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Abstract
We show that a 2.6 kb fragment of the muscle myosin heavy-chain gene (Mhc) of Drosophila
melanogaster (containing 458 base pairs of upstream sequence, the first exon, the first intron and the
beginning of the second exon) drives expression in all muscles. Comparison of the minimal promoter
to Mhc genes of ten Drosophila species identified putative regulatory elements in the upstream region
and in the first intron. The first intron is required for expression in four small cells of the tergal
depressor of the trochanter (jump) muscle and in the indirect flight muscle. The 3′ end of this intron
is important for Mhc transcription in embryonic body wall muscle and contains AT–rich elements
that are protected from DNase I digestion by nuclear proteins of Drosophila embryos. Sequences
responsible for expression in embryonic, adult body wall and adult head muscles are present both
within and outside the intron. Elements important for expression in leg muscles and in the large cells
of the jump muscle flank the intron. We conclude that multiple transcriptional regulatory elements
are responsible for Mhc expression in specific sets of Drosophila muscles.
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Drosophila melanogaster is unusual in having a single muscle myosin heavy-chain gene
(Mhc) (Bernstein et al., 1983;Rozek and Davidson, 1983), rather than a Mhc multigene family
(see Emerson and Bernstein, 1987 for review). Alternative splicing of the primary transcripts
from this gene yields multiple isoforms of the protein (Collier et al., 1990;George et al.,
1989;Hastings and Emerson, 1991;Kazzaz and Rozek, 1989;Kronert et al., 1991;Zhang and
Bernstein, 2001). Drosophila Mhc is expressed in all muscles at embryonic, larval, pupal and
adult stages. Thus several stage- or muscle-specific enhancer elements may regulate its
transcription.

Transcriptional regulatory regions for a number of Drosophila muscle genes have been
mapped, resulting in the identification of both unique and shared cis-acting elements
(Arredondo et al., 2001;Kelly et al., 2002;Marin et al., 2004;Mas et al., 2004;Meredith and
Storti, 1993). The latter includes E-boxes that bind helix-loop-helix transcription factors and
MEF2 sites that bind MEF2 protein (Bour et al., 1995; Lilly et al., 1995). E-boxes, MEF2 sites
and their binding factors positively regulate vertebrate muscle gene expression as well (see
Molkentin and Olson, 1996 for review).
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The 5′ end of Drosophila Mhc (Wassenberg et al., 1987) shares a structural similarity with a
number of other muscle genes. Each has a large first intron that interrupts the 5′ noncoding
region or the first two codons of the gene. This structure is present in both Drosophila (Basi
and Storti, 1986;Falkenthal et al., 1984;Geyer and Fyrberg, 1986;Marin et al., 2004;Mas et al.,
2004;Parker et al., 1985) and vertebrate muscle genes (Baldwin et al., 1985;Chang et al.,
1985;Fornwald et al., 1982;Nabeshima et al., 1984;Strehler et al., 1986). Transcriptional
enhancer elements are located in the first intron of a number of such muscle genes (Konieczny
and Emerson, 1987;Marin et al., 2004;Mas et al., 2004;Meredith and Storti, 1993;Ng et al.,
1989;Yutzey et al., 1989).

To investigate the regulatory domains of Drosophila Mhc, we constructed a series of transgenic
fly lines containing Mhc reporter constructs. We identified potential cis-acting transcriptional
elements by searching for known enhancer sequences and by comparing putative regulatory
regions to those of other Drosophila species. Further, we localized sites of nuclear protein
binding by DNAse I footprinting. We demonstrate that multiple elements in Mhc, including
regions of the first intron, regulate expression of the gene in specific somatic muscle types
during embryonic and adult development.

1. Results and discussion
1.1 The 5′ end of Mhc is sufficient for muscle-specific expression in embryos and adults

We previously determined the transcription initiation site of Mhc by S1 nuclease mapping and
primer extension experiments (Wassenberg et al., 1987). As in many promoter regions, there
are CAAT box and TATA box homologies located within 60 nucleotides upstream of the
transcription initiation site. Presumably these elements are important in regulating the
efficiency and accuracy of transcription initiation. In contrast to the conserved position of such
basal promoter sequences, enhancer elements can function at a considerable distance from the
promoter and can be located 5′ or 3′ of the transcription start site (for review see Maniatis et
al., 1987). Before searching for such elements via sequence comparisons, we narrowed down
the region required for Mhc expression by examining transgenic lines containing Mhc
sequences linked to a reporter gene.

We made a fusion construct, pπMHC-lacZ 1, to determine if sequences essential to muscle-
specific Mhc expression are located within the 5′ region of the gene. This construct contains
2.8 kb of Mhc upstream sequence, exon 1, intron 1 and most of Mhc’s second exon linked in
frame to the bacterial lacZ gene encoding ß-galactosidase (Fig. 1A). The translation start codon
for the fusion protein is the normal translational start site of Mhc, located in exon 2. We
analyzed flies transformed with a P element vector containing this construct by X-gal staining.
In dissected flies, all identifiable muscle structures, but no non-muscle tissues, were stained
(Fig. 2A). The indirect flight muscles located in the thorax are the largest, most prominently
stained structures. Following disruption of the cuticle, leg muscles were stained with the same
intensity as those in the thorax (not shown). In the head, staining was found in the muscle
structures of the proboscis and antennae. The dorsal and ventral muscles of the abdominal
segments were stained with less intensity. ß-galactosidase expression was found also along the
gut, cardiac tissue and oviduct. In agreement with our results, Fernandes, et al. (1991) and
Broadie and Bate (1991) studied muscle development using our pπMHC-lacZ1 transgenic line
and observed ß-galactosidase expression in all adult muscles.

To provide a more reliable comparison of levels of reporter gene expression based on tissue
staining intensity, we analyzed 15 μm thick cryosections of adult flies. Comparison of a large
number of sections showed that thoracic and leg muscles stained somewhat more intensely
than head muscles. Abdominal body wall and gut muscles stained least strongly. In both
parasagittal (Fig. 2C) and horizontal (Fig. 2D) sections, all muscles of the thorax were stained

Hess et al. Page 2

Gene Expr Patterns. Author manuscript; available in PMC 2008 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with similar intensity. This suggests that the levels of Mhc expression in various muscles of
the thorax are similar.

We also examined whole mounts of transformed late stage embryos. The predominant
structures stained were the muscles of the body wall and the pharyngeal muscles (Fig. 2E).
Drysdale et al. (1993) used our transgenic line in a genetic screen for muscle defects and also
observed ß-galactosidase expression in all larval body wall muscles. Our results demonstrate
that the 4.9 kb Mhc gene fragment of pπMHC-lacZ 1 contains regulatory elements responsible
for high level expression in a muscle-specific manner.

To define more closely the location of elements necessary for tissue-specific expression of
Mhc we modified pπMHC-lacZ 1 by deleting sequences upstream of position -458 (relative to
the transcription initiation site). We designated the resulting construct pπMHC-lacZ 2 (Fig.
1B). Dissected or cryosectioned flies transformed with this construct as well as embryo
preparations displayed an X-gal staining pattern that was indistinguishable from that of
pπMHC-lacZ 1 transformed lines (not shown). Thus no major regulatory elements necessary
for muscle-specific Mhc expression are located in the -455 to -2777 nucleotide region. We
previously reported preliminary data on whole mount staining of adults expressing pπMHC-
lacZ 1 and pπMHC-lacZ 2 (Hess et al., 1989).

1.2 Sequence analysis reveals putative regulatory elements in Mhc
We searched the -458 to +2114 minimal promoter region of Mhc for known muscle-specific
regulatory elements (Supplementary Table 1). There are 10 E-box sequences. Three are
upstream of the transcriptional start site and 7 are within the first intron. There are three MEF2
sites in the promoter region. All are within the first intron. The Pdp1 protein-binding element
(RTTYYGTAAY; Lin et al., 1997) is not present.

To search for conserved regulatory elements, we used the sequence comparisons of Drosophila
melanogaster Mhc to D. hydei Mhc (Miedema et al., 1994). The latter sequence is available
beginning at 250 residues upstream of the transcription start site. Sequence identity is over
55% through the minimal promoter. The exons and surrounding regions show greater than 90%
identity and there are numerous clusters of identity upstream of exon 1 and within the first
intron. D. hydei Mhc contains 7 E-box sequences. One is upstream of exon 1 and is conserved
in sequence and position with E-box 2 (-191) of D. melanogaster (Supplementary Table 1).
The remaining 6 D. hydei E boxes are located within intron 1, at sites different from those of
D. melanogaster. D. hydei Mhc has 4 MEF2 sites, all within the first intron. The second and
third MEF2 sites of D. melanogaster are absolutely conserved in D. hydei Mhc. D. hydei
Mhc has no Pdp1 sites.

To more thoroughly study variation of putative muscle regulatory elements of Drosophila
Mhc across evolutionary time, we aligned the D. melanogaster Mhc sequence with those of
nine other Drosophila genomes (Supplementary Table 1). In general, E-box sequences diverge
from the D. melanogaster sequence and the consensus relatively rapidly. The only absolutely
conserved E-box is at -191. In contrast, the three MEF2 sites of D. melanogaster show nearly
absolute identity among the species (97%, 100% and 98%).

1.3 Regulatory elements are located in intron 1
Given the location of known muscle-specific transcription factor binding sites within the first
intron of Mhc, we investigated the possibility that it contains regulatory elements important
for tissue-specific and high-level transcription. We constructed a plasmid that has the same
-458 bp Mhc 5′ end as pπMHC-lacZ 2 but has the majority of intron 1 deleted (Fig. 1C). The
1.5 kb deletion removes all 7 E-box elements of the intron and all three MEF2 sites of the
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promoter. Analysis of adults transformed with pπMHC-lacZ Δi1 revealed that the staining
pattern of the thoracic musculature was dramatically altered (Figs. 2F, G) compared to adults
with pπMHC-lacZ 2. The dorsal-ventral and dorsal-lateral indirect flight muscles now barely
stain, while the tergal depressor of the trochanter (TDT) muscles (jump muscles) and the leg
muscles continue to stain strongly, with the direct flight muscles staining somewhat less
strongly. Proboscis and antennal muscles in the head and abdominal wall muscles stain well
(not shown). The intensity of the strongly staining muscles was comparable to that in flies
transformed with P elements that contain larger promoter fragments (Figs. 2C and D). Higher
magnification cross-sections of the TDT muscle revealed that the ß-galactosidase expression
within this muscle is not uniform (Fig. 2H). The weak staining intensity of four smaller cells
at the anterior end is indistinguishable from that of the surrounding indirect flight muscles,
while the 28 larger posterior cells stain strongly. Embryos containing pπMHC-lacZ Δi1 express
ß-galactosidase in body wall and pharyngeal muscles (Fig. 3A, 3B), but at somewhat lower
levels than in pπMHC-lacZ 2; further some embryos and some lines showed differential
staining of muscles (Fig. 3C, 3D).

To test the transcriptional enhancer function of the 1.5 kb intron 1 region, we placed the
sequence from +198 to +1684 in a hsp70 promoter–lacZ vector. This vector is designed to
allow inserted enhancer elements to activate lacZ expression following P element-mediated
transformation. Flies transformed with pMHC1.5-hsplacZ (Fig. 1D) displayed muscle-specific
ß-galactosidase expression in their thoraces in a pattern complementary to that seen for
pπMHC-lacZ Δi1. Staining of TDT muscle, direct flight muscles and leg muscles is absent or
barely detectable, while staining of indirect flight muscle is relatively strong (Fig. 2I, 2J).
Abdominal body wall muscles, proboscis and antennal muscles stain (Fig. 2I, 2J). In embryos
(Fig. 3E, F), staining of body wall muscles and pharyngeal muscles expressing pMHC1.5-
hsplacZ is qualitatively similar but slightly less intense than embryos containing the minimal
myosin promoter (pπMHC-lacZ 2).

Our results show that tissue-specific regulatory elements that govern Mhc expression in the
indirect flight muscle are located in the first intron. Elements that permit expression in the 28
large cells of the TDT, leg muscles and direct flight muscles are located outside the 1.5 kb
intron region. Elements that enhance expression in embryonic body wall and pharyngeal
muscles, adult abdominal muscles, proboscis muscles and antennal muscles are present both
within the 1.5 kb intron segment and in the flanking regions.

1.4 DNase I footprinting using Drosophila embryo nuclear protein extract shows binding to
AT-repeat sequences within the first intron of Mhc

To identify the targets of putative muscle-specific trans-acting factors within the first intron
of Mhc, we performed DNase I footprinting assays on intron restriction fragments using 10 to
16 hour Drosophila embryo nuclear extracts. This corresponds to the period during which
Mhc is first expressed. We detected several strong footprints between +1360 to +1550 (Fig.
4). When 0 to 12 hour embryo nuclear extracts were used in a DNase I footprint assay, no
footprint was observed at these sites (not shown). The footprinted regions encompass several
AT repeat sequences, some of which share identity with the cf2 binding site (RTATATRTA;
Gogos et al., 1992). There are four canonical cf2 elements within the Mhc promoter region
(Supplementary Table 1). These overlap with each other and with the footprint at +1404. Most
of the footprinted regions contain AT or AC repeats and show varying degrees of conservation
(58-97%) with other Drosophila Mhc genes (Supplementary Table 1).

We tested the importance of the region containing the footprints by deleting the 330 bp fragment
containing these elements from the pMHC1.5-hsplacZ plasmid. This deletion also removes
two of the three MEF2 sites. The resulting pMHC1.2-hsplacZ reporter construct (Fig. 1E)
produced adult expression consistent with its parent construct. ß-galactosidase accumulated in
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indirect flight muscles, abdominal body wall muscles, proboscis muscles and antennal muscles
(not shown). However, the pattern of expression in embryonic muscles was greatly reduced,
with fewer body wall muscles staining (Fig. 3G, H). We tested whether the 330 bp fragment
alone showed enhancer activity by inserting it into the reporter construct to yield pMHC330-
hsplacZ (Fig. 1F). This fragment yielded no muscle expression. Further, deletion of the 330
bp fragment from pπMHC-lacZ 2 to produce pπMHC-lacZ ΔAT did not affect adult (not
shown) or embryonic (Fig. 3I, J) ß-galactosidase expression, indicating that embryonic
elements are present outside the 330 bp intron fragment. We conclude that the 330 bp intron
fragment is not important for adult muscle expression, but that elements within the 330 bp
intron fragment can work in conjunction with elements within the 1.2 kb intron fragment to
enhance embryonic muscle Mhc expression.

1.5 Concluding comments
Our results demonstrate that Drosophila Mhc contains multiple positive elements required for
its muscle-specific expression (summarized in Table 1). Elements within intron 1 are important
for indirect flight muscle expression and for transcription in the small cells of the TDT muscle.
At least two elements within intron 1 regulate expression in embryonic body wall muscles, but
there are sequences outside the intron that permit expression in these muscles as well. Likewise,
sequences responsible for Mhc expression in pharyngeal, adult abdominal body wall, proboscis
and antennal muscles are located both within the intron and in flanking regions. The flanking
regions have elements that are important for expression in leg, large cells of the TDT and direct
flight muscles. Efforts to more precisely map the locations of elements within flanking regions
using an enhancer-reporter vector did not yield positive results (K.T., unpublished data),
suggesting that the function of these enhancers is dependent upon maintaining their position
within Mhc. Hanke and Storti (1988) noted that a 26 bp element beginning at -76 of the
Drosophila Mhc gene is quite similar to sequences upstream of the Drosophila tropomyosin I
and II genes. This sequence could serve as a position-dependent enhancer in all three genes.

Other Drosophila muscle genes are interrupted by an intron near their 5′ ends (Basi and Storti,
1986;Falkenthal et al., 1984;Geyer and Fyrberg, 1986;Marin et al., 2004;Mas et al.,
2004;Parker et al., 1985), and these introns often contain transcriptional activation sequences.
The ß3-tubulin gene has a visceral muscle-specific enhancer element in its first intron (Gasch
et al., 1989), as well as a somatic muscle element (Hinz et al., 1992). The first intron of the
tropomyosin I gene has elements that permit expression in all muscles of the adult and embryo
(Schultz et al., 1991). The tropomyosin II gene is similar in this respect and deletion of a 454
bp intron region eliminates indirect flight and TDT muscle expression (Meredith and Storti,
1993). The first intron of the troponin T (Mas et al., 2004) and troponin I (Marin et al., 2004)
genes contain enhancer element that are largely redundant compared to upstream enhancers.
However the intron element in the troponin T gene is more important for expression in adult
muscle, particularly indirect flight muscle. Enhancer redundancy in the troponin genes is
proposed to be important for yielding proper levels of gene expression (Marin et al., 2004;Mas
et al., 2004), as may be the case for redundant elements in Mhc.

It is particularly striking that removal of the first intron from Mhc allows transcription in the
28 large cells of the TDT, but not the 4 small cells. This result is intriguing in that we previously
documented another difference between the two TDT cell types in Mhc7 and Mhc9 mutants
(O’Donnell et al., 1989). The mutants display normal numbers of thick filaments in the TDT
muscle large cells but a reduced number in the small cells. All other muscles appear normal,
except for the indirect flight muscles, which fail to accumulate thick filaments. Our present
results indicate that such phenotypes could arise from the mutation of an enhancer element that
is specific to the indirect flight muscles and the small cells of the TDT. Another intriguing
result in this regard is that the contractile protein make-up of the large and small cells of the
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TDT muscle differs. Different isoforms of MHC are present in these cell types (Kronert et al.,
1991) and different Z-band proteins accumulate (Vigoreaux et al., 1991). Given these
disparities between the two TDT cell types, it is likely that they serve distinct contractile
functions.

Three MEF2 sites are present in the D. melanogaster Mhc minimal promoter. All are
evolutionarily conserved, but deletion of the intron region that contains these sites does not
disable Mhc expression in many muscle tissues. Likewise, two adult-specific muscle actin
genes accumulate normal levels of transcripts when levels of MEF2 are severely reduced
(Baker et al., 2005). Further, the miniparamyosin adult-specific promoter lacks a MEF2 site
(Arredondo et al., 2001). On the other hand, MEF2 sites are important for expression of some
Drosophila muscle genes. The MEF2 site in the Actin57B gene is essential for cardiac, skeletal,
and visceral muscle expression in embryos (Kelly et al., 2002). Severe reduction of MEF2
expression in adults results in a more than four-fold decrease in Actin57B gene expression
(Baker et al., 2005). Expression of the ß-3 tubulin gene in embryonic somatic muscles is
dependent upon a MEF2 site (Damm et al., 1998). In the paramyosin gene, a MEF2 element
is important for high-level expression in larval muscles (Arredondo et al., 2001). In the
tropomyosin I gene, Lin et al. (1996) showed that two MEF2 sites are necessary to yield high
level expression in most muscle types. However, both this group and Kelly et al. (2002) showed
that a MEF2 element by itself is not capable of inducing muscle-specific expression.

Embryonic nuclear proteins that bind to the 3′ end of the first intron of Mhc could be important
for Mhc expression in embryos. However the muscle-specificity and positive action of the
bound factors remain to be demonstrated. The high level of identity of some of the protected
DNA elements among various Drosophila species (Supplementary Table 1) suggests that they
serve a functional role. The 330 bp region containing the footprinted elements clearly is
important for Mhc regulation since its deletion greatly reduces the ability of the remaining
intron fragment to drive expression in embryos. However, since the deleted region is unable
to drive Mhc expression independently, the DNAse insensitive elements and the two MEF2
elements in the 330 bp region are not sufficient to promote Mhc expression in a position-
independent fashion.

The multiplicity of elements that regulate Mhc expression reflects the fact that the gene must
be expressed at multiple stages of development in numerous muscle types. Our identification
of minimal promoter elements has proved important for studies of muscle lineages (Broadie
and Bate, 1991;Bernard et al., 2006;Farrell et al., 1996;Fernandes et al., 1991) and for
expression of Mhc transgenes designed to study the function of particular myosin domains
(reviewed by Swank et al., 2000). The mapping of additional tissue-specific elements will
permit an understanding of the basis of muscle gene regulation and provide useful tools for
transgene expression in Drosophila.

2. Experimental Procedures
2.1 Plasmid construction

P element constructs with the designation pπ are modifications of pπ18, which derives from
pUChsneo (Steller and Pirrotta, 1985). pπ18 has Sph I, Xba I, Kpn I and Sst I restriction sites
added to the polylinker. To produce fusion genes a modified ß-galactosidase (ß-gal) gene
(Raghaven et al., 1986) was inserted into the polylinker of pπ18 to yield construct pπlacZ.
Correct processing at the 3′ end of the transcripts was assured by the presence of a
polyadenylation site at the 3′ end of lacZ. To produce each test construct, a particular Mhc
promoter fragment was ligated into the Sma I site of the polylinker of pπlacZ. Joining the
Eco RV site located in the second exon of the Mhc gene and the Sma I site of the polylinker in
pπlacZ permitted the in-frame fusion of the two genes. For the construction of pπMHC-lacZ
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1, the Eco RV site 2.7 kb upstream of the transcription start site of the Mhc gene was used (Fig.
1A). The 5′ end of pπMHC-lacZ 2 is the Xba I site 458 bp upstream of the transcription start
site (Fig. 1B). Both constructs contain exon 1, intron 1 and exon 2 up to the Eco RV site. The
internal deletion in pπMHC-lacZ Δi1 was generated by recombining the 5′ Xba I - Dra I
fragment starting at -458 and ending at +197 with the Mlu I - Eco RV Mhc fragment containing
the 3′ end of intron 1 and most of exon 2 (Fig. 1C). In a second step this fusion was introduced
into the Sma I site of pπlacZ. To construct pπMHC-ΔAT (Fig. 1G), the SnaB I - Mlu I fragment
was removed from a subcloned portion of pπMHC-lacZ 2 and the remaining fragment was
blunt-ended and religated. A Kpn I - Eco RV fragment from the amplified plasmid was isolated
and substituted into pπMHC-lacZ 2 cut at the same restriction sites.

P element constructs containing a Drosophila hsp70 promoter–lacZ reporter were used to
detect in vivo enhancer activity from Mhc DNA cloned immediately upstream of the hsp70
promoter. The P element construct is a derivative of pDM30 (rosy+) (Mismer and Rubin,
1987) into which a Drosophila hsp70 promoter–lacZ reporter has been inserted. Various
fragments of Mhc (see Fig. 1D, E, F) were gel isolated, blunt ended and ligated into a filled-
in Not I site in the reporter vector.

2.2 P element transformation
Canton S embryos were injected with 1μg/μl P element (neor) vector DNA and 0.5 μg/μl helper
plasmid p25.7wc (Karess and Rubin, 1984) in injection buffer (100 mM sodium phosphate, 5
mM KCl, pH 7.2) as described by Rubin and Spradling (1982). G1 embryos expressing neor

were selected on instant food (Formula 4-24, Carolina Biologicals Supply Company)
containing G418 (Gibco) at a concentration of 1 mg/ml (0.5 mg/ml active substance). For
rosy+P element vectors containing the hsp70 promoter–lacZ reporter, injection was into ry-

embryos and the G1 generation was screened for wild-type eye color.

2.3 Chromosomal mapping
Single males from each neor transformed line were mated to several virgin females of the stock
R13 (b Df(2L)A47 cn bw/CyO; MKRS, Sb ry/TM2, Ubx130ry). Offspring were selected on
G418-containing medium. The presence of only female offspring indicated P element insertion
on the X chromosome. For mapping insertions on other chromosomes, male CyO; Sb offspring
were mated to virgin Canton S (wild-type) females and the progeny were selected on G418
and scored for the segregation of the CyO and Sb markers. The absence of CyO progeny
indicated a P element insertion on chromosome 2, while the absence of the Sb marker denoted
integration on chromosome 3. Segregation of CyO and Sb independent of G418 resistance
indicated P element insertion on chromosome 4, or integration of elements on more than one
chromosome. Stocks were balanced by standard genetic crosses. Transgenes containing ry+

were mapped in an analogous way using the stock CyO/+; Ser, ry506, e/ ry506.

2.4 Cryosections
Sectioning was performed as described by Hafen and Levine (1986). The procedure for section
staining was modified from Liu et al. (1988). The sections were fixed in 0.5% gluteraldehyde
in PBS (10 mM sodium phosphate, pH 7.0, 140 mM NaCl, 2.5 mM KCl) for 5 min and
incubated in staining solution (20 mM potassium ferricyanide, 20 mM potassium ferro-cyanide,
1 mM MgCl2, 0.1% X-gal, in PBS) for 10 min. The staining solution was removed by 3 washes
of 5 min each in PBS and one wash in H20 for 2 min. The dried sections were embedded in
Polymount (American Scientific).

Hess et al. Page 7

Gene Expr Patterns. Author manuscript; available in PMC 2008 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.5 Whole mount staining
Flies were dissected with a razor blade and tissue was fixed for 5 min in dissecting buffer (0.1
M sodium phosphate, pH 7.5, 1 mM MgCl2, 0.5% gluteraldehyde). Tissue was stained in 0.1
M sodium phosphate, pH 7.5, 1 mM MgCl2, 0.2 % X-gal for 30 - 60 min and then transferred
into dissecting buffer for inspection (Simon and Lis, 1987). Embryo whole mount staining was
performed in a manner similar to that of Singh et al. (1995). In brief, embryos were collected
on yeasted grape-agar plates, rinsed, dechorionated in 50% bleach, rinsed, sprayed with heptane
and then fixed in phosphate-buffered 4 % formaldehyde solution containing 50% heptane.
After washing, embryos were incubated in X-gal solution containing Triton X-100 to detect
ß-galactosidase.

2.6 Preparation of Drosophila embryo nuclear protein extracts
Drosophila Canton S embryos were collected between 10 and 16 hours after fertilization and
were stored for up to three days at 4°C. Extracts were prepared according to the protocol of
Soller et al. (1988) and Kerrigan et al. (1991). All operations were performed at 4°C. Eighty
to 100 grams of dechorionated embryos were homogenized with a motorized teflon pestle,
filtered through Miracloth, and nuclei were pelleted in a GSA rotor at 8000 rpm (10,400 × g).
Nuclei were resuspended in buffer using a glass dounce homogenizer with a B pestle. Nuclei
were lysed by addition of ammonium sulfate to a final concentration of 0.364 M (9%
saturation). Lysed nuclei were pelleted at 142,000 × g in a 45 Ti rotor for one hour. The
supernatant was recovered and nuclear proteins were precipitated by addition of solid
ammonium sulfate to a concentration of 2.26 M (56% saturation at 20°C). The nuclear protein
precipitate was pelleted in an SS-34 rotor at 15,000 rpm (27,000 × g) for 20 min. The pellet
was resuspended in buffer and the nuclear protein extract was applied to a Sephadex G25 SF
desalting column. Desalted nuclear extracts were fractionated on a Sephacryl S400 HR column
to remove phosphatase and nuclease that would interfere with subsequent DNase I footprinting
assays. Peak protein fractions were quick frozen in liquid nitrogen and stored in aliquots at
-80°C.

2.7 DNase I footprinting assay of Drosophila embryo nuclear protein extracts
Drosophila Mhc DNA approximately 170 to 400 base pairs in length was subcloned into
pBluescript (Stratagene Cloning Systems). Mhc DNA labeled with 32P at one end only was
synthesized by polymerase chain reaction using a T3 and T7 primer, one of which was labeled
using polynucleotide kinase and γ–32P–ATP. 32P–labeled Mhc DNA PCR products were
purified on non-denaturing 5% polyacrylamide gels. DNase I footprinting reactions were
performed essentially as described by Kerrigan et al. (1991). 32P–labeled Mhc DNA (10 to 25
fmoles, 10,000 to 20,000 cpm) was mixed on ice with 20 to 25 μg of Drosophila embryo nuclear
extract and 10 A260 units of poly dI-dC. The mixture was incubated on ice for 15 min. 0.5 units
of DNase (RNase free) (Promega Biotech) was added to the protein–DNA mixture in 5 mM
MgCl2, 2.5 mM CaCl2, incubated at room temperature for two min and the reaction was stopped
by addition of EDTA/SDS solution, phenol/chloroform extraction and ethanol precipitation.
Footprinted DNA was electrophoresed on a denaturing 6% polyacrylamide sequencing gel,
and the dried gels were autoradiographed for one to five days.

2.8 DNA sequence analysis
Drosophila genome sequences from the database developed by the Eisen laboratory at the
University of California, Berkeley (http://rana.lbl.gov/drosophila/alignments_eisenlab.html)
were aligned using the program Multi-LAGAN (Brudno et al., 2003) and kindly provided by
Dr. Venky Iyer. Sequence alignments were analyzed using the Jalview Java Alignment Editor
(Clamp et al., 2004).
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structure of MHC-lacZ fusion and reporter gene constructs
Constructs A, B, C and G were made by fusing the lacZ gene of pOX3 (Raghaven et al.,
1986) in frame to the Mhc coding region. Constructs D, E and F were derived from pDM30
(Mismer and Rubin, 1987), which contains the Drosophila hsp70 minimal promoter linked to
a lacZ reporter. The parental lacZ plasmids also provide a polyadenylation signal. All
constructs were inserted into a P element plasmid vector prior to germline transformation.
Details are given in Experimental Procedures.
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Figure 2. Staining of organisms in X-gal solution reveals the relative level and tissue-specificity of
MHC-lacZ fusion gene expression
(A) Dissected adult containing pπMHC-lacZ 1 and stained in X-gal solution. Indirect flight
muscles (IFM), proboscis muscles (P), abdominal body wall muscles (A) and gut muscles (G)
are clearly stained. (B) Cryosection of an adult lacking a fusion gene. Only minor staining of
abdominal structures is seen. (C) Parasagittal section of adult containing pπMHC-lacZ 1 shows
ß-galactosidase activity in various muscle tissues including indirect flight muscles (IFM),
proboscis muscles (P), abdominal body wall muscles (A) and leg muscles (L). (D) Horizontal
section of adult carrying pπMHC-lacZ 1. Dorsal-lateral IFMs (DLM) and dorsal-ventral IFMs
(DVM) are clearly stained, as is the tergal depressor of the trochanter muscle (TDT). (E) Whole
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mount of embryo carrying pπMHC-lacZ 1. All body wall muscles are stained. (F) Parasagittal
section of fly transformed with pπMHC-lacZ Δi1, which deletes most of intron 1, reveals
intense staining in the TDT. (G) Horizontal section of adult thorax expressing pπMHC-lacZ
Δi1. The TDT is well stained, the direct flight muscles (DFM) exhibit clear staining, but the
IFM shows extremely low levels of staining. (H) Higher magnification of (G) showing that the
four smaller anterior cells (S) are poorly stained compared to the other cells of the TDT. (I)
Parasagittal section of fly transformed with pMHC-1.5-hsplacZ, which contains intron 1,
shows staining in the indirect flight muscles (IFM), proboscis muscles (P) and abdominal body
wall muscles (A). The TDT barely stains. (J) Horizontal section of fly transformed with
pMHC-1.5-hsplacZ shows staining in the indirect flight muscles (IFM) and proboscis muscles
(P), but little or none in the TDT or direct flight muscles (DFM).
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Figure 3. Staining of embryos in X-gal solution reveals the level and tissue-specificity of MHC-lacZ
transgene expression
Lateral (left panels) and dorsal (right panels) views are shown. (A, B) Embryos containing
pπMHC-lacZ Δi1, which lacks most of intron 1, express ß-galactosidase in body wall and
pharyngeal muscles (Ph) in a similar manner to those expressing the minimal myosin promoter
pπMHC-lacZ 2 (Fig. 2E). (C, D) Some pπMHC-lacZ Δi1 embryos show differential muscle
staining. (E, F) Embryos expressing pMHC1.5-hsplacZ, which contains the intron 1 enhancer,
show body wall and pharyngeal muscle staining similar to those expressing pπMHC-lacZ 2.
(G, H) Deletion of the 330 terminal bp of pMHC1.5-hsplacZ to yield pMHC1.2-hsplacZ results
in greatly reduced body wall muscle expression. (I, J) Expression of pπMHC-lacZ ΔAT, which
was produced by deletion of the 330 bp intron fragment from pπMHC-lacZ 2, allows high
levels of embryonic ß-galactosidase expression.
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Figure 4. DNAse footprint reaction of proteins from 10-16 hour old Drosophila embryos
Sephacryl S400 HR column fractions of nuclear extracts were reacted with an end-labeled
Mhc gene intron sequence (+1355 to +1685). Following DNAse digestion and gel
electrophoresis, AT-rich regions were shown to be protected (brackets) by column fractions
74, 76 and 78, compared to column fraction 60 or a no-protein sample (-).
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