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We have functionally tested derivatives of a muscle-specific Drosophila melanogaster actin gene in which
5'-flanking sequences have been deleted or rearranged. From our results we conclude that approximately 1,000
nucleotides of 5'-flanking sequence are required for wild-type levels of mRNA accumulation during flight
muscle development. Derivatives having 875 or 865 nucleotides of upstream sequence could be expressed
normally, but were prone to influence by flanking foreign DNA sequences. Derivatives retaining 600 or fewer
nucleotides of flanking DNA did not direct detectable levels of mRNA accumulation. The sequence residing
between -919 and -640 could be inverted and yet retain normal function. Deletion of this sequence reduced
mRNA accumulation markedly, but did not affect its spatial localization, suggesting that elements which confer
tissue specificity reside close to the point of transcription initiation.

More precise understanding of actin gene regulation will
enhance our comprehension of many aspects of cellular
development and function. Actin is found in all eucaryotic
cells and is a major component of the cytoskeleton. In
addition, actin polymers form the backbone of thin filaments
in muscle. It has been established that in most metazoans,
several isotypic variants of actin (isoforms) are specified by
a closely related family of genes, members of which are
differentially expressed both temporally and spatially (see,
for example, Fyrberg et al., [6]). However, mechanisms
implementing tissue-specific actin mRNA accumulation are
poorly understood, as are those which coordinate actin gene
expression with that of other contractile protein genes.

Tissue- and temporal-specific gene expression results in
part from the interaction of regulatory factors with specific
sequences located within or immediately flanking the gene of
interest (7). Therefore, we have begun to identify cis-linked
regulatory regions required for the transcription of particular
actin genes of the fruit fly, Drosophila melanogaster. Our
strategy is to alter previously cloned genes by in vitro
mutagenesis and to subsequently reintroduce such deriva-
tives into germ line chromosomes by p-element-mediated
transformation (23). The temporal- and tissue-specific pat-
tern in which transduced genes are expressed can be exam-
ined in any number of transformed lines. Generally the
p-element-mediated approach constitutes a rigorous func-
tional test for identifying control regions because the
transduced gene is present in low copy number in all cells
and experiences the entire developmental program of the
animal.
One of the Drosophila actin genes, act88F, lends itself

well to analyses of regulatory mechanisms. The primary
advantage is that this particular gene is expressed only
within indirect flight muscles. Since these fibers are required
only for flight, mutant alleles do not result in lethality.
Recently, several mutants harboring deleterious act88F al-
leles have been characterized, and their phenotypic abnor-
malities in the flight muscles have been described (8, 12, 14).
One of these mutants, raised, proved to be an ideal recipient
strain for p-element-mediated act88F transformation. In this
mutant the "resident" act88F gene directs accumulation of
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only 10 to 20% of wild-type mRNA levels, a deficiency
which leads to severe disruption of flight muscle myofibrils.
Previously we have shown that both the mRNA deficiency
and myofibrillar abnormalities can be corrected by introduc-
ing a wild-type copy of the act88F actin gene which includes
only 4.5 kilobases (kb) of 5' flanking sequence (14).

In this work we have extended our initial raised transfor-
mation experiment by constructing and testing a series of
act88F derivatives having deleted or altered 5' flanking
sequences. From our results we conclude that approxi-
mately 1,000 nucleotides of 5'-flanking sequence are re-
quired for wild-type mRNA accumulation. Furthermore, our
data suggest that multiple cis-linked elements are required
for appropriate act88F transcription. We discuss these find-
ings in light of data obtained with other eucaryotic genes.

MATERIALS AND METHODS
Plasmid construction. The XbaI-SacI fragment of the

act88F actin gene was subcloned into a derivative of the
Carnegie 4 vector (19), in which the EcoRI site of the
polylinker has been replaced by one recognized by SalI. The
actin gene-containing fragment includes 1,420 nucleotides of
5'-flanking sequence and approximately 400 nucleotides of
3'-flanking sequences. Deletions of this plasmid (D-1420
Carnegie 4 Sal) were constructed by Bal 31 nuclease diges-
tion, repaired with the Klenow fragment of DNA polymer-
ase, and ligated to kinased Sall linkers with T4 DNA ligase.
The sequence from -1420 to +78, as well as breakpoints of
all deletions, are illustrated in Fig. 8.

Plasmid XhoDel was constructed by deleting the 5' Xho
fragment from D-1420 Carnegie 4 Sal, which includes nucle-
otides -919 to -640 (see Fig. 8). Plasmid Xholnv contains
an inversion of the same Xho fragment. All reconstructions
were subcloned into pCarnegie 20 (19) so that the 5' end of
the actin gene was adjacent to the p-element and the 3' end
was adjacent to the xanthine dehydrogenase (rosy) gene.
Germ line transformation. Germ line transformation was

carried out essentially as described by Spradling and Rubin
(23). The recipient Drosophila strain was the double mutant
rosy raised (ry rsd). DNA concentrations used for injection
were 300 ,ug of the Carnegie 20 (actin gene-containing)
construct per ml and 100 ,ug of the "wings-clipped" helper
plasmid pwr 25.7wc (11) per ml. Larvae surviving the injec-
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FIG. 1. Organization of the act88F actin gene. (A) Arrangement of a 3.9-kb XbaI-SacI fragment containing the act88F actin gene. Solid
blocks represent the protein-coding region, and open blocks represent sequences that encode the 5' and 3' untranslated regions of the mRNA.
The gene contains two introns, one in the 5' untranslated region and one within codon 307 of the protein-coding region. The lower portion
illustrates the structure of a nearly full-length cDNA clone recovered from the adult stage AgtlO library of B. Yedvobnick, and also the primer
(a TaqI fragment containing codons 10 through 71) used to synthesize a 5' extended probe. (B) Sequences of the first intron junctions, as
determined by comparisons of genomic and cDNA clones.

tions were transferred to standard food vials and allowed to
develop to adults. These adults (GO) were backcrossed to ry

rsd flies. Individual ry+ Gl flies from a single GO adult were
mated to ry rsd flies, and the progeny of a cross which gave
a 1:1 segregation of the ry phenotype were used to establish
homozygous lines. Southern blot analysis of genomic DNA
was used to confirm the number of integrations in each
established line. Usually 100 embryos were injected. Of
these, normally 50% survived the injection procedure. The
number of transformed flies obtained ranged between 30 and
40% of the fertile adults.
RNA preparation and analysis. RNA was isolated from

synchronously developing larvae, pupae, or newly eclosed
adults by the sodium dodecyl sulfate (SDS)-phenol method
(22). Larvae and adults were homogenized directly in SDS
buffer, whereas pupae were first frozen on dry ice, ground
into a fine powder, and then transferred to SDS buffer.
Homogenates were extracted several times with phenol-
Sevag (Sevag is a 24:1 mixture of chloroform-isoamyl alco-
hol). Nucleic acids were precipitated with ethanol and
polyadenylated [poly(A)+] RNA selected by chromatogra-
phy on oligo(dT)-cellulose (1).
Northern analysis was performed essentially as described

by Fyrberg et al. (6). Poly(A)+ RNA (5 ,ug per lane) was

electrophoresed on 1.5% agarose gels containing 2.2 M
formaldehyde. RNA was transferred to nitrocellulose and
hybridized to a mixture of two 32P-labeled probes. The first
detects hsp83 gene transcripts (clone 301.1 of Holmgren et
al. [10]) and was used to standardize the amount ofRNA per
gel lane. The second was a probe which specifically hybrid-
izes to transcripts of the act88F actin gene (act88F, probe B;
Fyrberg et al. [6]). Filters were prehybridized at 50°C for 12
to 20 h in 50o (vol/vol) formamide-0.8 M NaCl-0.1 M
PIPES [piperazine-N,N'-bis(2-ethanesulfonic acid)]-O.01%
Sarkosyl-5 x Denhardt solution-1 mg of denatured calf
thymus DNA per ml. They were then hybridized to 106 cpm
of nick-translated probes (specific activity >5 x 107 cpm/lg)
per ml at 50°C in the buffer above with 10% (wt/vol) dextran
sulfate added and 500 ,ug of denatured calf thymus DNA per
ml rather than 1 mg/ml. Hybridizations were done for 40 to
48 h with gentle agitation. After hybridization, the filters
were washed once at room temperature in 2 x SSC (1 x SSC
is 0.15 M NaCl plus 0.015 M sodium citrate)-0.5%
Sarkosyl-0.02% sodium pyrophosphate and then several
times at 50 or 55°C in 0.2x SSC-0.05% Sarkosyl-0.01%
sodium pyrophosphate or at 75°C in 2x SSC-0.1% sodium
pyrophosphate-0.1% SDS, and then exposed to Kodak
XAR-5 X-ray film with Du Pont Lightning-Plus intensifying
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FIG. 2. Deleted and rearranged transposons used for germ line transformation. The top line is a restriction map of the 5' end of the act88F
actin gene, with the positions of the Goldberg-Hogness box and transcription start point illustrated. Below it is the series of actin "alleles"
used for germ line transformation. Each construct has the same 3' end (corresponding to the Sacl site shown in Fig. 1), and all were subcloned
in the same orientation into the Sall site of the Carnegie 20 vector. The transposons are named by the number of nucleotides remaining
upstream of the cap site, D-1420, D-1178, etc. The resulting phenotype engendered in flight muscles of ry rsd double mutants by each
transposon is indicated to the right of each gene. int. signifies that levels of mRNA accumulation were intermediate between wild type and
that characteristic of the ry rsd strain.

screens. A graded series of exposures was prepared, and the
amount of hybridization was quantitated by scanning auto-
radiographs with a densitometer.

Determination of myofibril morphology. Myofibrils from
the indirect flight muscle of newly eclosed adults were
dissected in Ringer solution (5) containing 0.2% Triton X-100
and visualized by phase microscopy.
DNA sequence analysis. Fragments to be sequenced were

labeled with 32P-labeled nucleotides at their 3' termini with
the Klenow fragment of DNA polymerase. Labeled frag-
ments were sequenced by the procedure of Maxam and
Gilbert (16).

RESULTS

Mapping the act88F transcript. As the first step in our

analysis we defined the 5' border of the act88F transcript. In
initial experiments, a TaqI fragment including codons 10 to
71 of the protein-coding region was hybridized to late pupal
poly(A)+ mRNA and extended by using reverse transcrip-
tase and 32P-labeled nucleotides. Hybridization of this probe
to Southern blots of restriction-digested act88F DNA sug-
gested that a small 5' exon resided between the PvuI and
BamHI sites (Fig. 1A). To substantiate this notion we

isolated a nearly full-length cDNA from an adult-stage AgtlO
library (kindly provided by Barry Yedvobnick). Comparison
of genomic and cDNA sequences confirmed that a 552-
nucleotide intron interrupted the 5' untranslated region (Fig.
1B). Twenty-eight nucleotides upstream from the 5' border
of the cDNA we found a suitable eucaryotic mRNA capping
sequence (CCATTTGT), and 27 nucleotides further up-

stream lay a suitable Goldberg-Hogness box (ATATAAA).
Recent data (16b) are in agreement with our results and
strongly suggest that the A of the capping sequence is the
first transcribed nucleotide. Previously published work of
Sanchez et al. (20) failed to delineate the correct transcrip-
tion initiation point because the mRNA used in the mapping
experiments was isolated during developmental stages when
the act88F gene is not expressed.
Our analyses of the 3' end of the act88F gene demon-

strated that transcription did not proceed past the SacI site
shown in Fig. 1. Blot hybridization experiments revealed
that our cDNA clone contained only sequences to the left of
the Sacl site (data not shown). Furthermore, oligo(dT)-
primed cDNA representing late pupal mRNA hybridized
only upstream of the same site.

Analyses of actin gene expression in transformed lines. To
identify cis-linked regulatory elements of act88F, we exam-
ined how sequential deletion of 5'-flanking DNA affected the
functioning of the gene during flight muscle development.
act88F derivatives containing various amounts of 5'-flanking
sequences were inserted into pCarnegie 20, a p-element-
derived vector containing a functional copy of the xanthine
dehydrogenase (XDH) (rosy) gene. These plasmids were

used to transform the doubly mutant rosy raised (ry rsd)
strain. ry flies have abnormal eye color, due to low XDH
activity, and the mutation is rescuable by transformation
with the wild-type gene encoding the enzyme. In all cases we
used eye color rescue as the primary marker for transformed
individuals. In lines established from such transformants, we
subsequently examined whether the act88F derivative linked
to the XDH gene was capable of correcting flight muscle
defects associated with the rsd mutation. Since myofibril
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FIG. 3. Northern blot analysis of deleted act88F transposons. RNA blots of several lines harboring either D-1420, D-598, or D-865
transposons. In each case approximately 5 ,ug of poly(A)+ RNA was electrophoresed on a 1.5% agarose-formaldehyde gel and transferred
to nitrocellulose. Blots were hybridized simultaneously with an act88F gene-specific probe and an hsp83 probe, which served as an internal
control for the amount of RNA loaded. D-1420 functioned as well as the resident wild-type (Canton-S) allele. D-598, on the other hand, did
not function detectably. Lines transformed with this construct accumulated no more act88F mRNA than did the ry rsd host. D-865
transposons functioned in a position-dependent manner. Some lines harboring this transposon accumulated as much or more mRNA than the
Canton-S strain, while others accumulated only slightly more than the ry rsd host strain.

assembly ultimately depends on act88F mRNA accumula-
tion, we reasoned that this assay would reflect transcrip-
tional activity of deleted genes. To ensure that the func-
tioning of a particular act88F construct was not unduly
influenced by the site of chromosomal integration, several
transformed lines were examined for each deletion.
Both the structure and function of our series of deletions

are summarized in Fig. 2. Lines transformed with D-1420,
D-1178, D-1083, and D-1020 derivatives had myofibrils in-
distinguishable from those of the wild-type (Canton-S) flies.
Lines transformed with D-598 and D-119 did not have
myofibrils and were indistinguishable from rsd homo-
zygotes. Transformants containing D-865 (or D-875) had a
range of phenotypes. In some lines the myofibrils were
normal, whereas in other lines the myofibrils were totally
absent.
To obtain a more accurate reflection of the transcriptional

activity of these deleted genes, the accumulation of the
act88F mRNA was examined. Poly(A)+ RNA was isolated
from Canton-S, ry rsd, and homozygous transformed flies
during late pupation, the time of maximal accumulation of
act88F mRNA (6). RNA was electrophoresed on 1.5%
agarose-formaldehyde gels, transferred to nitrocellulose,
and simultaneously hybridized with a 32P-labeled act88F
gene-specific probe and a 32P-labeled heat shock protein
(hsp) 83 clone. The hsp83 mRNA level is relatively invariant
during Drosophila development (15) and is unaffected by the
rsd mutation (14). We therefore used it as an internal control
for the amount of RNA loaded per lane. Levels of act88F
and hsp83 mRNAs were determined by densitometric scan-

ning of several different autoradiographic exposures of at
least two independent gels. These results are also summa-
rized in Fig. 2, with more quantitative data (accumulation of
act88F mRNA relative to that observed in Canton-S) sum-
marized in Table 1.
As judged by their ability to direct mRNA accumulation,

the series of deletion derivatives again fell into three classes.
Northern blots representing each are shown in Fig. 3. The
first class (Fig. 3A), comprising the four constructs having
more than 1,000 nucleotides of flanking sequences (D-1420,
D-1178, D-1083, and D-1020), accumulated wild-type levels
of act88F mRNA. Furthermore, stocks having two homozy-
gous copies of these derivatives accumulated twice as much
act88F mRNA as Canton-S, directly demonstrating that
RNA accumulation is proportional to gene dosage (Table 1).
From these results we conclude that sequences upstream of
-1020 are not essential for transcription of act88F. The
second class (Fig. 3C) consisted of derivatives having 865 or
875 nucleotides of flanking DNA. These constructs were
extremely sensitive to chromosome context. In some lines
act88F mRNA accumulation was equal to or greater than
that seen in Canton-S flies, while other lines accumulated
mRNA at levels somewhat less than the wild type. Either
these constructs lack particular regulatory sequences or they
have insufficient flanking DNA to buffer regulatory se-
quences from cis-acting effects originating within surround-
ing chromosomal DNA. The third class of constructs com-
prised those having less than 598 nucleotides of 5'-flanking
DNA (Fig. 3B). These constructs did not direct detectable
mRNA accumulation. All lines carrying such derivatives
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FIG. 4. Phase micrographs of flight muscle myofibrils in lines harboring XhoDel and Xholnv transposons. Myofibrils of recently eclosed
adults were dissected in Ringer solution and viewed by phase microscopy. Flight muscles from all XhoDel lines (A and C) were grossly
abnormal. The dissected myofibrils were short and frequently twisted or bent. At higher magnification they can be seen to be torn or
bifurcated (arrows, panel C). In contrast, the flight muscles of Xholnv lines (B and D) could not be differentiated from wild type. The
myofibrils were straight and had precisely ordered sarcomeres.

accumulated act88F mRNA at the same level as the host ry
rsd strain.

Bidirectionally acting essential function of upstream se-
quences. To more rigorously establish that sequences resid-
ing between -900 and -600 are required for proper expres-
sion of the act88F actin gene, we performed additional
experiments. In the first we deleted only these sequences
from the D-1420 construct. Digestion of D-1420 with XhoI,
followed by religation, eliminated only the sequences resid-
ing between -919 and -640. A transposon having this
internal deletion (referred to as XhoDel) was introduced into
the ry rsd stock, and both myofibril morphology and mRNA
accumulation were examined (Fig. 4 and 5). As can be seen
by inspection of Fig. 4A and C, myofibrils of the XhoDel-
transformants were very abnormal. While arranged as
sarcomeres, they were extremely weak in the structural
sense and nearly always broken or torn during dissection.
These structural abnormalities suggest that the XhoDel
derivative is incapable of directing wild-type levels of tran-
scription. Quantitation of steady-state mRNA levels con-
firmed that this was the case. As can be seen in Fig. 5 (and
also by reference to Table 1), XhoDel transformants consis-

tently underproduced act88F mRNA by two- to threefold,
demonstrating that the deleted region contains essential
sequences.
We next examined whether sequences located between

the XhoI sites could function in an orientation-independent
manner. Although the XhoI fragment is required for accu-
mulation of wild-type mRNA levels, it was considerably
removed from the point at which mRNA transcription is
initiated. Furthermore, deletion of the XhoI fragment did not
abolish mRNA production or alter mRNA size, suggesting
that the promoter region was unaffected. Both of the afore-
mentioned observations indicate that the element located
within the XhoI fragment is analogous to viral or cellular
enhancer sequences (2, 3). To determine whether the XhoI
fragment could function in the reverse orientation, we con-
structed a D-1420 derivative in which the XhoI fragment was
inverted and assessed its ability to rescue rsd muscle de-
fects. This construct directed nearly normal myofibril for-
mation, a result which we confirmed in three different lines
(Fig. 4). In all three of these lines we observed wild-type
levels of mRNA accumulation (Fig. 5, Table 1). Collec-
tively, these results demonstrate that sequences within the
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TABLE 1. Relative steady-state levels of act88F mRNAa

D. melanogaster Sex Fl n No. of transposons Relative mRNA
strain Y ° per diploid genome accumulationb

ry rsd None 0.19
D-1420 9 1 2 0.70

9 8 2 1.20
d 12 2 0.92
d 13 2 0.88

D-1178 d 4 1 0.55
d 6 4 1.80

D-1083 9 5 2 1.05
9 6 2 .99
d 11 4 2.00

D-1020 9 5 2 1.50
D-875 d 2 2 1.00

d 4 2 0.41
9 18 2 1.00

D-865 9 3 2 0.23
9 4 2 1.37
9 13 2 1.40
d 14 4 0.56

D-598 9 2 2 0.13
9 8 2 0.12
d 11 2 0.10
d 13 2 0.07

D-119 9 4 4 0.09
9 5 4 0.10
9 6 2 0.10
d 10 4 0.24

XHODel d 4 2 0.41
d 8 2 0.56
9 16 2 0.51
9 17 2 0.35

XHOInv d 4 4 1.65
9 6 2 1.00
d 10 2 0.96

a Steady-state act88F mRNA levels were established by quantitative RNA
blot hybridization, as outlined in Materials and Methods. All values represent
the average derived from two or three different pupal-stage mRNA prepara-
tions. In the case of Xholnv d no. 10, we examined three mRNA prepara-
tions, one of which (0.66, illustrated in Fig. 5) was rejected because it was
inconsistent with both myofibril morphology and the remaining two readings,
which were averaged to arrive at the 0.% value.

b Relative to Canton-S strain (1.00).

XhoI fragment are capable of functioning in either orienta-
tion.

Effects of deletions and rearrangements on specificity of
act88F expression. Lastly we examined whether temporal-
and tissue-specific expression of act88F was affected in the
D-865 and XhoDel constructs. In both of these "alleles,"
steady-state mRNA levels differed considerably from those
observed with the wild-type act88F gene, and we therefore
wondered whether the spatial pattern of expression was
similarly altered. Distribution of actin mRNA was examined
in newly eclosed adults in the following fashion. Total RNA
was isolated from either the thoraces (T) or pooled heads,
legs, and abdomens (H+L+A) of 10 flies. As a standard for
RNA levels, total RNA isolated from 10 undissected flies
was loaded in parallel lanes. RNA samples were fractionated
on an agarose gel, transferred to nitrocellulose, and hybrid-
ized with a mixure of 32P-labeled hsp83 and act88F probes.
The results of these experiments (Fig. 6) demonstrated that
essentially all the act88F RNA was localized within the
thoraces. Thus, the tissue specificity of act88F expression
was not detectably altered in either construct. Similar exper-
iments were performed in which act88F mRNA levels were
quantitated during various developmental stages of particu-
lar transformed lines. These results (Fig. 7) demonstrated

that the pattern of act88F mRNA accumulation in D-865 was
identical to that seen in D-1020. In both cases, act88F
mRNA was detectable only in mid-stage to late-stage pupae
and recently eclosed adults, as is the case in normal
Drosophila development. Additional experiments performed
in our laboratory revealed that XhoDel directed an identical
pattern of mRNA accumulation (data not shown). Collec-
tively, these experiments suggest that the regulatory element
located between the XhoI sites is not essential for spatially
and temporally regulated expression.

DISCUSSION
In this manuscript we report our initial investigation of

cis-linked sequences which regulate the expression of a
muscle-specific actin gene. Having precisely defined the
transcribed region, we deleted and rearranged upstream
sequences and tested the in vivo functioning of such deriv-
atives. The ability of each such allele to direct both myofibril
formation and mRNA accumulation was examined after
introduction into germ line chromosomes of the act88F
hypomorph rsd. Sequential 5' deletion experiments demon-
strated that not more than 1,020 nucleotides of 5'-flanking
sequence are required for regulated expression and that at
least 865 nucleotides are needed to direct any detectable
mRNA accumulation. Other experiments reported here con-
firmed that sequences residing between -919 and -640 are
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FIG. 5. Northern blot analysis of lines carrying XhoDel and
Xholnv transposons. All four of the XhoDel lines accumulated
significantly more act88F mRNA than the ry rsd host strain, but
none accumulated as much as the wild-type stock. This observation
is compatible with the abnormal myofibrillar phenotype in this
genotype. On the other hand, two of the Xholnv lines (d no. 4 and
9 no. 6) accumulated as much mRNA as wild-type flies on a
per-gene basis (see Table 1). Again, this result is compatible with the
myofibrillar phenotype, which in this case was completely normal.
The third Xholnv line (d no. 10) appeared, from the blot illustrated,
to accumulate reduced levels of act88F mRNA, a result incompat-
ible with its normal myofibril morphology. This discrepancy was
almost certainly due to improper developmental staging of pupae
from which this particular mRNA preparation was isolated. Other
mRNA samples from the same line revealed that it accumulated as
much act88F mRNA as the wild-type strain (Table 1). Note that the
hsp83 bands in the control lanes are not aligned with those of the
experimental samples.
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FIG. 6. Spatial distribution of act88F mRNA in transformed
lines. The tissue distribution of act88F mRNA in particular trans-
formed lines is illustrated. Total RNA was isolated from 10 recently
eclosed adults, from 10 thoraces, or from pooled heads, legs, and
abdomens (H+L+A) of 10 adults. After electrophoresis and blot-
ting, RNA was hybridized to act88F and hsp83 probes as previously
described. The vast majority of act88F mRNA was localized in
thoraces, demonstrating that tissue-specific expression was
unaffected.

required for proper levels of act88F transcription and sug-
gested that this region is capable of functioning bidirection-
ally, as is usual for enhancers and some promoter elements
(17).

Interpretation of the results of the 5' deletion studies is
complicated by the fact that deleted sequences were re-

placed by others that were not necessarily neutral. All of our
transposons were constructed so that following integration
into the genome, the 5' end of the deletion derivative was
separated from genomic sequence only by the 550-nucleotide
p-element terminus. This particular p-element sequence has
never been shown to influence gene activity dramatically,
but flanking genomic DNA might be expected to influence
transcription and thus our conclusions. To control for this
aspect of our experiments, we took two precautions. First,
we selected transformants based on the activity of the rosy
gene rather than on act88F expression and thus minimized
selecting a biased collection. Second, we analyzed the
function of each construct in several transformed lines, each
bearing the transposed sequence in a distinct chromosomal
location. The majority of our constructs functioned consis-
tently in the different lines, suggesting that nearby genomic
sequences do not have a large influence.
The function of two of our constructs (D-875 and D-865)

did fluctuate widely in different lines, however. Since these
two constructs had the least flanking DNA of any construct
that directed RNA accumulation, the observation suggests
that either they are inadequately buffered from flanking
genomic DNA or a portion of a regulatory region has been
removed, rendering the gene more prone to influence by
flanking DNA. Similar position effects have been noted in
other studies (4, 13, 18, 24), and in all cases they are most
pronounced in functional derivatives having the least
flanking DNA. In the case of the white locus, Levis et al. (13)
have provided reasonable evidence that derivatives which
are most prone to position effects lack distal regulatory
elements. However, further elucidation of this phenomenon
will require defining the regions actually bound by regulatory
proteins, using the technique of DNA footprinting.
Taken with the results of the 5' series of deletions, the

impaired function of the XhoDel derivative indicates the
involvement of multiple regulatory elements in act88F tran-
scription. Derivatives having 865 or 875 nucleotides of
flanking sequence were strongly position dependent, while
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FIG. 7. Temporal pattern ofmRNA accumulation in transformed lines. The left panel illustrates mRNA accumulation in a line transformed
with the D-1420 construct. mRNA accumulated only in mid- to late-stage pupae and in newly eclosed adults. Hybridizing actin mRNA seen

in second instar larvae was the product of the act57A (larval muscle-specific) gene. This transcript was detected due to its weak homology
with the act88F probe (which contains 121 nucleotides of the protein-coding region). D-865 transcripts accumulated with the same pattern
(right panel), demonstrating that the temporal pattern was not altered by removal of upstream sequence. The pattern observed in lines
transformed with the XhoDel construct was also identical (data not shown), demonstrating that sequences residing between -919 and -640
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Xba I
-1420 TCTAGAATGCACAATAGGCAAATTTAGTTAAGATATGAATTTTTAAATAAATGGTGAGCCCMTCMTTCAGTGGTTGAATGACTTTTCATAAATTAAAA

-1320 AATAAAGATAAGAATGGTGAACAMTTCTGTTCGCAGCCAATAACCTCTTGCTCAATACACGTGTCMTCAAGGCAATCCAAATAAAACGCTTTGGGAATG
Il;-1178 l

-1220 CCACCAATTCACTTCCGAGCATCAGTTCCTATCTTTAGCCAACCGATTCGATTATTTCATGTGGGCAAGCTAAAAAAACGTAAATAGAAMGTMMM
-1083

-1120 TAATTMAATCTACATAAAGGMAAAAATACAGTTCGATTGAGAAAATACATTTTCGCTCGGTCTGGCTGGCTAAGGTTGGTTMTTGCACTGATAAATGGT
-1020 1 1

-1020 CGGCACGGTGAfTTTCGCMCTT-1CGGGATTG;CATCGGCGCCGCML;iLATGCAAAGTGCAGCAGCATTCTGTAGAATGCGiATTGC:uAAATGTGGATGCAGCTTCCT
Xho I BgZ II lI -875 ;-865 -

-920 CGAGCACCGCGCGCGGAGATCTGAT_A_CTTGCGTGTT_A'TTATCGGTGCCGCTCTGCTTGG_u__T_ATTTTAGATTCGCCTCGCTGCGTGCCCGT

-820 TGAAATGTCCCATTCTCCCAGTCCCTGCCGCGGATGCCAATTGTCTTGCGTCGGTCCTTCTAAGGTCCGTTTCTATTTTCCGMGCTCTCAGCACCGMT
Xho I

-720 GAGTCGTCCGCCGCAGCAGTCGCCCATTGGCAGCAGGATTGGGACAGAGATGGGGACGGAGATGGGGCTMTTGGCCGCTCGAGAGTGCTGATTGCCGTT
; -598

-620 TAGGTGGCCLCATACACCGCTATCACGCACCTCTGCTMTt AACTCGGCTATGGCGTTCTCTTATCTTTCGAGAGCTTTCTCTCTCTCTGGCACTCCCTACAA

-520 ATAATGAATAGGGTCCTAAGATTGATAGCTTACTTCCAATCATATATTGITAATTAAATATTTCAGGATTAMATATGAACGATTGACATAAAG

-420 TTTCTACTACCATAGTTATTTAAGCTGTTATATGTTATGAGACCATTTTCTCAGGATTTGTACCTACTMCAATGTGAAAMAATATAAAATTGTCATATT

- 3 20 TTCGCACGTTTGGWsTCCCTTTu;U;ifk,ATTGMLiATTTATTG;TAATC;TTAATAATGATTCTATGCTTTAT AAGTATTTAATTGTGTGGCTTCCTTTTTTT

- 2 2 n TTG.T -AAACGCATT,%TAGTCGTACTCL;I -LCuGrGCAATGAGGC;ATCCCTT,qU1-ICTGACATGCTCGGCCAGAAGTCTGAACTGCTTATATGGATCGGTTC
;-119 l l l TATA box

-12 0 GATTGATTG-TTuCCCAGCACTTTCGCTCAATCTTTTTCTCAGTGCCGCACT%,GGCATCCAACTCTCGCTT;,--CGAGGGAGAGCCGACIsTAGCAGPvI I Transcription start exon] rintron
-120 GACAGACCGATCGGCGTCCCATTTGTTGTTGAATCTAGTTGTCAGCGGACTGGMCTCGCGACTCMATC-TCGAGGA-TTTTCTCCGACTAT CGGT-20 ______~~~0

FIG. 8. Sequence of the 5'-flanking region of act88F. The illustrated sequence includes 1,420 nucleotides of 5'-flanking sequence, as well
as the first exon. Arrows denote borders of deletions described in the text. Also shown are positions ofXbaI, XhoI, BglII, and PvuI restriction
sites.

those having 598 nucleotides had no detectable function.
Clearly, the 5' border of an essential element lies near or
between these breakpoints. Accordingly, XhoDel, which
lacked all sequence between -919 and -640, accumulated
act88F mRNA at reduced levels, demonstrating that essen-
tial sequences lie within this region. However, XhoDel
transcripts were both relatively abundant (compared with
those of an "average" Drosophila gene) and tissue specific,
demonstrating that one or more regulatory elements remain
intact. Therefore, despite the fact that the developmental
program of the act88F gene is comparatively simple, its
transcription is probably governed by more than one regu-
latory element.
None of our deleted or reconstructed alleles affected the

temporospatial pattern of act88F mRNA accumulation. The
significance of that observation is difficult to interpret with-
out further experimentation, although several salient points
can be cited. Our results could be most simply interpreted to
mean that XhoDel lacked a constitutively acting upstream
enhancer of transcription, while leaving other tissue-specific
regulatory elements unaffected. Such tissue-specific ele-
ments could in theory reside near where transcription is
initiated, within the transcribed region, or within 3'-flanking
sequences. Recent results (9; our laboratory) have delimited
the region in which the tissue-specific regulatory element(s)
resides. Hiromi et al. constructed a fusion gene in which the
5'-flanking (to -902) and untranslated region, first intron,
and codons 1 through 85 are joined to the P-galactosidase
gene of Escherichia coli. This construct drives the accumu-
lation of enzyme only in flight muscles. Our laboratory has
constructed and tested a more extreme derivative in which
only the 5'-flanking region and first exon (truncated after
nucleotide + 32) have been joined to the structural gene for
Drosophila alcohol dehydrogenase (J. Biggs and E. Fyrberg,
unpublished results). Like Hiromi et al., we observed that

enzyme accumulated only within flight muscles. These re-
sults, together with data presented in this manuscript, sug-
gest that the tissue-specific regulatory region resides be-
tween -600 and the transcription initiation point. However,
this possibility must be rigorously tested by inserting por-
tions of this sequence into a heterologous reporter gene and
subsequently determining whether transcripts accumulate
only within flight muscles.
A final topic warranting discussion is the use of act88F

gene fusions. As we have demonstrated, the 5'-flanking
region of act88F (Fig. 8) is compact, occupying only 1,000
nucleotides. It should be possible to use this sequence to
drive the accumulation of a variety of gene products within
a tissue which is not essential for viability, the indirect flight
muscles. One could, for examnple, fuse this regulatory region
to the protein-coding region of an easily recognizable and
selectable catalytic function, for example, Drosophila alco-
hol dehydrogenase, and introduce the fusion gene into an
Adh-null strain by p-element-mediated transfer. Such a
tester strain might facilitate the isolation of mutant alleles of
gene encoding trans-acting effectors of act88F gene activity
and thus facilitate further investigations of the genetic cir-
cuitry which regulates flight muscle development.
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