoform of larval muscle. Unexpectedly, act87E hy
bridizes detectably to early embryo eDNA. However, we 
have noted in the RNA blots that act87E probe 8 hybtidizes 
to an approximately 4 kb RNA during early embryogenesis 

and during pupal development. This large transcript is 
probably not related to any of the actin genes, since it 
does not hybridize to an actin protein coding region probe 
(data not shown). Since act87E probe 8 was used in the 
dot blot experiments, the low level of hybridization seen 
during early embryogenesis is likely due to this same non
actin-related transcript. 

During mid and late pupal stages, actBBF and act79B 
transcripts are very abundant. Act57 A and act87E tran
scripts are also present, but during this phase of devel
opment act87E transcripts are more abundant than those 
of act57 A. These results indicate that each of these four 
genes is expressed in developing adutt muscle. In the 
following section, we confirm these results by examining 
the anatomical distributions of the transcripts in developing 
pupae. 

In summary, the DNA dot blots reveal the same overall 
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preparat1on The above analys1s was earned out on autorad1ograms of blots washed at 55°C and 75°C (see Expenmental Procedures). and the average of 
the two was plotted 

patterns of actin mANA accumulation as do the RNA gel 
blots . The minor quantitative differences between the re
sults obtained by the two methods are probably due either 
to differences inherent in the techniques, or to the una
voidable fact that slightly different RNA preparations were 
used for the respective types of experiments. 

Spatial Distribution of Actin Messenger RNAs 
The experiments presented above allowed us to group the 
six Drosophila actin genes into three pairs, with members 
of each pair similarly regulated and possibly functionally 
related . For independent tests of some of these assign
ments, we hybridized dot blot strips containing specific 
probe DNAs to 32P-Iabeled cDNAs representing poly(At 
RNA of particular body parts. RNA was prepared from 
heads, thoraces, legs, and abdomens of late pupae, and 
from ovaries of newly eclosed adults. Results of these 
experiments are presented in Figure 7. 

Once again, we observe similar patterns of mANA 
expression for particular pairs of actin genes. Act 57 A and 
act87E transcripts are present primarily in the head and 
abdomen. This observation strengthens our conclusion 
that act57 A and act87E are expressed during the differ
entiation and restructuring of larval muscle, since much of 
the cephalic and abdominal musculature of Drosophila is 
comprised of restructured larval muscle (Crossley, 1978). 
Low but significant amounts of act87E are also found in 
legs and ovaries. The significance of this observation is 
unknown. In the thorax, where the indirect flight muscle is 
the largest structure, we detect only actBBF and act798 
transcripts. Act798 transcripts are also abundant in legs. 
Since thoracic and leg musculature both are derived pri
marily from imaginal discs (Crossley, 1978: Lawrence, 
1982), this observation supports the notion that both genes 
are activated during the differentiation of imaginal myo
blasts. 

When the head, thorax, or abdomen blots are exposed 
for longer periods, we detect low to moderate levels of 
act5C and act42A transcripts, indicating they are not 
associated with any particular organ or muscle type. In 
fact . these transcripts predominate only in adult ovaries 
and in the several permanent Drosophila cell lines exam
ined. Since act5C and act42A RNAs are present very early 
in embryogenesis , they are probably components of rna· 
ternal mANA (Anderson and Lengyel , 1979). We suggest 
that these ovarian transcripts are transcribed in polyploid 
nurse cells and transported to the oocyte for use during 
early embryogenesis. 

Discussion 

We have described several major features of Drosophila 
actin gene expression. Specific probes for each of the six 
genes have been constructed and used to monitor the 
steady state levels of the respective gene transcripts 
during Drosophila development. These experiments reveal 
that each of the actin genes directs the synthesis of stable 
messenger RNA having a length sufficient to encode the 
42,000 MW actin protein , and that messenger RNA from 
each gene can be translated in vitro to form a known 
Drosophila actin isoform. Qualitative analyses of the ac
cumulation of actin gene transcripts show that no two 
genes display precisely identical patterns of RNA accu
mulation. However, as regards the main features of the 
temporal pattern of expression for the whole organism, the 
genes can be grouped into three sets of two each. 

Our interpretations of the three patterns of RNA accu
mulation take into account the potential roles of actin as 
well as the timing of histogenesis during Drosophila devel
opment. The actin proteins of any metazoan are likely to 
be utilized either as cytoplasmicfcytoskeletal components 
in various tissues or as the backbone of thin filaments of 
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Ftgure 6. Dot Blots of Acttn Gene-Specif1c Probes to Developmentally 
Staged 32P-Iabeled cDNAs 

In all cases. actBBF and act87E refer to probe B. Earty and late embryos 
were aged 0-2 hr and 18-24 hr after fertiliZation, respectively. Earty. mtd, 
and late pupae were aged 153 hr, 174, hr, and 202 hr from time of egg 
laytng. 

muscle cells (Wolosewick and Porter, 1979; Huxley, 1969). 
Our data suggest that two Drosophila actin genes encode 
cytoplasmic actins , while four encode muscle-specific ac
tin isoforms. Expression of the four muscle-specific genes 
can be further subdivided into two biologically meaningful 
patterns. 

Early embryogenesis and early pupation in Drosophila 
are characterized by elevated mitotic activity and by wide
spread reorganization of cells and tissues (Poulson, 1950; 
Bodenstein, 1950). These activities would require large 
amounts of cytoplasmic/cytoskeletal actins, and presum
ably high levels of the corresponding actin mRNAs would 
also be present during these periods . Accordingly, act5C 
and act42A transcripts are abundant during embryogene
sis, during early pupal development, and in the ovaries of 
the adult female, but are relatively less abundant in the 
whole organism during periods when Drosophila muscles 
differentiate. In addition, we find that transcripts from these 
genes, and only these genes, are found in undifferentiated 
permanent Drosophila cell lines, including Kc cells (Echalier 
and Ohanessian, 1969), D1 cells (Schneider and Blumen
thal , 1978), and a cell line derived from Shibirers embryos 
(A. Simcox and J. H. Sang, personal communication). 
These observations are consistent with the proposal that 
both transcripts encode cytoplasmic actins. 

Muscle differentiation in Drosophila occurs during two 
distinct phases. During mid-to-late embryogenesis and 
throughout larval growth, the musculature of the larva 
differentiates. During metamorphosis, existing larval mus-
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Ftgure 7. Dot Blots of Actin Gene-Specific Probes to Spatially Localized 
32P-Labeled cDNAs 

Posttlons of specifiC probe DNAs are Indicated. In all cases. actBBF and 
sct87E refer to probe B. Heads, thoraces. legs, and abdomens were 
isolated from late (191 hr) pupae. Abdomtnal wall RNA was prepared from 
abdomens wh1ch were emptied of organs using pressure from a small 
rolling pin. Ovaries were dissected from newly eclosed adult females. 

culature breaks down while new sets of adult muscles 
differentiate. A portion of the adult musculature is fashioned 
from reorganized larval muscle, while many muscles dif
ferentiate de novo from myoblasts arising from imaginal 
discs (refer to Crossley, 1978, for a description of the 
Drosophila muscle system). We would therefore expect to 
find high levels of muscle-specific actin mRNAs during 
both of these phases of development. 

Act57A and act87E transcripts are most abundant dur
ing late embryogenesis, and are present at reduced levels 
throughout larval growth and during late pupal develop
ment. These observations lead us to propose that both of 
these genes are expressed during the differentiation of 
larval musculature and again during its reorganization, or 
redifferentiation, to form adult muscle. From the actin 
isoform data discussed below, it is clear that act57 A 
encodes the majority of actin present in larval skeletal 
muscle. The role of act87E during larval development and 
growth is less clear. During this phase of Drosophila 
development, act87E transcripts are not nearly as abun
dant as those of act57 A. It is probable that act87E encodes 
a minor actin species of larval muscle, but this assignment 
is tentative. However, Act87E transcripts are also abundant 
in the abdominal wall and abdomen of late pupae. 

The final two transcripts, actBBF and act79B, are abun
dant only when the adult musculature develops. These 
transcripts almost certainly specify the actins found in the 
fibrillar and tubular muscles of the adult that differentiate 
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de novo from imaginal myoblasts. The largest of these are 
the indirect flight muscles and the leg muscles. The role 
of the low level of act79B transcripts during late embry
ogenesis and larval instars has not yet been determined. 

By localizing particular actin mRNAs within late pupae, 
we have confirmed these proposed roles, although several 
questions regarding the functions of particular Drosophila 
actin genes remain unanswered. For example, the timing 
and location of actBBF and act79B RNA accumulation 
strongly imply that they encode actins of the adult thoracic 
and leg musculature. Act79B is essentially the only actin 
transcript in developing legs, and undoubtedly encodes 
the major actin species in leg muscles. Both actBBF and 
act79B transcripts are present in the thorax, however, 
which is comprised of approximately 80 muscles (Law
rence, 1982), including the large indirect flight muscles. It 
would be of interest to learn how these transcripts are 
partitioned between the various muscle lineages of the 
thorax; our present data do not allow resolution of this 
issue. In situ localization of transcripts will be required for 
definitive answers to these questions. A similar methodol
ogy will be required to determine the specific role of act 57 A 
and act87E during larval development, and to assess the 
relative levels of the two cytoskeletal actin transcripts in 
different kinds of nonmuscle cells. 

Our conclusion that act57 A encodes actin present in 
larval and adult muscle fibers is confirmed by considering 
available Drosophila actin isoform data. As shown in our 
hybrid-selection experiments , act57 A encodes the most 
acidic Drosophila actin isoform, termed actin I. This isoform 
is known to be the principal actin of both larval and adult 
body wall musculature (Storti et al. , 1978; Fyrberg and 
Donady, 1979; Horovitch et al. , 1979). These composite 
results clearly demonstrate the role of the act57 A gene 
during larval development. It should be mentioned, how
ever, that a contrary result has been reported by Zulauf et 
al. ( 1981 ) . who found an actin I isoform to be encoded by 
the act79B gene. These authors imply that act79B en
codes the major actin isoform of larval skeletal muscle. 
While we can detect low levels of act79B transcripts during 
larval development and growth, it is obvious that these 
transcripts could encode only a minor component of larval 
skeletal muscle. The cause of the discrepancy between 
our results and those of Zulauf et al . is unknown. From our 
data, we estimate that more than 95% of act79B tran
scripts which accumulate during Drosophila development 
are localized within muscles of the adult thorax and leg. 
We therefore believe that act57 A encodes the major actin 
isoform of larval skeletal muscle, while act79B encodes a 
major species of thoracic and leg muscle and possibly a 
minor component of larval skeletal muscle. 

None of the RNAs selected by specific probes encoded 
a major translation product having an isoelectric point of 
5.84, which is characteristic of actin Ill. A stable actin 
isoform of this charge is found in adult thoracic muscle 
(Horovitch et al ., 1979; Mogami, Fujita, and Hotta, 1982), 
and we expected either (or both) act79B and actBBF to 
encode this isoform. However, when poly(At RNA isolated 
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from thoraces is translated in vitro we fail to detect this 
isoform (E. Fyrberg and J. Mahaffey, unpublished data). 
We interpret this result to mean that the final overall charge 
of actin Ill is the result of a posttranscriptional modification 
reaction which the reticulocyte lysate cannot perform. 
Further biochemical work will be needed to identify the 
nature of this modification. 

We note that the molecular lengths of the transcripts of 
the various genes differ somewhat. The transcripts of 
actSC have lengths of 2.2, 1.95, and 1.7 kb, with the 1.95 
kb molecule being the most abundant. The transcripts for 
act42A, act87E, and actBBF are 1. 7 kb for each in length, 
while those of act57A and act79B are 1.75 kb and 1.6 kb, 
respectively. Actin transcripts of different molecular lengths 
have been observed in other organisms as well (Hunter 
and Garrels, 1977; Kindle and Firtel, 1978; Ordahl et al. , 
1980; Minty et al. , 1981 ; Shani et al.. 1981 ; Scheller et al., 
1981 ; Schwartz and Rothblum, 1981 ; and Crain et al. , 
1981 ). There is a general trend that within a particular 
species cytoplasmic actin transcripts are longer than those 
which encode actins of skeletal muscle. Our observations 
for Drosophila are in only partial agreement. 

A final topic to consider is the selective value of the six 
Drosophila actin genes. We have shown that Drosophila 
actin gene transcripts display three distinct patterns of 
accumulation during development. Presumably, the re
spective actin genes are being transcribed in response to 
rather different regulatory cues. ActSC and act42A may 
respond primarily to levels of mitogenic compounds. The 
remaining four genes probably respond to regulatory mol
ecules which are synthesized early during muscle cell 
differentiation. It may be advantageous for metazoans to 
have several copies of genes that encode proteins synthe
sized in a variety of cell types, as are contractile proteins. 
Each related gene could then be regulated independently 
and, presumably, more precisely. In this model the primary 
selective value of multiple actin genes would be to ensure 
more precise regulation of actin synthesis during metazoan 
ontogeny. An alternative, and by no means exclusive, 
hypothesis is that multigene families facilitate the accu
mulation of particular amino acid replacements in the 
encoded protein isoforms, which concurrently become 
specialized for particular developmental roles. Further res
olution of this issue will come only when individual actin 
protein isoforms can be tested in new in vivo contexts. 
Gene transplantation techniques have recently made such 
experiments possible (Spradling and Rubin, 1982; Rubin 
and Spradling, 1982). 

DrcleophiW Culture 
Synchronously developing cultures of the Canton-Special Drosophila strain 
were prepared by placing eggs on standard commeal-agar med1um in 
plastic boxes and Incubating at 25°C. In some cases ClAtures were further 
synchroniZed by floating puparia on water just prior to pupa!Jon. 

Construction of Plasmids Contlllnlng Unique Regions of 
~Actin Genes 
We have preVIOUsly cloned the six Drosophila actin genes in pBR322 and 
characterized each in some detail (Fyrberg et aJ .. 1981 ). The region of each 
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gene which adjoins and includes the 3' untranslated region of the comple

mentary messenger RNA was mapped tn finer detail US10Q restricllon 

endonucleases. and partially sequenced using the technique of Maxam 
and Gilbert (1980). Once Identified, the appropriate restncllon fragment 

was ISOlated from a preparatiVe agarose gel by the technique of Tabak and 
Flavell (1978). Ends of the tsolated fragments were made flush by ll'lCUbatton 
with nucleotide tnphosphates and the Klenow fragment of E. colt DNA 

polymerase (Kienow and Henningsen. 1970). and molecular linkers contSJn
ing the sequence cleaved by Hind HI were added to the ends by blunt-end 

ligaiK>n. In several cases, fragments were cloned by using altemallve 
strategtes Act88F probe B was tnserted dtrectly tnto p8R322 whtch had 
been cleaved wtth Ava I; act87E probe B was tnserted 1nto the Bgl II and 

Eco Rl sttes of plasmid pKC7 (Rao and Rogers. 1979), and act57A was 

cloned dtrectly 1nto the Cia I stte of p8R322. 
Chimeric plasmtds produced tn this fashion were used to transform E. 

coli stca1n HB101 to amp!cillin reststance. Plasmtd DNA was prepared by 
centrifugatiOn in eth1d1um bromide-ceSium chloride gradients (Radloff , 

Bauer, and Vtnograd. 1968). 

Preperation of Poly(A)• RNA 
Poly(At was prepared by either of two methodologies. RNA to be used 
for blot-hybndtzatton expenments was extracted using the techntque of 

Chtrgwin eta!. (1979). as previOUsly described (Fyrt>erg eta!., 1980). RNA 

to be used as template for eDNA synthests was extracted uSing the SDS

plhenol techntque (Spradling and Mahowald. 1979). 

Drosophtla tissues and body parts were dtssected tn the saltne solutiOn 

descnbed by Ephruss1 and Beadle (1936). After dtssecllon, they were 

transferred to buffer contSJntng 0.5% wfv SDS and homogenized. 

RNA Electrophoreais and Blotting 
The RNA electrophoresiS and blotttng protocol was a composite of an 

unpubltshed procedure of D Goldberg and B Seed. and Thomas ( 1980) 

RNAs to be separated were denatured by heattng for 15 mtn at 55•c 1n an 

electrophoresis buffer whtch contSJned 50% formamtde, 17% formalde

hyde One mtcrogramflane was loaded on 4 mm 1.5% agarose gels 

contatntng 2.2 M formaldehyde. ElectrophoreSis was performed for approx
imately 600 volt-hr. The electrophoresiS buffer consisted of 20 mM Na

MOPS (Sigma). 5 mM NaOAc, 1 mM EDT A 
After electrophoresis the gel was soaked for 30 mtn in 50 mM NaOH, 

100 mM NaCI. neutraliZed for 40 m1n 1n 100 mM Tris (pH 7.5); and blotted 
to nitrocellulose tn 20X sse. After blotting for 12-24 hr, filters were Sir 

dried. then baked for 2 hr tn a vacuum oven. 
Ftlters were pre-hybndtzed at SOOC for 12-20 hr tn 50% vfv formamtde, 

0.8 M NaCI, 0 .1 M PIPES, 0.01% Sarkosy1, 5x Denhardts solution and 1 

mgfml denatured calf thymus DNA They were then hybridiZed to 1 x 1 rf 
cpmfml of ntck-translated probes of spectfte act1vrty >5 x 107 cpmf~tg at 

50°C In the buffer above with 10% W/V dextran sulfate added and 500 J.Ag/ 

ml denatured caJt thymus DNA rather than the 1 mgfml above. Hybndtza
tions were for 40-48 hr with gentle agitation. After hybridizatiOn, filters were 

washed once at room temperature In 2X SSC, 0.5% SarkOSy1, and 0.02% 

sodiUm pyrophosphate. and then several limes at SO"C or 55°C In 0.2X 

sse. 0.05% Sarkosyt, 0.01°-'> sodium pyrophosphate. or at 75°C in 2x 

SSC. 0.1% sodtum pyrophosphate. 0.1% SDS, and then exposed to Kodalk 
XAR-5 x-ray film ustng Du Pont Llghtntng Plus tntenSlfytng screens. 

When allowance 1s made for a difference of -100 between RNA-DNA 

hybrtds and DNA-DNA duplexes in 50% formamlde (Casey and Davidson, 

1977), and of -5•c 1n aqueous electrolyte (Kallenbach. 1969), we estimate 

that the stnngency of hybrtdizatton and washtng tn these expenments ts 

about the same as for the DNA-DNA dot blots described below. 

Preperation of DNA "DoW" 
Chtmenc plasmtds contatning the inserted actin gene-specific sequence 
were linearized by dlgestton with Eco Rl , then denatured by addition of 

NaOH to 0.3 M. After 5 min at room temperature, the solution was 

neutralized by addrtton of Trizma-HCI (Sigma), then quenched at OOC. After 

addrtton of an equal volume of 20x sse. the DNA solution was applied to 
nitrocellulose filters (SchleiCher and Schuell) using a commercial manifold 

(Bethesda Research Laboratories) Filters were washed 3 times tn lOx 

sse. then once in 3x sse. After air drying. fillers were baked in a vacuum 

oven at 80"C. 
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HybridiZations were performed at 42"C in 50% formamide, 5X SSC, 5X 
Denhardt 's solutiOn, 50 mM sodtum phosphate (pH 6.8). which cont81ned 

40 J.Agfml of denatured calf thymus DNA. Filters were washed 2 t1mes at 

room temperature and 3 t1mes at 68°C in 2X SSC, 0.1% Sodium pyrophos

phate, 0.1% SDS. To ensure that fitters contained eqUtmolar amounts of 
each DNA, a representallve set was hybridiZed to niCk-translated pBR322 

DNA. 

Synthesis of eDNA and Niclc-Tranalllted DNA Probes 
Synthests of 32p.labeled eDNA probes ustng d(T) pnmers was periormed 

by the techmque of Efstratiadts et al (1975) Double-stranded DNA frag

ments were labeled ustng the techmque of ntek-translatton (Schachat and 

Hogness, 1973. Mantalis, Jeffrey, and Kletd, 1975). 

Drosophila Pel'l'nllnen1 Cell Unes 
K.: cells (Echalter and Ohanesstan, 1969), D' cells (Schnetder and Blumen

thal , 1978) and a cell hne derived from Shtbre"' embryos (A Simcox and J. 
H. ~:mg , personal communicatiOn) were used as sources of RNA These 
knes were Independently denved from embryos of parttcular genotypes by 

growtng pnmary explants either 1n vitro or VIVO. 

Acknowtedgments 

We thank Drs. Charles Ordahl and Sara Tobin for communicattng results 

of thetr actin gene studtes prtor to publication ; Drs Robert Dotttn, Gerry 

Rubtn. Allen Shearn and Allan Spradling for providtng techmcal advtce and 

laboratory reagents . and Dr. Amada Simcox for provtdtng cultured Dro
sophila cells . We are grateful to Dr. S. Falkenthal for the tropomyostn gene 

DNA. to Drs. Davtd Pnce and Carl Parker for the Kc cell RNA. and to Drs. 
Harry Noller and Mary AliCe Ralker lor ttle clone of the E. colt rrnB 16S + 
23S rRNA operon Thts work was supported by grants from the National 

Institutes of Health and Muscular Dystrophy Assoctatlon to E. A. F. and N 
D. J W M. and B. J . B were supported by NIH Predoctoral Tratntng Grants 

The costs of publtcation of thts artiCle were defrayed in part by the 

payment of page charges. Thts arttele must therefore be hereby marked 

"advertisement" tn accordance wrth 18 U.S.C. SeciK>n 1734 solely to 

indtcate thts fact. 

Received August 26, 1982; reviSed February 2. 1983 

References 

Anderson, K. V., and Lengyel. J . A. (1979) Rates of synthests of maJor 

classes RNA 1n Drosophila embryos Dev. 8101. 70, 217-231 . 

Berger, E., and Cox, G (1979). A precursor of cytoplasmiC actin in cultured 

Drosophila cells. J. Cell 8101. 81 , 680-683. 

Bodenstein, D. (1950). The postembryonic development of Drosophila. In 

Biology of Drosophila, M. Demerec, ed. (New York: John Wiley and Sons. 
Inc.), pp. 278-282. 

Casey, J., and Davidson, N. (1977). Rates of formation and thermal 

stabilitieS of RNA:DNA and DNA:DNA duplexes at high concentratiOn of 

formamtde. Nucl. Acids Res. 4, 1539-1552. 

Chlrgwin, J. M., Przybyla, A. E., MacDonald, R J .. and Rutter, W. J. (1979). 

Isolation of biologically actiVe ribonucleiC acid from SOU'ces ennched tn 

rt>onuclease. Btochemistry 18, 5294-5299. 

Cratn. W. R . Jr., Dunca, D. S., and VanDoren, K. (1981). Actin gene 

expressiOn tn developtng sea urchtn embryos. Mol. Cell . B10L 1, 711-720 

Crossley, A. C. (1978). The morphology and development of the Drosophila 
muscular system. In The Genetics and BK>Iogy of Drosophila, Vol . 2b , M 
Ashbumer and T. R F. Wnght, eds. (New York: Academic Press), pp. 499-

560 

Echalier, G .. and Ohanessian, A. (1969) lsolement. en c:Utures in vitro de 
lignees cellulalres dlploides de Drosophila melanogaster. CA Acad. Sci. 

(Paris) , Ser. B. 268, 1771-1773. 

Efstratiadts, A., Maniatis, T., Kafatos, F. C., Jeffrey, A., and Voumakis. J . 
N. (1975). Full length and discrete partial reverse transc:tllts of globin and 
chonon mRNAs. Celt 4, 367-378. 

EphrusSl, B., and Beadle. G. W. (1936). A technique of transplantatton for 



Orosophda Actin Gene Expression 
123 

Drosophila Am. Nat 70, 218-225. 

Firtel , R. A (1981). Mutt~gene fam~tes encoding actin and tubuhn. Cell 24, 
6-7. 

Fyrt>erg. E. A., and Donady, J. J. (1979). Actin heterogeneity in primary 
ernbryoruc culture cells from Drosophila metanogaster. Dev. BIOI. 68. 487-

502. 

Fyrt>erg, E. A., Ktndle. K. L., Davidson, N. , and Sodja, A. (1980). The actin 

genes of Drosophila a dispersed mult~gene family . Cell 19, 365-378. 

Fyrt>erg, E. A , Bond, B. J., Hershey , N. D., Mtxter, K. S., and Davidson, N. 
( 1981 ) . The actin genes of Drosophila: protetn codtng regions are highly 

conserved bu1 intron posit1011s are not. Cel124, 107-116. 

Garrels. J. 1 .. and Gibson, W. (1976). IdentifiCation and characterizatiOn of 

multtple forms of actin. Cell9, 793-805. 

Garrels, J. 1., and Hunter. T. (1979) Post-translational modification of actlns 

synthestzed in vitr~Biochlm. BIOphys. Acta 564, 517-525. 

Horovitch. S. J ., Storti, R. V., Rich, A., and Pardue, M. L. (1979). Multiple 

acllns tn Drosophila melanogaster. J. Cell Bioi. 82, 86-92. 

Hunter. T., and Garrels, J. I. (1977). Charactenzatton of the mRNAs for a·, 
fJ·, oy-Actin Cel112, 767-781 . 

Huxley, H. E. (1969). The mechanism of muscular contract1011. Science 

164, 1356-1366. 

Kafatos, F. C ., Jones, C. W., and Efstralladts, A. (1979) Determinatton of 

nucleic acid sequence homologtes and relative concentrations by a dot 

hybndtzatlon procedure. Nucl. Acids Res. 6, 1541-1552. 

Kallenbach, N. R. (1968) . Theory of thermal transitiOns tn low molecular 

we!Qhl RNA chains. J. Mol. BIOI. 37, 445-466. 

Kindle, K. L., and Flrlel , R. A (1978). Identification and analysis of Dictyos
teilum actin genes, a family of moderately repeated genes. Cell 15, 763-

778. 

Klenow. H. , and Henningsen. I. (1970) Selective eltmination of the exonu

clease acltvtty of the deoxyribonucletc aCid polymerase from Eschenchia 

colt B by hmlled proteolysts. Proc. Nat. Acad Sci. USA 65, 168-175. 

Lawrence, P. A. (1982). Cell lineage of the thoractc muscles of Drosophila. 

Cell 29, 493-503. 

Maniatis, T., Jeffrey , A., ,and Kleid, D. G. (1975). Nucleotide sequence of 

the rightward operator of phage lambda. Proc. Nat. Acad. Sci. USA 72, 

1184-1188. 

Maxam, A , and Gilbert, W. (1980). Sequencing erid-labeled DNA with base

specific chemiCal cleavages Meth. Enzymol. 65, 499-560. 

Mtnty, A. J., Carvat1t, M. , Robert, B., Cohen, A .. Daubas, P., Weydert , A., 

Gros, F., and Bucktngham, M. E. (1981). Mouse actin messenger RNAs: 

construction and characterizatiOil of a recombinant plasmid molecule con

taining a complementary transcript of mouse a-actin mANA. J. Bioi. Chern. 
256, 1008-1014. 

Mogamt, K .. Fujita, S. C ., and Hot1a, Y. (1982). Identification of Drosoph~a 
indirect flight muscle myofibrillar proteins by means of two-dimensional 

electrophoresis. J. Bioi. Chern. (Japan) 91, 643-650. 

Poulson, D. F. (1950). Histogenesis, organogenesis, and differentiation in 

the embryo of Drosophila melanogaster meigen. In Biology of Drosophila, 

M. Demerec, ed. (New Ym: John Wiley and Sons, Inc.), pp. 168-181 . 

Ordahl, C. P., Tilghman, F. M , Ovitt. C., Fomwald, J., and Largen, M. T. 

(1980). Structure and Developmental Expression of the chick a -actin gene. 
Nucl. Acids Res. 8, 4948-5005. 

Radloff , R. , Bauer, W., and Vinograd, J. (1968) A dye-buoyant-density 

method for the detection and isolat1011 of closed circular duplex DNA: the 
closed circular DNA in the HeLa cells . Proc. Nat. Acad. Sci. USA 59, 838-

845. 

Rao, R. N . and Rogers, S. G. (1979). Plasmid pKC7: a vector containing 
ten restnction endonuclease sites suitable for cloning DNA segments. Gene 

7, 79-82. 

Ricctardi , R. P., Miller, J. S., and Roberts, B. E. (1979). Plxification and 
mapping of specific mRNAs by hybridization-selection and cell-free trans

lation. Proc. Nat. Acad. Sci. USA 76, 4927-4931 . 

Albin, G. M., and Spradling, A. C. (1982). Genetic transformation of 

Drosophila with transposable element vectors. Science 218, 348-353. 

36 

Sanchez, F., Tobtn. S. L., Rodes!, U., Zulauf. E., and McCarthy, B J. 
(1983). Two Drosophtla acttn genes in detail gene structure. protein 

structure. and transcnplton during development. J. Mol. Bioi. 163, 533-551 . 

Schachat, F. E., and Hogness. D S. (1973). Repeltllve sequences tn 
tsolated Thomas ctrcles from Drosophila melanogaster. Cold Spong Harbor 

Symp. Quant. Btol. 38, 371-381 . 

Scheller . R. H .. McAllister, L. B., Cratn, W. J., Jr., Durica, D. S., Posakony, 

J. w , Thomas. T. L. , Bnt1en, R J., and Davtdson . E. H. (1981). Organtzatton 

and express1on of multtple aclln genes in the sea urchtn. Mol . Cell Btol. 1, 
609-628. 

Schne1der. 1. , and Blumenthal. A B. (1978). Drosophila cell and !ISsue 
culture In The Genettcs and Btology of Drosophila, Vol . 2a. M. Ashbumer 

and T. R F. Wnght. ed. (New Ym· Academtc Press). pp. 266-316 

Schwartz, R. J., and Rothblum. K. N. (1981). Gene switchmg tn myogenests 

dtfferenttal expresston of the chtcken aclln mutt19ene family . Btochemtstry 
20, 4122-4129. 

Shant. M. , Nude!, U., Zevin-Sonktn. D .. Zaio.-.~ . R .. Gtvol, D., Katcoff . D .. 
Carmon. Y., Retter , J ., Frischauf. A. N .. and Yaffe, D. (1981 ). Skeletal 

muscle aclln mRNA. Charactenzatton of the three prime untranslated regton. 

Nucl ACidS Res 9, 579-589. 

Spradling, A C., and Mahowald, A. P. (1979). Identification and genettc 

localization of mRNAs from ovanan follicle cells of Drosophila melanogaster. 
Cell 16, 589-598. 

Spradling, A. C ., and Rubtn, G. M. (1982). Transposit1011 of cloned P 

elements into Drosophila germ hne chromosomes. Science 218, 341-347. 

Stortt, R. V., Horovitch, S. J., Scot1, M. P., Rteh, A., and Pardue. M. L. 

(1978) Myogenesis in primary cell cultures from OrosophUa melanogaster. 

proletn synthesis and actin heterogeneity during development. Cell 13, 
589-598. 

Tabak, H. F., and Flavell , R. A. (1978). A method for the recovery of DNA 

from agarose gels. Nucl. Acids. Res. 5, 2321-2332. 

Thomas. P. S. (1980). HybndtzatiOil of denatured RNA and small DNA 

fragments transferred to nitrocellulose. Proc. Nat. Acad. Set. USA 77, 5201-
5205. 

Tobtn, S. L. , Zulauf. E., Sanchez, F., Craig, E. A. , and McCarthy, B J. 

(1980). Multtple actin-related sequences in the Orosoph~ melanogaster 
genome. Cel119, 121-131 . 

Whalen, R. G., Butler-Browne. G. S., and Gros, F. (1976). Protein synthesis 

and acttn heterogeneity tn calf muscle cells in culture. Proc. Nat. Acad. Sci. 
USA 73, 2018-2022. 

Wolosewick, J. J., and Porter. K. R. (1979). Microtrabecular lattice of the 
cytoplasmic ground substance: artifact or reality. J. Cell Bioi. 82, 114-139. 

Zulauf , E., Sanchez , F., Tobin, S. L., Rodes! , U., and McCarthy, B. J. 

(1981). Developmental expression of a Drosophila actm gene encodtng 
actin I. Nature 292, 556-558. 



37 

CHAPTER 4 

The Drosophila melanogaster actin 5C gene uses two transcription 

initiation sites and three polyadenylation sites to express 

multiple mRNA species 

(published in Molecular and Cellular Biology) 
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At least six mRNAs are made from the Drosophila melllnogasur act5C gene. We investigated the structures 
of these RNAs in detail and determined that they are heterogeneous at both theirS' and 3' ends. At the S' end 
there were two nonhomologous leader exons which were alternately spliced to the remainder of the gene. These 
leader exons mapped to 1. 7 and 0. 7 kilobases, respectively, upstream of a common splice acceptor site which 
was eight base pairs 5' to the translation initiator AUG. Exon 1 is 147 bases in length, while exon 2 is 111 bases. 
A consensus TAT A sequence was found roughly 30 base pairs upstream from exon 1, but none was found in 
the analogous position upstream of exon 2. The transcript length diversity arose principally from the use of 
three polyadenylation sites. This gave rise to RNA molecules with 3' -untranslated regions of roughly 375, 655, 
and 945 base pairs. With two start sites and three termination sites, this gene has the potential to produce six 
different transcripts. AU six possible transcripts were present in whole Hy mRNA. Transcripts containing the 
two different leader exons were found in roughly the same relative quantities through development. In contrast, 
the various 3' ends were differentially represented through development. 

There are six members of the Drosophila melanogaster 
actin multigene family (18 , 19, 53). They map to six widely 
dispersed chromosomal sites. The genes can be placed into 
three classes that show different developmental patterns of 
expression (20). Two of the genes (act79B and act88F) are 
expressed in the late pupae stage and in adults and encode 
the major fibrillar and tubular adult-specific muscle isoforms, 
including those for the flight and jump muscles . act57 A and 
act87E are expressed in larval and late pupal-adult stages. 
They are believed to encode actins for larval musculature 
and abdominal muscles of the adult. act5C and act42A 
encode the cytoskeletal actins of nonmuscle cells . They are 
expressed in the whole animal in most stages of development 
and are the only actins expressed in early embryos. 

Insofar as they have been mapped , intron positions and 
sequences of the six genes are not conserved , with the 
exception of the intervening sequence at codon 307 which is 
present in the act88F and act79B genes (18, 46) . However, 
the protein-coding regions are rather highly conserved , and 
there is 85 to 95% amino acid sequence homology among the 
six actin isoforms. 

In this study we were concerned with the structure of the 
act5C gene . The structure of the gene , as it was known prior 
to this study , is depicted in Fig. 1. R-loop studies indicated 
that there is a short exon (exon 1) about 1.7 kilobases (kb) 
upstream of the main exon (exon 3). Sequence data suggest 
that the protein-coding region is entirely contained in exon 3 
and that there is a consensus splice acceptor sequence 8 
nucleotides upstream of the translation initiator ATG (18). 
Sequence data and results of in vitro transcription studies 
provided a tentative identification of a cap site at the 5' end 
of ex on 1 as weU as aT AT A box and an activating sequence 
upstream (40 ; D. Price , B. Korber, J. Topol , and C. S. 
Parker, personal communication). 

RNA gel blots showed that there are three act5C tran-

• Corresponding author. 
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scripts with molecular lengths of 2.2, 1.95, and 1.7 kb (20). 
Their relative intensity in whole animal RNA varies with 
developmental stage . In general , the 1.95-kb band is the 
most intense . We hypothesized that the reason for the length 
difference is alternative choices of polyadenylation sites in 
the 3 ' -untranslated region . 

This study was undertaken to obtain decisive information 
about the structures of the several transcripts . The results 
reported below show that in addition to the mRNA of 
structure exon 1-exon 3, as depicted in Fig. 1. there is an 
additional cap site (and presumed transcription start site) 
between exons 1-3 and an additional mRNA of structure 
exon 2 and exon 3, as shown in Fig. 1. Exons 1 and 2 are not 
greatly different in length . The main cause of the three length 
classes is the existence of three alternate polyadenylation 
sites . Our data indicate that in whole animal RNA , exons 1 
and 2 are used with approximately equal probability in aU 
stages of development and with all three polyadenylation 
sites . Furthermore. there is some developmental variability 
in the usage of the three polyadenylation sites. 

MATERIALS AND METHODS 

Preparation or RNA. RNA was prepared by a modified 
guanidinium thiocyanate method (12, 19). Typically , about 15 
ml of guanidinium solution was used for each gram of tissue . 
After the addition of CsCI , the mixture was centrifuged for 15 
min at 10,000 x gin an SS34 rotor. The cuticles and other 
debris formed a band on top of the CsCI solution which was 
discarded . The solution was then spun in the ultracentrifuge 
as described above . Poly(A) + RNA was selected by oligo(dT) 
chromatography (2) . 

Primer extension. A synthetic 24-base oligonucleotide that 
was complementary to the actin 5C RNA between codons 26 
and 34 was used as a primer. The sequence of this primer 
was 5'-TCGATGGGAAGACGGCGCGGGGAG-3 ' . It was 
synthesized by S. Horvath (California Institute of Technol
ogy) on an automated DNA synthesizer (29) and then 
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FIG. 1. Transcript map of the 5' end of the act5C gene . Exon 
sequences are repre sented by open boxes . while intron and flanking 
sequences are solid lines. The altemate splicing pathway is depicted 
below . The location of the primer used for primer extension ex per· 
iments is also indicated . 

purified from a 20% polyacrylamide--8 M urea gel and 
precipitated with ethanol. It was 5' end labeled with poly
nucleotide kinase and [32P]ATP (-7000 Ci/mmol) . Labeled 
primer (150 pmol) and poly(A) .. RNA (1 J.Lg) were suspended 
in 20 J.Ll of 70% formamide containing 0 .4 M NaCI. 40 mM 
piperazine-N,N '-bis(2-ethanesulfonic acid ), and 1 mM 
EDT A. After incubation for 2 min at 60°C and 2 h at 37°C , 
the reaction mixture was diluted to 200 J.Ll. Ammonium 
acetate (200 J.LI} and isopropyl alcohol (240 J.LI} were added . 
After 15 min at room temperature , the nucleic acids were 
recovered by centrifugation . The RNA precipitation proce
dure removed most of the excess primer molecules . The 
ethanol-rinsed and dried pellet was suspended in 15 J.LI of a 
2x eDNA mixture (0.1 M Tris [pH 8.3] ; 12 mM magnesium 
acetate ; 0.12 M NaCl: 20 mM dithiothreitol ; 2 mM each of 
dATP, dGTP. and TIP) . To this was added 2 J.Ll of 10 mM 
dCTP, 1.9 J.Ll of 0.8 J.Lg of actinomycin D per ml , 15 U of 
reverse transcriptase , and water to 30 J.Ll. The solution was 
incubated at 37°C for 45 min and precipitated with ethanol. 
The precipitated products were run on alkaline agarose gels 
(36) or, after RNase A digestion of the RNA templates , on 
6% polyacrylamide--8 M urea gels . 

Sl nuclease and exonuclease VII mapping of transcripts. 
Typically , 10 ng of 32P-labeled DNA fragments was hybrid
ized to 1 J.Lg of poly(A) + RNA in 80% formamide at 55°C and 
then digested with S1 nuclease (6 , 15) or exonuclease VII (7) . 
For the exonuclease VII reactions. after the hybridization 
step 1 U of enzyme was added to each reaction in 100 J.Ll of 
cold exonuclease VII buffer (30 mM KCI. 10 mM Tris [pH 
7.4) , 10 mM EDT A) . After incubation at 45°C for 1 h , the 
reactions were precipitated with ethanol , with yeast tRNA 
used as a carrier. Ethanol-washed and dried samples were 
loaded on alkaline agarose gels (36) . Protected fragments 
were detected by autoradiography of the dried gels. 

Isolation of eDNA clones. A D . melanogaster embryo (8- to 
20-h old) eDNA library in the vector lambda gt10 (kindly 
provided by L. Kauvar) was screened by the plaque lift 
technique of Benton and Davis (4) with nick-translated 
probes. 

DNA sequencing. DNA sequencing was done by the chem
ical modification technique (35) . 

RNA blotting. Poly(A) + RNAs were electrophoresed on 
formaldehyde-agarose gels and blotted to nitrocellulose by a 
modification of the technique of Thomas (52) . Blotting, 
hybridizations , and blot washings were performed as de
scribed previously (20) . Hybridization probes were gel iso
lated and labeled by nick translation . 
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RESULTS 

The act5C gene has two transcription start sites. The 
structure of the 5' end( s) of the transcripts was first mvesti
gated by primer extension experiments . The primer wa~ a 
synthethic oligonucleotide which was chosen to fulfill two 
criteria. First, it had to be able to prime eDNA synthesis 
from all acr5C transcripts , regardless of their 5 '-untranslated 
sequences . For this reason. the sequence was taken from the 
protein-coding portion of the gene . Second , it had to be 
specific for the act5C gene and not hybridize to other actin 
mRNAs. The actin protein-coding regions. in general. were 
very homologous , but a search of the protein-coding se
quences revealed a 24-nucleotide stretch which contained 
six mismatches between the act42A and act5C genes. This 
sequence , which starts 80 base pairs (bp) downstream from 
the act5C gene initiator AUG , was used for the primer, and 
early embryo RNA was used for the experiments because 
only these two actin genes were expressed at that develop
mental stage. Hybridizations were done under conditions in 
which the primer would hybridize only to the act5C RNA. 

Surprisingly. the primer extension experiments showed 
four bands with lengths of258, 255 , 222 , and 213 nucleotides, 
and they were of approximately equal intensity (Fig. 2) . 
These data indicate that transcripts of the gene have at least 
two and perhaps as many as four different 5' ends but do not 
give any information about where they map on the genomic 
DNA. 

To map the location of the 5'-untranslated sequences with 
respect to the genomic DNA. Sl nuclease and exonuclease 
VII experiments were done . A 4.2-kb kinase-labeled Bglll 
fragment of genomic act5C DNA (Fig. 3B) was used as a 
hybridization probe to poly(A) + RNA from different devel
opmental stages . This DNA fragment contains 250 bp of 
actin protein-coding sequence and 4 kb of upstream se-

. quences. 
Hybrids formed between early and late embryo poly(A) + 

RNA and the labeled DNA fragment were digested with 
exonuclease VII or Sl nuclease. The exonuclease VII- and 
Sl nuclease-protected bands are displayed on an alkaline 
agarose gel (Fig. 3) . The two enzymes protected fragments 
with different lengths, indicating that splicing occurs at the 5' 
e'ld of the gene. The Sl nuclease-protected band was 
roughly 300 bases in length. indicating the presence of a 
splice acceptor site just upstream of the AUG codon in all 
act5C transcripts. Exonuclease Vll digestion yielded two 
fragments with lengths of 0.95 and 1.98 kb which were of 
roughly equal intensity. 

These results indicate that exon sequences terminating at 
their respective 5 '-end cap sites are present in the genomic 
DNA at roughly 0.7 kb (exon 2) and 1.7 kb (exon 1) upstream 
from the splice acceptor site. The location of ex on 1 had 
previously been found by R-loop analysis (17) and by in vitro 
transcription experiments (D. Price and C. Parker, personal 
communication). Exon 2 was not found by R-Ioop experi
ments. 

These results do not determine the size or number of the 
upstream exons in the several transcripts . Furthermore , the 
relationship between the two exonuclease VII digestion 
products and the primer extension products was not re
solved by this experiment. 

Sequencing of the S' leader exons. To determine the size 
and number of upstream exons, we isolated and analyzed 
eDNA clones for the act5C gene. A D. melanogaster (8- to 
20-h-old embryo eDNA library was obtained from Larry 
Kauvar . It was screened with a genomic probe which 
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contained about 4 kb of sequences upstream of the AUG 
codon and no protein-<=oding sequences. Actin protein
coding sequences are highly homologous, but the untrans
lated sequences are not (18, 19). This probe was chosen to 
maximize the chances of getting act5C specific full-length 
eDNA clones. 

A screen of 2 x 1<r phage gave 16 positive clones. The 5' 
ends of 10 of these clones were sequenced from the 5' ends 
of the inserts to a san site 30 bases inside of the coding 
region of the gene . We sequenced into the coding region of 
each eDNA clone to be sure that we had isolated act5C 
clones. There were enough base substitutions in the first 30 
bp of the protein-<=oding sequence to identify unambiguously 
each actin gene. We also sequenced a 900-bp region of act5C 
genomic ·DNA that was shown by exonuclease VII experi
ments to contain exon 2. The genomic sequence data and 
their interpretation, as deduced from comparison with the 

"' .1tt .. - ,.,-.t.,r.c _ 
,;..., ... :;-. vi· .. -..J 

-! ... 

..... :·· .. .:: ... " .. ...! ... ~, 

FIG. 2. Mapping of the 5' ends of act5C RNAs by primer 
extension. A 24-base synthetic oligonucleotide homologous to the 
act5C gene between codons 26 and 33 (Fig. 1) was labeled with 
kinase and hybridized to 2 11-8 of poly(A)'• RNA from(}. to 4 b-old 
embryos. eDNA synthesis was carried out as described in the text. 
The extended products were run on a 6% sequencing gel. A 
dideoxy-sequencing ladder is shown in the four rightmost lanes 
which was used for size comparison. Numbers to the left of the gel 
are in bases. 
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FIG. 3. (A) S1 nuclease and exonuclease VII mapping of the 5' 
end of the gene. Poly(Ar· RNA (1 f.Lg) from (}. to 4-h-old or 16- to 
2{}-h-old embryos was hybridized to a kinase-labeled Bgni restric
tion fragment . The hybrid molecules were digested with either S1 
nuclease or exonuclease VII. The protected products were run on a 
1% alkaline agarose gel as shown. The left-hand lane contains a 
Hindiii-EcoRI digest of lambda DNA which was used as a size 
marker. Numbers to the right of the gel are in kilobases. (8 ) The 
probe fragment and protected bands. 

eDNA sequences (see below), are shown in Fig. 4. A 430-bp 
region of genomic DNA surrounding exon 1 has been se
quenced previously (40; D. Price , personal communication). 

All of the eDNA clones had the same splice ac~eptor site 
which was 8 nucleotides upstream of the AUG, as previously 
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-260 .......... . ......... .......... .......... ••• tggaagt acactcttca 

-200 tggcgatata caagacacac acaagcacga acacccagtt gcggaggaaa ttctccgtaa 

-140 atgaaaaccc aatcggcgaa caattcatac ccatatatgg taaaagtttt gaacgcgact 

-80 tgagagcgga gagcattgcg gctgataagg ttttagcgct aagcgggctt ~aacgg 

-20 gctgcgggac cagttttcat ATCACTACCG TTTGAGTTCT TGTGCTGTGT GGATACTCCT 

41 CCCGACACAA AGCCGCTCCA TCAGCCAGCA GTCGTCTAAT CCAGAGACAC CAAACCGAAA 

101 GACTTAATTT ATATTTATTT AATTAATTTT AATAAAACAC ACCAAATgta agtagctttc 

161 cccttcccaa caacaaaaca ccatcgaacc actcccacca agaaaaagca ata ••••••• 

591 .......... aatgtacata catacagtat atgcatatta taatctgtaa aactagatca 

651 ggttcttgaa aatagtgacg taggcagccg ttttggctga agcagaaatt tttgccggtt 

711 tttcaaagtt gtagttgcaa aaatggagaa aaccttcgag cattcgttca tatacacaca 

771 ctcacgcgca aaataacgag agagagtgta tgtgtgtgtg agagagcgaa agccagacga 

831 cggtttgctt ttcgcctcga aacatgacca tatatggtca caaaacttgg ccgccgcaat 

891 tcaacacacc agcgctctcc ttcgcaccca tagcgaccat gcggcggagc gagcgagatg 

951 gcgagagcga gcgacgccta tggcgacgtc gacgcaggca gcgattgaaa aacgcag!!..! 

1011 !.Ctggcattc aacattcacc agccactttc AGTCGGTTTA TTCCAGTCAT TCCTTTCAAA 

1071 CCGTGCGGTC GCTTAGCTCA GCCTCGCCAC TTGCGTTTAC AGTAGTTTTC ACGCCTTGAA 

1131 TTTGTTAAAT CGAACAAAAA fgtaaagttt aactagcttt gaaaagtttc gtggctctta 

1191 attgttaaat tttctagagt gcgtttagtg tttttttttt tttttatttt gtaatgttaa 

1251 tttcgggttc caattcgagt tttaggcagc cgcactttta agggcgcata cacacaggca 

1311 actgtgctct ctttgcggct ttcttttgca ccggcattcg ttaagtgtcg tctagaagct 

1371 tctcccctcc ·········· .......... .......... . ......... . ......... 
1681 .......... ggtaaccaaa aactaatggg aaatccgcat tctttccatt gcagCTTACA 

1741 AA 
H!!. f.ll ill lli lli .Y,ll lli lli Leu .Y,ll Va 1 ill 
ATG TGT GAC GAA GAA GTT GCT GCT CTG GTT GTC GAC 

FIG . 4. DNA sequence of exon 1. exon 2, intron , and 5'-ftanking sequences of the act5C gene. The probable 5' terminus of exon 1 is 
designated as nucleotide 1. Capital letters indicate ex on sequences. Lower case letters are intron and flanking sequences. TAT AA (exon 1) 
and TT AA (exon 2) sequences just preceding the transcription starts are underlined. Gaps in the sequence occur between nucleotides 213 and 
601 and again between nucleotides 1381 and 1691. The sequence of the protein-coding region is shown only up to the San site which was the 
3' termination point of the eDNA clone sequencing . The sequence between -217 and 213 was determined by D. Price. The rest was done by 
sequencing of both strands by the method of Maxam and Gilbert (35) . 

surmised (20), and they all contained act5C protein-coding 
sequences. The clones fell into two classes with respect to 
sequences further in the 5' direction . 

Of the 10 clones, 7 had roughly 147 bp of sequence joined 
directly to the previously mentioned splice acceptor site. A 
comparison of these sequences with known genomic se
quences revealed that they are completely homologous, with 
a 147-bp stretch of sequence about 1.7 kb upstream of the 
initiator AUG (exon 1). A primer extension product made 
from an RNA of this structure would be 258 bases in length 
or the same as the longest of the four products seen. Five of 
the seven clones were full length , while one was 3 bp shorter 
and the final clone was 25 bp shorter. The clone with the 

144-bp exon 1 sequence was of the correct size to corre
spond to the primer extension product with a length of 255 
nucleotides. We do not know whether this is a real alternate 
start site or a premature stop by reverse transcriptase. We 
presume that the clone that was 25 bp short is an incomplete 
eDNA. 

The remaining three clones had a different sequence 
spliced to the acceptor site. This sequence had no homology 
to a 450-bp region which included ex on 1. Rather, it was 
identical to sequences roughly 0. 7 kb upstream of the 
initiator AUG codon at the site predicted by the exonuclease 
VII analysis (exon 2) . In two of these clones, this exon was 
111 bp in length, while the third clone was 9 bp shorter, 
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FIG. 5. (A) Sl nuclease and exonuclease VII mapping of the 3' end of the gene. Poly(A)• RNA (1 ~)from the developmental stages 

indicated was hybridized to a 4-kb Bgni-£coRI fragment labeled with the Klenow fragment of DNA polymerase I. The hybrid molecules were 
digested with Sl nuclease or exonuclease VII , and the protected products were run on a 1% alkaline ag.arose gel. Numbers to the right of the 
gel are in ltilobases. (8) The probe and protected fragments . The DNA markers are a lambda £ coRI-Hindlli digest. 

corresponding to the observed primer extension bands of 
length 222 and 213 nucleotides. Again, we do not know 
whether the shorter product is real or a reverse transcriptase 
artifact. This kind of microheterogeneity would not have 
been seen in our lower resolution exonuclease VII experi
ments. 

Of the 10 clones , 4 had an extra guanine nucleotide 
between the poly(dC) tail used in the eDNA cloning and the 
transcription start that did not correspond to the genomic 
sequence . This may be due to reverse transcription of the 
cap nucleotide. 

The correspondence between the eDNA clones and the 
primer extension products was confirmed by sequencing the 
latter (data not shown). These results indicate that at least 
two independent transcription start sites are used to give rise 
to two classes of actin 5C m.RNA. They are alternately 
spliced to the body of the gene. 

Three sites of polyadenylatioD an used by the actSC geae. 
The difference in length between the two alternate leader 
exons is not sufficient to be resolved on an RNA blot. The 
major source of the RNA size heterogeneity seen on RNA 
blots must lie elsewhere. Alternate splicing and different 
sites of polyadenylation are two possibilities. 

The structure of the 3' ends of the RN As was investigated 
by Sl nuclease and exonuclease VII experiments. A 4-kb 
fragment originating within the protein-coding region (at the 
same Bgni site used for the 5' experiments) and extending 3 
kb beyond the translation stop codon was used as the 
hybridization probe. This labeled fragment was hybridized 
to poly(A)+ RNA from various developmental stages or from 
the Kc line of D. m~lanogaster cultured cells. The hybrids 

·were treated with exonuclease VII or Sl nuclease , and the 
protected products were run on alkaline agarose gels (Fig. 
5). 

For each RNA used, the Sl nuclease- and exonuclease 
VII-protected products were the same length, indicating that 
no splicing occurs in the transcripts 3' to the Bgni site . In all 
cases, bands of 1.25 and 1.53 kb were seen . These corre
sponded to 3'-untranslated regions of 375 and 655 bp , 
respectively. In the 8- to 20-h-old embryo and early pupal 
RNAs, a larger 1.82-kb band was also seen. This corre
sponds to a 3'-untranslatec! region of 945 bp. These results 
indicate that different sites of polyadenylation are used to 
yield three size classes of RNAs . These size differences are 
of an appropriate size to acount for the three different act5C 
species with molecular lengths of 1. 7, 1.95, and 2.2 kb, as 
resolved on RNA blots. 

Differential expression of the actSC transcripts. It is also 
apparent from the Sl nuclease and exonuclease VII data and 
from RNA blots (20) that use of the different sites of 
polyadenylation is developmentally regulated. The interme
diate site of polyadenylation was used in all stages of 
development tested. Transcripts of this type were generally 
the most abundant. Transcripts with the shortest 3'
untranslated region were also present at almost every stage 
tested , but they were usually present at a lower level and 
peaked at different times during development. Transcripts 
which used the last polyadenylation site and had the longest 
3'-untranslated region were only found at specific times in 
development. They were most abundant at mid-embryo and 
early pupal stages. 

To study the relative representation of the two different 
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'FIG . 6 . Developmental RNA blots probed with exon 1· and exon 2-specific probes. Identical blots containing 1 IJ.g of poly(A)+ RNA from 

the developmental stages indicated . and Kc cells were probed with nick-translated exon 1· or exon 2-specific fragment s , which are indicated 
in the diagram below. Numbers to the right of the gels are in kilobases . 

leader exon sequences among act5C transcripts, parallel 
RNA blots were made which contained poly(A)+ RNA from 
several different stages of D. melanogaster development and 
D. melanogaster Kc cells. These were probed with exon 1· 
and exon 2-specific probes (see Fig. 2; Fig. 6) . 

The blots that were hybridized with exon 1 and 2 probes 
looked very similar. Both leader exons were used in RNAs 
ofl.7, 1.95, and 2.2 kb, indicating that all three polyadenyla
tion signals are used with each start site (Fig. 6) . Both leader 
exons were represented in transcripts at each stage of 
development studied . The level of these transcripts appeared 
to rise and fall with a similar pattern. No remarkable 
differences in the pattern of expression of these two leader 
exons were seen , with the exception of two higher molecular 
weight species which were seen only in pupal RNA and were 
homologous only to the exon 2 probe . The identity of these 
bands is unknown. 

DISCUSSION 

We have shown that six different transcripts are made 
from the D. melanogaster act5C gene. These results are 
shown in Fig. 7 and discussed below. 

The actSC gene bas two tnmscriptioo start sites. We found 
that two classes of RNA with respect to 5'-untranslated 
sequences are made from the act5C gene. Their 5' sequences 
were encoded by two distinct leader exons which were 
located 1. 7 and 0. 7 kb upstream of the translation initiator 
AUG . These leader sequences were alternately spliced to a 
common splice acceptor site which is 8 bp 5' of the AUG 

codon. We saw some microheterogeneity in the exact init i
ation sites of exons 1 and 2, both in primer extension 
experiments and eDNA clones. It is not clear whether all of 
these sites are actually used in vivo or if they are reverse 
transcriptase artifacts. 

We did not see any developmental specificity in the use of 
the two leader exons . Transcripts containing the alternate 
exons displayed approximately the same pattern of expres
sion through development. It is possible that transcription 
from the two start sites is regulated but that we would not 
have detected the difference on the RNA blots that we did . 
For example , there may be tissue-specific expression of the 
two act5C start sites at a given developmental stage. Alter
nately, transcription from the two promoters could be linked 
to the cell cycle . Further experiments will be necessary to 
test these possibilities. 

Many other cases of alternate transcription start sites and 
alternate first exons for eucaryotic genes are known. The 
resulting transcripts are often made in a developmental or 
tissue-specific manner, as in the following examples. In each 
case , the structural organization of the transcripts is slightly 
different. 

The mouse a-amylase 1• gene (25, 26, 48, 57), like act5C, 
has two leader exons which are alternately spliced to a 
common third exon . The distal promoter is 30 times stronger 
than the proximal promoter and drives transcription of a 
parotid gland-specific mRNA. Transcription from the prox
imal promoter produces an mRNA which accumulates to a 
level that is 100 times lower in the liver, parotid gland , and 
pancreas. Two classes of D. melanogaster ADH mRNA that 
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differ only at their 5' ends are transcribed in adults and 
larvae (5) . The adult transcripts are made from the distal 
promoter and require splicing of the upstream adult-specific 
leader exon to the next ex on which contains 5' -untranslated 
sequences and the translation initiator AUG codon . The 
larval transcripts originate at the proximal promoter which 
lies just upstream of the splice acceptor site for the adult 
transcript. The larval transcripts do not require splicing at 
their 5' ends . Transcription from the distal promoter of the 
yeast invertase gene (10, 43) is under the control of glucose 
and produces an RNA which encodes the secreted, glycosyl
ated form of the enzyme. Transcription from the proximal 
start site , on the other hand , is constitutive. The transcripts 
which originate at the proximal site start within the sequence 
of the signal peptide of the protein coded for by the larger 
RNA and therefore produce a protein without a signal 
sequence, which is therefore intracellular. Neither product 
requires 5' splicing. The chicken myosin light chain 1 (LC 1) 

and 3 (LC3) gene (38) uses alternate splicing of two separate 
leader exons to produce different transcripts . In this case, 
the splice acceptor site is in the protein-coding region , and 
the RNAs code for proteins with different amino-terminal 
sequences . Transcripts made from the distal promoter en
code LC 1 which is expressed in skeletal muscle and heart . 
LC3 transcripts are made from the proximal promoter and 
are expressed in skeletal muscle and gizzard . LC 1 is made 
earlier in embryonic development (10 to 14 days) than LC3 
which appears in embryos at 14 to 15 days . 

Multiple initiation sites are also used for the chicken 
ovomucoid (21, 30) and lysozyme (24) genes. In both of these 
cases, however, while the different start sites may be used 
with different efficiencies , there does not appear to be 
.developmental or tissue-specific use of the start sites. 

Many genes have been shown to have microheterogeneity 
around the cap sites. In these cases several mRNAs are 
made from a single gene, but they differ by only a few bases 
in length . Some examples are the human alpha actin gene 
(27), the D. melanogaster myosin LC-2 gene (41). the 
adenovirus type 2 Ell gene (1) , the simian virus 40 late genes 
(16, 22, 23). the polyomavirus late genes (17). the chicken 
ovalbumin gene (34), the chicken lysozyme gene (24), and 
the yeast Adh-I gene (3) . 

In conclusion, this review of the literature indicates that 
for most of the known cases of alternate transcription start 
sites and alternate first exons. there is some tissue or stage 
specificity of expression, a resulting difference in the gene 
product , or both . In contrast. there is no indication of such 
differences for the two transcription start sites of the actin 
5C gene. 

Exon 2 lacks a TAT AA sequence. An examination of the 
DNA sequences immediately 5' of the two cap sites showed 
that some sequences present in this region in many eucary
otic genes are lacking. We did find aT AT AA sequence 30 bp 
upstream of the transcription start at exon 1, but no such 
sequence was found in the vicinity of exon 2. An AA TT 
sequence was found 30 bp upstream of the exon 2 cap site·. 
Neither start site was preceded by a CCAA T sequence 
which is generally found roughly 65 bp upstream from the 
transcription start. 

There are several cases of eucaryotic genes with no 
TAT AA sequence in the region 30 bases upstream of the 
transcription start . Some examples are the D. melanogaster 
myosin alkali LC (14) , the human antithrombin III gene (44), 
the simian virus 40 late genes (16, 45), and the adenovirus 
type 2 Ell gene (1). Several of the genes mentioned earlier, 
namely the D. melanogaster Adh-I adult promoter (5) , the 
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FIG . 7. Structure of the act5C gene transcripts . Schematic rep
resentation of the generation of transcripts from the D. mela
nogaster act5C gene. The solid boxes represent protein-coding 
sequences. while the open boxes represent transcribed . untranslated 
sequences. lntron and flanking sequences are designated by the 
solid lines. 

chicken myosin LC (38) , chicken ovomucoid (21 , 30), 
chicken lysozyme (24), D. melanogaster myosin LC-2 (41), 
and yeast Adh-I (3) , are missing the consensus TAT AA 
sequences but have an AT -rich region in the analogous 
position. The lack ofTATAA sequences has been postulated 
to be responsible for heterogeneity around the cap site in 
some cases. 

The sequence A TCAGTC or a similar sequence has been 
found at the transcription start of several D. melanogaster 
mRNAs (51) . The sequences ATCACT A and TTCAGTC 
were found at the starts of exons 1 and 2, respectively . 

Do exons I and 2 have independent promoters? Two lines of 
evidence suggest that the sequences at and upstream of exon 
1 are sufficient for the independent initiation of transcription . 
Price and co-workers (Parker et a!., personal communica
tion) have tested a DNA segment containing exon 1 and 
upstream sequences. but not exon 2, in an in vitro transcrip
tion system. They found a high level of transcription initia
tion at the same site that we mapped as the cap site for exon 
1. Furthermore, we made fusions between putative actin 
promoter sequences and the bacterial chloramphenicol ace
tyltransferase gene and tested these constructs by transient 
assays in D. melanogaster Kc cells (unpublished data) . We 
found that sequences upstream of exon 1 are sufficient to 
cause a high level of expression from this promoter in these 
cells. 

However, at present, there is no evidence as to whether 
transcription can initiate at the cap site of exon 2 under the 
control of promoter sequences immediately upstream. or 
whether sequences around the promoter for exon 1 are 
necessary for production of the RNA beginning at exon 2. 
Experiments to test this question are in progress. 

Multiple sites of polyadenylation. Three major size classes 
of RNA exist for the act5C gene. We found that the major 
source of this size heterogeneity lies at the 3' end of the gene 
at which three sites of polyadenylation are used. The first 
two sites were used in all stages of development studied , but 
the corresponding mRNAs were not always present in the 
same relative amounts. The transcripts which terminated 
after the second polyadenylation signal were always the 
most abundant. The third and distant site was used only at 
particular times in development, especially at mid-embryo 
and early pupal stages. There is as yet no known functional 
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significance to the different developmental choices of 
polyadenylation sites in the act5C gene . 

Most eucaryotic genes have a sequence AA T AAA that is 
roughly 30 bp upstream of the site of polyadenylation in the 
RNA. We did not determine the precise sites of polyCA) 
addition for these transcripts. We estimate from Sl nuclease 
and exonuclease VII analyses that the sites of poly(A) 
addition lie rougly 375, 655. and 945 bases from the transla
tion stop codon. There are no AAT AAA sequences in the 
3'-untranslated region of the act5C gene (D . Price. E. A. 
Fyrberg, and B . J . Bond , unpublished data) . However. there 
are closely related sequences 20 to 60 bp upstream from each 
presumed poly( A) addition site. That is. AA TAT A and 
AATGAAA sequences are found roughly 55 and 35 bp, 
respectively. in front of the proximal poly(A) site. The 
AA TAT A sequence is a minor variant that has been seen in 
other eucaryotic genes. while the AATGAAA variant has 
been found by Wickens and Stephenson (56) to be an 
inefficient substrate for poly( A) addition . TAT AAA and 
AATCAAA sequences lie roughly 60 and 20 bp 5' to the 
middle poly( A) site. The TAT AAA is another minor variant 
in eucaryotes, while the AATCAAA has not been seen 
previously . The distal site of polyadenylation is preceded by 
an AA IT AAA sequence which lies roughl y 45 bp upstream . 
This variant has been seen in 12o/r of the RNAs compiled (8). 

Many eucaryotic genes generate multiple transcripts from 
a single gene through the use of different sites of 
polyadenylation . Some examples of this are the mouse 
a-amylase gene (54) , the dihydrofolate reductase gene (49. 
50), the bovine prolactin gene (47) , the ovalbumin gene (33). 
the ovalbumin X and Y genes (28 . 32), the human 13-tubulin 
gene (31), the chicken vimentin gene (9. 58), the chicken 
ovomucoid gene (21). the immunoglobulin heavy-chain 
genes (11, 13 , 37) , the major late adenovirus type 2 transcrip
tion unit (39), the yeast Adh gene (3), the a-2 microglobulin 
gene (55). the 13-2 microglobulin gene (42), and the D. 
melanogaster myosin alkali LC gene (14). 

In many cases the alternative sites of polyadenylation are 
used with different frequencies , and in the case of the 
chicken vimentin gene (9) there is some tissue specificity in 
the use of the different sites . The significance of having 
multiple mRNA species transcribed from a single gene and 
differing only in the lengths of their 3 '-untranslated se
quences. however , is in general unknown . 

The only case in which the alternate use of polyadenyla
tion sites has a known functional significance is the case of 
the immunoglobulin heavy-chain genes . Early et al. (13) 
showed that the mRNAs for the secreted and membrane
bound forms of immunoglobulin M are transcribed from the 
same gene and differ only at their 3' ends. A similar 
arrangement has been found for all of the immunoglobulin 
heavy-chain classes. Milcarek and Hall (37) showed that the 
ratio of the membrane-bound and secreted forms of the -y-2b 
mRNA in the cell is determined by selective use of the 
alternate polyadenylation sites . 
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CHAPTER 5 

Transcription from each of the Drosophila act5C leader exons 

is driven by a separate, functional promoter 
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ABSTRACT 

The Drosophila act5C gene has two leader exons which are alternately 

spliced to the remainder of the gene. In this way two classes of transcripts are 

made with respect to the 5' untranslated sequences both of which are present in 

Drosophila Kc cell mRNA. In order to define the sequences necessary for 

transcription from each start site and to determine if each is driven by a 

separate promoter, 5' flanking regions from the act5C gene were inserted 

upstream of the bacterial chloramphenicol acetyl transferase (CAT) gene and 

tested for promoter activity by transient assays in Drosophila Kc cells. We 

show that both leader exons are preceded by separate, functional, promoters. 

The exon 1 proximal promoter contains at least two regions important for 

optimal expression. One is greater than 1.9 kb upstream from the exon 1 cap 

site while the other lies between 1.2 and 0.09 kb upstream of the cap site. The 

promoter elements necessary for transcription from exon 2 are within 450 bases 

upstream of the cap site. The data suggest that, in some constructions, 

transcription initiation at exon 1 inhibits transcription initiation at exon 2. 

Examination of the DNA sequences reveals two identical 10 base regions 

of dyad symmetry one of which is 110 bases upstream of ex on 1 and the other is 

183 bases upstream of exon 2. These are of the same form as the CCArGG 

sequences found upstream of many mammalian and chicken actin genes which 

have been proposed to be transcription regulatory sequences. 

INTRODUCTION 

Drosophila melanogaster has six actin genes which are dispersed among 

the three major chromosomes (16, 17 ,45). The members of the multigene family 
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have been shown to be expressed in a developmental stage and tissue specific 

manner (18,41 ). 

Transcripts from the act5C gene are found in all stages of development 

studied and are especially abundant in early embryos and early pupae (18). 

These are stages at which there is rapid cell division but little muscle 

differentiation. This gene is also one of the two actin genes expressed in 

ovaries. For these reasons the act5C gene is thought to encode a cytoplasmic 

form of actin. 

We have recently shown (5) that at least six messenger RNAs are made 

from this gene. The structural basis for the transcript heterogeneity is the 

presence of two transcription initiation sites and three polyadenylation sites. 

The two initiation sites lie 1.7 kb (exon 1) and 0.7 kb (exon 2) upstream of the 

common splice acceptor which is 8 base pairs 5' to the translation initiator 

AUG. Transcripts containing each of the alternate leader exons rise and fall 

with approximately the same pattern during development. Both exon 1 and 

exon 2 containing transcripts are found in Kc cells. 

Korber, Topol, Price, and Parker (personal communication) demonstrated 

the existence of a promoter upstream of exon 1 of the act5C by in vitro 

transcription experiments with Kc cell extracts. A series of 5' deletions was 

used to study the in vitro sequence requirements for transcription. They found 

that 210 bases of sequence upstream of the cap site is enough for high levels of 

transcription in the assay and deletion to -85 causes a threefold drop in 

transcription. They used DNA footprint analyses to identify two regions in the 

DNA where factors present in the Kc cell extracts bind the DNA. One of these 

is centered around the TAT A box (37) while the other is at -88 to -117 (Topol 

and Parker, personal communication). They have not studied transcription from 

exon 2 in the in vitro system. 
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Several investigators have demonstrated the possibility of carrying out 

transient transformation experiments in Drosophila cultured cells 

(3, 13,29,33,34). This method offers a practical way to study large numbers of 

constructs in order to better define sequences necessary for expression of 

Drosophila genes. The bacterial chloramphenicol acetyl transferase (CAT) gene 

(21) is a very convenient marker for gene expression in transient assay 

experiments. The assay for the enzyme is very sensitive and is linear over a 

wide range of activities. Furthermore there is no analogous enzyme activity in 

eucaryotic cells, thus eliminating the problem of background activity. 

We were interested in determining whether each of the two act5C 

transcription starts is preceded by a functional promoter. We were further 

interested in identifying the particular sequence elements necessary for 

transcription from each promoter and in comparing the in vivo and in vitro 

sequence requirements for transcription. 

We have made several fusions of actin promoter sequences to CAT 

sequences and tested their ability to drive transcription of the CAT gene in the 

Kc cell transient assay system. We have found that exon 1 and exon 2 are each 

preceded by a functional promoter and that exon 2 can be transcribed in the 

absence of sequences upstream of ex on 1. At least two regions of upstream 

sequences are important for optimal expression from exon 1 one of which is 

greater than 1. 9 kb upstream of exon 1. Upstream sequences important for 

transcription initiation of exon 2 lie within 450 bases of its cap site. 
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MATERIALS: 

All of the oligonucleotides used were synthesized in the laboratory of S. 

Horvath (California Institute of Technology) on an automated DNA synthesizer 

(27). Drosophila Kc cells were obtained from Carl Parker (California Institute 

of Technology). They were maintained at 22-23°C in 020 media (15) from the 

laboratory of John D. O'Connor (U.C.L.A.). 

METHODS: 

Construction of pucPLcA T 

The vector puc5Y0cA T was obtained from Nevis Fregien (C.I. T .). This 

plasmid was made by inserting the Bglii-BamHI fragment of pA 1 0cat2 (28) into 

the BamHI site of the puc 18 polylinker and then removing the SV40 promoter 

containing Hind III fragment. It was linearized at the single Hind III site and 

phosphatased. It was then ligated to the oligonucleotide of sequence 

5'AGCTTCA TGA TCTCGAGGGCCCTGCAGCA TGCAGA TCT3' and the 

complement 5'AGCT AGA TCTGCA TGCTGCAGGGCCCTCGAGA TCA TGA3'. 

These oligonucleotides hybridized to form a duplex with a multiple cloning site 

and with protruding Hind III sticky ends on each side. When ligated into the 

vector, the Hind III site is retained at only one end. In order to orient the 

polylinker with respect to the vector, the miniprep DNAs were cut with Hind III 

and a second enzyme which cut asymmetrically elsewhere in the plasmid, run 

on a gel, and blotted. They were hybridized to one labeled strand of the 

oligomer. The number (0, l or 2) and identity of the labeled bands indicated the 

orientation of the inserted linker(s) directly adjacent to the pucSVO sequences 

(see lower part of Fig. lA). Clones that gave the desired pattern of 

hybridization were digested with an enzyme for which there was a unique 

restriction site internal to the polylinker and ligated under dilute conditions to 
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Figure lA. Restriction map of pucPLcA T. 

The multiple cloning site shown at the bottom of the panel was inserted 

at the single Hindiii site of puc5Y0cA T (see text) to make pucPLcA T. This 

vector contains the CAT gene (open box) and a 3' untranslated region from SV40 

(hatched box) which contains an intron and a polyadenylation site. The plasmid 

carrier is puc 18 which includes the polylinker adjacent to the SV40 sequences. 

Figure lB. Schematic map of act5C promoter -CAT fusions. 

A restriction map of the act5C gene is shown at the top. Exons are 

represented by open boxes while introns and flanking sequences are solid lines. 

The act5C promoter-CAT gene junctions for the indica ted clones are 

shown below. All of the cloned inserts have the same 5' endpoint at the Bglll 

site of the actin gene, but they continue to different extents in the 3' 

direction. 5CX2CAT is joined to the CAT gene at nucleotide +74 of exon 2. 

The actin/CAT junction of 5CX 1 CAT is at nucleotide +88 of exon 1. The 

actin/CAT junction of 5CCA T is shown in more detail in Figure 1 C. 

Figure 1 C. The sequence of the act5C-CA T junction in 5CCA T. 

The sense strand of act5C is compared to the sense strand of the 5CCA T 

actin/CAT junction in order to show at what point they diverge. The 5CCAT 

construct was made as follows: Act5C was cut at the BstEII site and ligated to 

the synthetic oligonucleotides whose sequence is under lined. Following 

digestion with Bglll, the modified act5C fragment was ligated to the vector 

pucPLcA T. The purpose of the oligonucleotide linker was to reconstruct the 3' 

end of the act5C intron including a splice acceptor site, and to provide the Bglll 

cohesive end for cloning into the pucPLcA T vector. Homology between 5CCA T 

and act5C are shown by dashes. The actin and CAT translation start sites are 
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indicated. Lower case and upper case letters designate intron and exon 

sequences, respectively. 
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eliminate extra copies of the poly linker. The selected clone was sequenced by 

the method of Maxam and Gilbert (30) across the polylinker and was shown to 

have a single linker insert of the expected sequence in the desired orientation. 

Construction of actin CAT fusions 

The plasmid 5CCA T (Fig. 1 B) was constructed as follows: The act5C 

gene was cut at the single BstEII site which cleaves at the 3' end of the intron 

and was ligated to oligonucleotides of sequences 

1. 5'GT AACCAAAAACT AA TGGGAAA TC3' 

2. 5'CGCA TTCTTTCCA TTGCAGCTT ACAG3' 

3. 5'GAA TGCGGA TTTCCCA TT AGTTTTTG3' 

4. 5'GATCCTGTAAGCTGCAATGGAAA3' 

one of which was kinase labeled with 32P A TP. These oligonucleotides 

together comprise a 50 base pair stretch with a BstEII overhang at one end and 

a BamHI overhang at the other which serve to add back the 3' end of the act5C 

intervening sequence and six of eight bases of the untranslated sequences 5' to 

the translation initiator AUG (see Fig. lC). This sequence includes a splice 

acceptor site and a proposed lariat site, CT AA T. The DNA was digested with 

BamHI to remove excess linker and with Bglii which cuts 2.5 kb upstream of 

exon l. The appropriate Bglii-BamHI fragment was gel isolated and ligated to 

phosphatased pucPLCAT that had been linearized with Bglii. The 

oligonucleot_ide insertion was checked by DNA sequencing (30) in the clone 

finally selected. 

In order to make 5CX 1 CAT, a Bglii-BamHI fragment from the clone A29 

(a gift of David Price) was cloned into the Bglii site of puc PLeAT. A29 is a 

pBR322 subclone of the Act5C upstream region from the EcoRI site to a BamHI 

site which had been added by linker insertion in the middle of exon 1 at base 

+88. 
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To make 5CX2CA T, Act 5C was cut with Xbal and then treated with Bal 

31 for various lengths of time. Aliquots from each time point were tested for 

extent of digestion. DNA from the appropriate timepoint was ligated to BamHI 

linkers and then digested with BamHI and Bglii. The desired fragment was gel 

isolated and ligated to Bglll cut, phosphatased puc PLeAT. The extent of Bal 31 

digestion of correctly oriented inserts was determined precisely by DNA 

sequencing (30). The clone, 5CX2CAT, that was used contains 74 base pairs of 

ex on 2 before the Bam HI linker. 

Construction of Deletion Clones 

The Pstl and Sphl deletion clones were made by digesting each of the 

above actin CAT fusion clones with Pstl or Sphi, and then religating under very 

dilute conditions to eliminate the small actin fragment. Series of 

unidirectional deletions were made from 5CCA T and 5CX 1 CAT with 

Exonuclease III by the method of Henikoff (26). In each case the starting 

plasmids were digested with Apai and Bglii. Apai leaves a 3' overhang and was 

protected from digestion with Exo III. The deletions occurred from the Bglii 

site in the direction of the actin sequences. 

Kc Cell Transfections 

The Kc cells were plated at a density of 2x 107 cells/T7 5 flask in 10 ml 

of D20 media. 26-30 hours later, 10 llg of calcium phosphate precipitated (22) 

supercoiled plasmid DNA was added per flask. The medium was not changed 

after the addition of DNA. The cells were collected 48 hours later. They were 

rinsed once with 1 ml of 0.25M Tris pH 7 .8, resuspended in 100 lll of the same 

buffer, and frozen in dry ice/ethanol. Hsp CAT 1 (a gift of P. Di Nocera and I. 

Dawid, 13) was used initially in the transient assay system to optimize 

conditions. Protein concentrations of cell extracts were determined by the 

Biorad protein assay which is taken from the method of Bradford (7). 
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CAT Assays 

CAT assays (21) were carried out in a final reaction volume of 100 lll 

with 0.2 lJCi 14c chloramphenicol per reaction and 0.8 mM acetyl coenzyme 

A. Reactions were incubated at 37°C for two hours and were stopped by the 

addition of 0.9 ml of ethyl acetate. The organic layer was dried in a speed vac 

and resuspended in 10 lll of ethyl acetate. Reaction products were separated by 

thin layer chromatography as described (21). Activities are expressed as 

percentage of 14c chloramphenicol acetylated. Each plasmid was transfected 

into cells at least three times. The activities were normalized to 5CCAT or 

5CX 1 CAT and averaged. Assays were performed such that CAT activity would 

be in the linear range. Activities were generally below 50% acetylation. 

RESULTS 

Design of Vector 

In order to study the promoter activity of Drosophila act5C sequences, 

we have made fusions between various actin promoter sequences and the 

bacterial chloramphenicol acetyltransferase (CAT) gene. These were to be 

assayed by transient transformation in Drosophila Kc cells. We needed a vector 

which had no eucaryotic promoter sequences upstream of the CAT coding 

region and which would allow easy insertion of act5C fragments in this region. 

A vector which satisfied the first criterion, puc5V°CAT, was obtained from 

Dr. Nevis Fregien. Puc5Y0cA T contains the CAT protein coding sequences 

preceded by a single Hindiii site and followed by a 3' untranslated region from 

SV40 (including splice sites and a polyadenylation signal) all in puc 18. This 

plasmid was modified by the addition of a poly linker at the 5' end of the CAT 

gene which was designed to facilitate the insertion of actin promoter fragments 

and the subsequent deletion of promoter sequences. The new vector pucPLcA T 
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is shown in Figure lA and the sequence of the inserted polylinker is shown 

below it. 

Construction of act5C promoter CAT fusions 

Three act5C promoter fragments were cloned into the Bglii site of 

pucPLCAT, as illustrated in Figure lB. Each has the same Bglii site as a 5' 

endpoint but they continue to different extents in the 3' direction. 

5CCAT contains nearly the whole subcloned 5' region of the act5C gene 

upstream of the translation initiator AUG. This includes 2.5 kb of 5' flanking 

sequences, ex on 1, exon 2, and the entire upstream intron. It therefore 

contains an intact splice acceptor signal and also has six of the eight bases of 

the 5' untranslated region normally found between the splice acceptor site and 

the translation initiator AUG. Transcription from either start site of this 

construct should yield a functional CAT mRNA. 

5CX 1 CAT contains the same upstream sequences but is joined to the 

CAT gene at nucleotide +88 of ex on 1. This construct provides a means to 

study transcription from exon 1 alone in the absence of exon 2 or any introns. 

5CX2CAT is joined to the CAT gene at nucleotide +74 of exon 2. It is 

not clear whether transcripts from exon 1 in this construct will produce 

functional CAT mRNA. Cleavage may occur at the splice donor 3' to ex on 1, 

but there are no natural splice acceptors (except for the one in the SV40 3' end) 

at which to complete the splicing reaction. It is possible that a cryptic splice 

acceptor site in the intron would be used. Deletion of exon 1 or deletion past 

exon 1 in this construct provides a means to study transcription from exon 2 

alone. 

Two restriction sites in the 5' end of the act5C gene were used to make 

a set of 5' deletions (Fig 2). The Sphi site lies 0. 9 5 kb from the 5' Bglii site or 

1.55 kb upstream of exon 1. The Psti site is 2.75 kb downstream of the Bglii 



59 

Figure 2. Maps of the Pstl and Sphi 5' deletion clones. 

Schema tic maps show the remaining actin sequences 1n each of the 

deletion clones. The deletion clones are shown underneath the parent plasmid 

from which they were made. The open boxes are exons and the solid lines are 

introns and untranslated sequences. 
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site and lies between exon 1 and exon 2. Sphl and Pstl sites were included in 

the polylinker so that these upstream fragments could be easily deleted. The 

Sphl deletions enabled us to determine the effect of deleting far upstream 

sequences. The Pstl deletions made it possible to test whether transcription 

could occur from exon 2 in the absence of exon 1. 

Transient Expression Analysis of act5C-CA T Fusions and Sphl and Pstl deletions 

10 11g of each of the act5C-CA T plasm ids and the restriction site 

deletion plasmids was transfected into Kc cells. The cells were collected two 

days later and cell extracts prepared. The protein concentrations of the 

extracts were measured and protein-equivalent amounts of extract were used 

to carry out CAT assays. An autoradiograph of a typical CAT assay is shown in 

Figure 3. 

Each construct was transfected into cells and assayed at least three 

times. For each sample, the CAT activity was calculated as the percentage of 

14c chloramphenicol acetylated. The results from experiments performed at 

different times were normalized to 5CCA T activity and averaged. The 

activities observed for this series of plasm ids as normalized to 5CCA T activity 

of 1.0 are shown in Figure 4. The vertical bars indicate the standard errors of 

the mean. 

As can be seen in the figure, 5CCA T which contains both of the 

transcription initiation sites and all of the upstream sequences gives the highest 

level of expression. The 5CCA T .Sph deletion on average decreases the activity 

by about 15%. The activity of 5CCA T .Pst, a construct which is deleted in all 

of exon 1 and sequences further upstream, is down another 15% from 

5CCA T .Sph but still has a relatively high level of activity. This result indicates 

that exon 2 has its own promoter which can be expressed independently of exon 

1 proximal sequences. 
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Figure 3. CAT assays on Sphi and Psti deletion clones. 

An autoradiograph of a typical CAT assay is shown. The plasm ids used 

to transfect Kc cells are shown along the bottom. Protein equivalent amounts 

of cell extract were used to perform CAT assays as described in the text. The 

spots at the bottom of the figure are unreacted 14c chloramphenicol. The 

upper spots are the monoacety la ted chloramophenicol products of the CAT 

reaction. 
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Figure 4. CAT activity of Pstl and Sphl deletion clones. 

The CAT activities of the clones indicated along the bottom of the 

figure are plotted in the bar graph. Each was calculated as the percentage of 

14c chloramphenicol acetylated and represents the average of three or more 

experiments. The results of cell transfections and CAT assays carried out at 

different times were normalized using 5CCAT activity, which is set to 1.0. On 

this scale the pucPLcA T activity is 0.003. The vertical bars indicate the 

standard errors of the mean. 
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5CX 1 CAT which contains only the ex on 1 promoter and no upstream 

splice sequences gives about 40% less activity than 5CCA T. The activity of 

5CX 1 CAT .Sph drops off 35% from 5CX 1 CAT suggesting the presence of 

sequences important for the optimal expression of exon 1 in the far upstream 

region from -1.5 kb to -2.5 kb. 

5CX2CAT and 5CX2CAT.Sph are expressed at 22% and 19%, respec

tively, of 5CCAT. This low level of activity is probably related to the 

previously mentioned potential RNA splicing problem. In each of these 

constructs exon 1 and the exon 1 splice donor are present, but there is no splice 

acceptor 5' to the CAT gene. 5CX2CA T .Pst which has all of the ex on 1 

sequences deleted shows a sharp rise in activity at a level 75% that of 5CCAT 

or up almost fourfold from 5CX2CA T .Sph. 5CX2CA T .Pst contains all the 

sequences necessary for efficient expression from exon 2. 5CX2CA T and 

5CX2CA T .Sph contain the same exon 2 adjacent sequences yet the activities of 

these plasmids in the transient assays are significantly reduced. For some 

reason, the presence of exon 1 is causing a decrease in transcription from exon 

2. Possible explanations will be addressed in the discussion section. 

Analysis of 5CCA T Exonuclease III Deletions 

It is clear from the above experiments that both exon 1 and exon 2 are 

preceded by functional promoters. In order to begin to localize sequences 

necessary for transcription from each promoter, we have made sets of deletions 

at the 5' end of the gene. Deletions upstream of exon 1 were made in the 

5CCA T construct by the use of Exonuclease III. They initiated at the Bglii site 

and continued in the direction of the act5C promoters. These deletions are 

illustrated in Figure 5. The normalized, averaged results of three or more 

assays for CAT activity in Kc cells are also shown in Figure 5. In this case the 

activity drops off very little in deletions l, 2, 3, and 4 which take out 0.6, 1.8, 
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Figure 5. Maps and CAT activities of the 5CCAT exonuclease III deletion 

clones. 

The deletion clones are illustrated underneath the parent plasmid from 

which they were made. Deletions 1, 2, 3, and 4 are missing 0.6, 1.8, 2.6, and 

3.04 kb, respectively, of 5' sequences. Deletion 5 has 193 remaining bases of 

sequence upstream of the exon 2 cap site. The associated CAT activities 

measured as previously described are normalized to 5CCAT activity of 100 and 

are reported with standard errors of the mean. 
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2.6, and 3.04 kb, respectively, from the 5' end. A significant drop in activity 

occurs finally with deletion 5 which leaves only 193 base pairs of sequence 

upstream of exon 2. This construct shows a decrease in activity of 82% from 

5CCAT and 81% from 5CCATll4. Thus, a fivefold drop in activity is associated 

with deleting the sequences between -193 and -450 with respect to exon 2. 

Deletion 5 falls just short of removing a CCArGG sequence and region of dyad 

symmetry between -17' 1 and -186 (see Discussion). 

Analysis of 5CX 1 CAT Exonuclease III Deletions 

A series of exonuclease III deletions was made from the Bglii site in 

5CX1CAT as with 5CCAT. These deletions are shown in Figure 6. Note that 

the starting plasmid for this series, 5CX 1 CAT, contains no exon 2 sequences, 

over half of ex on 1, and all of its upstream flanking sequences. It expressed 

60% of the CAT activity of the complete 5CCA T construction. The averaged 

results of the CAT assays as normalized to 5CX1CAT activity are also shown in 

Figure 6. 

Deletions 1, 2, and 3 which take out 0.6, 1.0, and 1.3 kb, respectively, 

cause a drop in activity analogous to that seen with the 5CX 1 CAT .Sph plasmid 

which is to a level that is 45-60% of 5CX 1 CAT. Deletion of 2.25 kb (ti4, to a 

point -247 from exon 1) causes another drop in activity to 24% and deletion to 

-90, fl5, gives a level of activity of 12% of 5CX 1 CAT which is an eightfold 

drop in activity. Thus, there appear to be at least two regions that contain 

sequences that are important for the optimal expression of exon 1. 

DISCUSSION 

The act5C gene of Drosophila melanogaster has two alternate leader 

exons both of which are expressed in transcripts present in Kc cells (5). A 

series of act5C promoter - CAT fusions were tested in a Drosophila Kc cell 
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Figure 6. Maps and CAT activities of the 5CX 1 CAT exonuclease III deletion 

clones. 

The deletion clones are illustrated underneath the parent plasmid from 

which they were made. Deletions 1, 2, and 3 have lost 0.6, 1.0 and 1.3 kb of 

upstream sequences, respectively. Deletions 4 and 5 are deleted to 247 bases 

and 90 bases upstream of the exon 1 cap site, respectively. The activities of 

the clones in CAT assays as normalized to 5CX 1 CAT activity are indicated as 

well as the standard errors of the mean. 
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transient assay system to determine if transcription from these exons is driven 

by separate promoters and to begin to delimit sequences necessary for their 

transcription. 

Exon 1 and Exon 2 are each preceded by separate functional promoters 

We find that sequences adjacent to exon 1 will drive expression of the 

CAT gene in the absence of downstream sequences near exon 2. It was 

expected that there is a promoter upstream of exon 1 for two reasons. First, it 

is generally found that sequences important for transcription and regulation of 

polymerase II genes lie upstream of the cap site (8) though there are exceptions 

(1,10,19). Secondly, Parker and coworkers showed that sequences upstream of 

exon 1 are sufficient for independent initiation of transcription in their in vitro 

transcription system (37). 

Likewise, exon 2 adjacent sequences will drive CAT expression 1n the 

absence of exon 1 and sequences further upstream indicating the existence of a 

separate promoter for exon 2. This result was not necessarily expected. Exon 

2 has no TAT A or CAA T sequences or any recognizable generalized eucaryotic 

promoter elements. It is expressed with the same pattern through development 

as exon 1 (5). It was therefore not clear that it was driven by a separate 

promoter. 

There are several other known cases of eucaryotic genes that have 

multiple transcription starts driven by separate promoters. They include the 

Drosophila Adh gene (2), the mouse a-amylase gene (24,25,42,47), and the 

chicken (35), rat (38,44), and mouse (40) myosin light chain I/III genes. In all of 

these cases, the separate promoters specify unique tissue specific or 

developmentally timed programs of expression from the alternate start sites. 

It is not clear why there are separate promoters for the act5C gene. It 

is possible that they direct tissue specific patterns of expression that would not 
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have been seen in our RNA blot analyses on whole animal RNA. There are 

precedents in other organisms for different cytoplasmic genes being expressed 

in a time or tissue specific way. In Dictyostelium, all of the actins 

characterized are cytoplasmic. Four of the genes have been shown to have 

different patterns of expression during development though three of these 

encode the same protein (31). In sea urchin there are five cytoplasmic actin 

genes with only minor variations in the amino acid sequences of the encoded 

proteins. These fall into three categories with respect to the time and sites of 

expression in embryogenesis ( 11 ). In Drosophila, the act42A and act5C genes 

are both thought to encode cytoplasmic actins. There is evidence that only the 

act5C gene is expressed in Drosophila Schneider line 2 cells (20) and that the 

act42A gene is preferentially induced by ecdysone in the 53 cell line (46). It 

may be that these examples reflect the need for cytoplasmic actins of slightly 

different amino acid sequence in different cellular environments. Given that 

the differences in sequence are very slight, it seems more likely that these 

cases demonstrate the need for complex regulatory machinery to allow the 

cytoplasmic actins to be expressed as required to perform a multitude of 

roles. This latter explanation could account for the existence of six transcripts 

from the single Drosophila act5C gene some of which are developmentally 

regulated (5). 

Two regions of upstream sequence contribute to transcription of exon 1 

Our results indicate that there are at least two regions containing 

sequences important for optimal expression from exon 1. One is far upstream 

and the other is closer to the cap site. Loss of sequences between 2.5 and 1. 9 

kb upstream of the cap site is associated with a 35-40% drop in CAT activity. 

We have not tested sequences further upstream. It is possible that we would 

achieve a greater starting level of activity with additional 5' sequence 
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present. Nor have we tested the orientation dependence of these upstream 

sequences. 

Most eucaryotic promoter elements characterized lie within a few 

hundred bases upstream of the associated cap site. There are a few known 

examples of promoter elements that are naturally located further upstream. It 

has also been shown that many enhancer elements will act over a large 

distance. One example of a far upstream promoter element is part of the 

Drosophila Adh proximal promoter. This is a bipartite promoter. One element 

which lies greater than 2 kb upstream of the cap site controls the level of 

express1on from the promoter. The other lies within 400 base pairs of the 

transcription start and is necessary for tissue specific expression (39). 

Similarly, the Drosophila sgs-3 gene contains two regions of control. 

Sequences within 130 bases are sufficient for correct tissue specific expression 

of the gene while sequences further upstream between -130 and -2270 are 

required for a tenfold greater level of expression (12). There is evidence to 

suggest that this upstream element lies greater than 1.4 kb upstream (6). 

Another example of a gene with distant control sequences is the yeast 

HO gene for which three different control regions have been identified. An 

upstream activating sequence between -1250 and -1400 and the TAT A box 

region at -90 are necessary for transcription. Another region between -150 and 

-900 is necessary for mother I daughter control, i.e., for expression in a or a 

haploid mother cells but not daughter cells (36). 

The second region important for transcription from exon 1 of act5C lies 

within 1.2 kb of the cap site. Loss of sequences between -1200 and -247 results 

in a twofold drop in activity and deletion to -90 results in another twofold drop 

to a level that is 12% of the starting level with X 1 CAT. 
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Within this region there are two sequences with homology to other 

known or suspected promoter elements. As may be seen in Figure 7, the first is 

the TAT A box which is present at position -30 in most eucaryotic genes. In 

higher eucaryotes it is thought to be necessary for the precise positioning of 

the mRNA start site (8). 

The second is a 10 base sequence similar to that found in many 

mammalian and chicken actin genes (32). In the act5C gene and in the human 

gamma actin gene it has the sequence CCAT AT ATGG. In other actin genes it 

has the general form CC(A/T)6GG where one G/C base pair may be present in 

the A/T rich core and has been designated CC-A rich-GG (designated CCArGG 

below). The particular A rich sequence is often conserved between actin 

subtypes so, for example, beta actins will have a CCTTTT A TGG sequence. The 

position and number of these sequences varies somewhat but they are generally 

within 220 bases of the cap site. 

The CCArGG sequence upstream of exon 1 in the Drosophila act5C gene 

1s centered at -105. In the series of 5CX 1 CAT deletions that we tested, 

deletion 5 removed the CCArGG sequence whereas deletion 4 did not. This 

change was associated with a twofold drop in activity though we don't know if 

the loss of this sequence element and the drop in CAT activity are causally 

related. Deletion 4 was already down to 25% of the activity of 5CX1CAT. If 

the CCArGG sequence is affecting expression it is clearly only one of several 

important sequence elements. It is also conceivable that this sequence is 

important for the specific timing of expression of the gene. We were unable to 

test for this in the Kc cell transient assay system. 

Minty and Kedes (32) found that there are four CCArGG sequences in 

the 5' region of the human cardiac alpha actin gene which are homologous to 

similarly located sequences in the chick cardiac alpha gene. Sequential loss of 
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Figure 7. Nucleotide sequence of ex on 1, part of ex on 2 and their upstream 

flanking regions. 

The flanking sequences are designated with lower case letters and exons 

are capitalized and under lined. The CCArGG regions are enclosed in boxes and 

the associated inverted repeats are designated with arrows. The binding site 

upstream of exon 1 which was identified by Topol and Parker (personal 

communication) is marked off with large brackets. The endpoints of 5CCA T 

deletion 5 and 5CX lCAT deletion 5 are given with small brackets. The TAT A 

box upstream of exon 1 is underlined as is a stretch of As and Ts in the 

analogous position upstream of ex on 2. 
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-260 . . . . . . . . . . .......... . ......... . ......... ••• tgg88gt ac8ctcttc8 

-200 tggcg8t8t8 C8888C8C8C BC888C8C88 8Caccc8gtt gcgg888888 ttctccgt88 

ca~tcatacjccatatatggjtaaaagttt~5~a~gcgact -140 atg8888ccc a8tcggcg8a 
+---

-80 tg8g8gcgg8 gagcattgcg gctg8t8888 ttttagcgct aagcgggctt tat8888cgg 

-20 gctgcggg8c c8gttttc8t ATCACTACCG TTTGAGTTCT TGTGCTGTGT GGATACTCCT 

41 CCCGACACAA AGCCGCTCCA TCAGCCAGCA GTCGTCTAAT CCAGAGACAC CAAACCGAAA 

101 GACTTAATTT ATATTTATTT AATTAATTTT AATAAAACAC ACCAAATgt8 agtagctttc 

161 cccttccc88 C88C8888C8 ccatcg88CC actccc8cca agaaa8agc8 ata ••••••• 

591 .......... a8tgt8c8t8 cat8C8gt8t atgc8tatt8 taatctgtaa 8actag8tC8 

651 ggttcttg88 a8t8gtg8cg taggcagccg ttttggctga agcaga8att tttgccggtt 

711 tttc8a8gtt gtagttgc88 aaatgg8g8a aaccttcgag cattcgttca tataC8C8C8 

771 ctc8cgcgc8 aa8ta8cgag 8g8g8gtgt8 tgtgtgtgtg ag8gagcga8 agccag8cg8 
~5 

831 cggtttgctt ttcgcctEg8 a8c8tg~cc8 t 8 t 8 t 8 sit c 8 ca88acttgg ccgccgc88t 

891 tca8c8cacc agcgctctcc ttcgcaccc8 t8gcg8CC8t gcggcgg8gc g8gcg8g8tg 

951 gcgag8gcg8 gcg8cgcct8 tggcgacgtc gacgc8ggc8 gcg8ttg88a a8cgc8g!..!1!. 

1011 .!,Ctggc8ttc a8c8ttc8cc agcc8ctttc AGTCGGTTTA TTCCAGTCAT TCCTTTCAAA 

1071 CCGTGCGGTC GCTTAGCTCA GCCTCGCCAC TTGCGTTTAC AGTAGTTTTC ACGCCTTGAA 
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these sequences is associated with a progressive loss in promoter activity 

suggesting that these sequences may be a series of small promoter elements. 

Bergsma and coworkers (4) have used CAT fusions to study expression of 

the chick alpha actin in primary myoblasts. They find that all of the sequences 

required for optimal expression lie within 200 base pairs of the cap site. 

Deletion of sequences between -200 and -144 causes a 55% drop in expression. 

Deletion to -133 causes a reduction to 7% of the starting activity. A sequence 

CGCCTTCTTTGGG lies between -127 and -139. Partial loss of this sequence is 

associated with a large drop in CAT activity suggesting that it may play an 

important role in actin gene regulation. 

Parker and coworkers studied the transcription of exon 1 in in vitro 

extracts of Kc cells. They observed that a deletion from -210 to -85 with 

respect to the exon 1 cap site causes a threefold drop in the level of 

transcription. This correlates with the loss of the CCArGG sequence. 

Interestingly, their footprint analyses of this region show a binding site for a 

factor in the Kc cell extracts which binds between -88 and -117 which is right 

around the conserved sequence element (Korber, Topol, Price, and Parker, 

personal communication). 

Many cis acting sequences that have been found to be important for 

transcription or its regulation have been shown to be specifically bound by 

proteins in the appropriate cell extracts. Some examples are a conserved 

sequence, GGGCGG, found in many genes and shown to be bound by Sp1 (14) 

glucocorticoid response elements which have been shown to be regions of 

steroid hormone binding (9) and the TAT A box which is specifically bound by B 

factor in Drosophila extracts (37). The fact that the actin CCArGG is a binding 

site implies some function for this sequence in the transcription of the act5C 

gene. 
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The in vivo and in vitro results are not in complete agreement. Our 

transient assay results indicate that sequences upstream of -210 are necessary 

for efficient transcription while these are not required in vitro. This 

discrepancy is not surprising. While important information about regulatory 

sequences may be gained by in vitro assays ( 14), in some cases there are less 

strict sequence requirements for in vitro than in vivo transcription. (23). 

Upstream sequences required for exon 2 transcription. 

We find that sequences necessary for efficient transcription from exon 2 

lie within 450 bases of the exon 2 cap site. Deletion from the 5' end to -450 

causes little loss in CAT activity. Deletion to -170 is associated with a fivefold 

loss in activity. 

The exon 2 promoter is an example of the infrequent class of eucaryotic 

promoters that have neither a TATA box nor a CAAT box. The only 

recognizable potential promoter element in this upstream region is a 10 base 

sequence identical to the CCArGG sequence upstream of exon 1. This actually 

comprises the middle section of a 16 base inverted repeat and is located 

between -171 and -186 with respect to exon 2. Unfortunately, our deletions did 

not remove this sequence. If deletion of the CCArGG site causes another 

twofold drop in activity relative to the deletion up to -193, this would be 

analogous to the stepwise loss of activity seen for exon 1 with loss of sequences 

near the cap site. Further experiments are needed to test this. 

An interesting phenomenon was observed with respect to the amount of 

CAT activity obtained from the constructions made with 5CX2CAT. The 

junction site between actin and the CAT gene in this construction is in the 

middle of exon 2. The consequence of this fusion is that while transcription can 

presumably proceed normally from exon 2, there is an inhibition of expression 

of exon 1 containing transcripts. In this construct exon 1 has a splice donor but 
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no splice acceptor 5' to the CAT gene. There are several possibilities for what 

may happen to exon 1 containing transcripts: they are unspliced, they are 

cleaved at the splice donor but the splicing reaction is never completed due to 

the lack of a splice acceptor, they are spliced to some cryptic splice acceptor 

site within the messenger RNA, or they are spliced to the SV40 splice acceptor 

site at the 3' end of the gene. The latter two possibilities may result in stable 

RNAs that lack CAT activity. 

The curious results are that 5CX2CAT and 5CX2CAT.Sph give relatively 

low CAT activity at about 20% of the level of 5CCA T. A further deletion 

which completely removes exon 1 results in a fourfold increase in CAT 

activity. This result suggests that in the presence of exon 1, ex on 2 

transcription is partially repressed. One possibility is that when exon 1 is 

present, this transcription start is favored but most of the ex on !-containing 

RNAs that are made lack a complete CAT gene. The CAT activity of these 

constructs is therefore relatively low. When exon 1 is absent, transcription 

from exon 2 is stronger and CAT activity is at the normal level. In order to 

test this idea, it would be necessary to look at relative amounts of RNA 

initiating at exon 1 and exon 2 in the constructs which contain both leader 

exons. 

In summary, we have shown that both exons 1 and 2 are preceded by 

separate functional promoters. Our data suggest that abortive transcription 

initiating at exon 1 inhibits initiation of transcription at exon 2. By deletion 

analyses, we have in part identified sequences that contribute to expression 

from each of the initiation sites. More experiments are necessary for mapping 

these promoter regions in detail. Some approaches that may be informative are 

further mutation or deletion of sequences suspected of being important 

regulatory elements and an examination of the relative proportion of exon 1 

and ex on 2 containing transcripts in these constructs. 
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Extreme and rapid changes in the synthesis of messenger RN As and proteins accompany 
differentiation in wing tissues of Drosophila . Of the six actin genes , at least three are 
expressed in wing cells , some during the most extreme changes in cell shape. However, 
different messages of the set appear, decay, and reappear on a regulated temporal program . 
These results show that actin expression is stage-specific in a single cell type . 

Key words: actin, gene regulation, development, Drosophihl 

INTRODUCTION 

Wing tissue of Drosophila pupae provides an excellent model system for studies 
of differentiation. Each wing contains about 32,000 cells, 99% of which are of the 
same type and in a single layer [1-3]. The wing cells differentiate synchronously in 
the absence of cell division. One hair per cell is constructed in a multistep process 
that includes dramatic changes in cell shape [4,5]. While this morphogenesis is in 
progress rapid changes occur in the rates of synthesis of all the tissue proteins that 
can be seen on one- and two-dimensional acrylamide gels [ 1,3 ,5]. Furthermore, most 
of the protein changes appear to reflect directly concentrations of the corresponding 
messenger RNAs [2 ,6]. Among the most abundant proteins in the differentiating wing 
tissue are the actins. In this report we describe two peaks of actin synthesis and show 
that they are due to synthesis , decay, and resynthesis of specific actin messages . 
Using cloned probes [7-9], we have identified the actin genes expressed in each peak 
and have shown that the first peak coincides with a developmental time period when 
there is an extreme change in cell shape [ 4]. 
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MATERIALS AND METHODS 

Fly Stocks 

An Oregon R wild-type stock obtained from the Caltech stock center was used 
in all the experiments described. Flies were kept in cages , and pupae were collected 
and staged as described previously [10]. 

Protein Synthesis and Protein Gels 

Protein synthesis in pupal wings was followed by removing wings from three 
pupae of the appropriate age and labeling them in 35S-methionine 10 11Ci/ 111 in MOPS 
buffer for 25 min at 25°C as described previously [1] . Wing proteins were solubilized 
by boiling in SDS sample buffer and then run on 7-20% linear gradient gels stabilized 
with sucrose as described previously [ 1] . 

Wing RNA Isolation 

Wings were dissected from 200 pupae of the app~opriate age and frozen in 
liquid nitrogen in a small grinder. Fifty microliters each of extraction buffer (0.2 M 
Tris HCl, pH 7.5, 0.2 M NaCl, 0.04 M EDTA, 1% SDS) and phenol were added to 
the frozen wings and the mixture was thawed and ground simultaneously. The wing 
extract was transferred to an Eppendorf centrifuge tube, and 50 Jll of chloroform was 
added. The extract was vortexed for 10 min and centrifuged, and the aqueous phase 
was reextracted twice with 100 Jll of chloroform. The RNA (aqueous phase) was then 
ethanol-precipitated twice and dissolved in distilled water. The aqueous solution was 
centrifuged for 5 min in an Eppendorf microfuge and an O.D. 240-300 spectrum was 
determined to indicate amount of RNA and purity (lack of protein and phenol) . When 
necessary, the RNA was reprecipitated with ethanol once more to remove phenol. 

mRNA Translation 

RNA isolated as described above was translated in a 35S-methionine translation 
kit purchased from NEN (Boston, MA) [6,11]. RNA concentrations of0.15 Jlgl~-tl of 
translation mixture have been previously determined to be in the concentration range 
in which translation product is proportional to mRNA added [6]. The translation 
products were run on two-dimensional gels [ 12, 13]. 

RNA Formaldehyde Gels and RNA Blots 

Total wing RNA was run on agarose formaldehyde gels at 5-10 11g/lane as 
described previously [9] . The gels were blotted to nitrocellulose and hybridized to 
nick translated actin probes [9]. Hybridization was done at 42 oc for at least 24 hr, 
and washes were done at 65°C in 0.1X SSC to ensure specificity of the hybridization 

· to the gene-specific probes. 

Actin Gene Probes 

The gene-specific probes used here for each of the actin genes have been 
described previously [9]. Each corresponds to a 3' nontranslated region of actin 
mRNA specific for each actin transcript [9]. Further evidence for the specificity of 
these probes is that they each show a unique hybridization pattern in these experiments. 
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RESULTS 

Protein synthesis during wing development has been followed in Drosophila 
pupae by dissecting wings at different stages of development and labeling with 35S
methionine for 20-30 min in vitro followed by separation of the proteins on acrylam
ide gels [ 1]. Figure 1 shows a typical one-dimensional pattern of labeled wing proteins 
and the analysis by densitometry. Actin synthesis peaks between 40 and 48 hr after 
puparium formation and then decreases sharply. At later times, (70-80 hr) actin 
synthesis again increases and remains high until eclosion. The sharp peak of actin 
synthesis at 44 hr occurs at the time when wing cells are changing in shape from 
columnar to flat with very extensive surface convolution [4]. The coincidence in the 
timing of the actin synthesis and the shape changes suggests that newly synthesized 
actin is involved in this process . 

To determine whether or not changes in overall rates of actin synthesis are due 
to changes in messenger RNA concentration we have isolated RNA from wings of 
different ages and translated it in a rabbit reticulocyte system. Figure 2 shows in vitro 
translation products from 44-48-hr wing mRNA , 52-56-hr wing mRNA, and 78-82-
hr wing mRNA. There are multiple spots in the position where actin should be in 
translation products from 44-48-hr and 78-82-hr message. However, there is no actin 
detected in the translation products from 55-hr wing message. The major translation 
product in this region of the gel at 55 hr is the 38 K protein also seen in Figure 1 at 
the time when actin synthesis decreases. These results indicate that the changes in the 
rate of synthesis of actin protein in Figure 1 are mostly due to changes in the con
centration of actin mRNA. 

Further characterization of the changes in actin mRNA concentration during 
wing development has been done by determining which of the six Drosophila actin 
genes are expressed at 46, 55, and 80 hr of pupal development by using gene-specific 
probes that are complementary to the unique 3' untranslated regions of each actin 
mRNA [9]. Total RNA from each stage of development was subjected to gel blot 
analysis with these probes. Figure 3 shows the results of hybridization to probes 
specific for the genes from 5C and 42A, and 79B, in one of these experiments. The 
hybridizations have been done using each of the probes described by Fyrberg et al [9] 
(except Act-88F probe B) two or three times and hybridizing to four different mRNA 
preparations for each time period. The actin 5C transcript is always the most abun
dantly expressed in wings. Actin 42A is always seen in both peaks, although its 
relative abundance in the 80-hr peak varied somewhat from one RNA preparation to 
the next. Hybridization to the actin 79B gene probe was seen in three separate 
preparations. Its expression is maximum in the 80-hr RNA sample. Transcripts 
complementary to the 57 A, 88F, and 87E (A + B) gene probes were not detected 
under the same labeling and hybridization conditions used to detect the 5C, 42A, and 
7~B transcripts. 

DISCUSSION 

We have shown that at least three of the six Drosophila actin genes are expressed 
during wing development in pupae. Because we have looked only at selected time 
points, we cannot exclude the possibility that the other actin genes are expressed at 
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Fig. 1. Actin synthesis in developing wings. a , Autoradiograms of an SDS acrylamide gel showing 
35S-labeled proteins synthesized by wings at different times in pupal development. For each sample, 
wings from three pupae were removed and labeled in 35S-methionine for 25 min at 25 oc as described in 
Materials and Methods. The labeled proteins were dissolved in SDS buffer at l00°C for 2 min and run 
on 7- 20% linear gradient SDS acrylamide gel [1] . The ages of the wing samples are indicated in hr from 
pupariation. The white prepupa stage is considered to be 0 hr. The position of the actin band is labeled 
A. Actin is identified by its molecular weight and isoelectric point on two-dimensional gels . b , Relative 
rates of actin synthesis during pupal wing development. A Joyce-Loebel densitometer was used to 
measure the density of the actin bands in autoradiograms from five separate experiments similar to the 
one described in a. The amount of actin synthesized per wing is a function of the age of the wing tissue. 
Specifically, peaks of actin synthesis are observed at approximately 44 hr after puparium formation and 
again between 70 hr and eclosion. 
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Fig. 2 . Actin synthesized from wing mRNA translated in vitro. Total RNA was isolated from wings 
dissected from pupae at different stages of development and translated in a reticulocyte lysate system 
using 355-methionine as described in Materials and Methods. The translation products were solubilized 
and run on two-dimensional acrylamide gels. The autoradiogram of a portion of the gel shows actin (A) 
and an endogenously labeled spot (E) for reference . Wing mRNA from three stages has been translated; 
a , 44-48-hr wing RNA; b, 52-56-hr wing RNA; and c, 78-82-hr wing RNA. 
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Fig. 3. Identification of actin mRNAs present in developing wings of three different ages. Total RNA 
was isolated from wings at three developmental stages, 44-48-hr , 52-56-hr , and 78- 82-hr as described 
in Materials and Methods . The RNA was separated on formaldehyde-agarose gels , blotted onto nitrocel
lulose , hybridized to 32P-labeled gene-specific probes , and washed as described in Materials and 
Methods. The average age in hr of the pupae from which the RNA was extracted is indicated beneath 
each lane . The size of the transcripts was determined from E coli ribosomal RNA standards. The Act-
5C transcript is 1.9 kb, and the Act-42A and Act-79B transcripts are each 1.6 kb . 

other times. Each of the actin genes is expressed with a different time program, 
suggesting that the synthesis and/or decay of these messages is regulated indepen
dently. Wing tissue consists mainly of one type of epithelial cell, each of which 
produces a single hair. The expression of the major "cytoplasmic" actin genes (5C 
and 42A) is perhaps not unexpected in such cells. The coincidence of their expression 
with a major change in cell shape at 44 hr after pupariation [4] suggests that they play 
a role in this process. 

Actins 57 A and 87E are genes that code for actins in larval muscle. Actin 88F 
is expressed abundantly in the indirect flight muscle [9]. Thus their expression is not 
expected in wing cells. 

The actin 79B gene is expressed prominently in developing adult muscle tissues 
[9], and its expression in wings was unexpected. Expression of this gene in the 
differentiating wing tissue , however, can hardly be due to this source; even whole 
pupae in the 24-68-hr range contain very limited amounts of muscle of any kind. 
Furthermore, the wing tissues used for mRN A preparation for the present experiments 
were dissected from only the distal portions of the differentiating wings, and muscle 
tissue is not present at any time in these regions. It is possible that these low-level 
messages are derived from nerve or bristle cells, which are present in small numbers 
( < 2%). 
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CONCLUSIONS 

We conclude that three of the six actin genes are expressed in wings , each with 
its own temporal program of expression. Furthermore, the coincidence in time of the 
peak of actin synthesis and extreme changes in cell shape suggests that actin gene 
expression at 44 hr plays a major role in this process. 
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