










YP1 GENE EXPRESSION IN MALE DROSOPHILA MELANOGASTER

FIG. 5. Immunofluorescence detection of yolk protein in transformed male brain and fat body. Identical exposures from the brain region
are shown from non-heat-shocked (A) and heat-shocked (B) male larvae. Also shown are identical exposures from nontransformed females
(C), heat-shocked UP2 male fat body cells (D), and nontransformed male fat body cells (E). Dissected larvae or adults were treated with
anti-yolk protein antibody, followed by fluorescein-conjugated second antibody. br, Brain; ed, eye disk. Final magnification, x 132.

cn; ry502 males. Females homozygous for tud' produce
progeny lacking a germ line (8). Female progeny of Adhf"6
cn; ry502 males and tud' females do not produce eggs and
thus should not remove YP1 from their hemolymph (38).
The ratio of YP1 present in the hemolymph relative to that

in the carcass was compared in heat-shocked transformed
males and in females lacking a germ line. Flies were heat
shocked and the proteins synthesized between 3 and 5 h after
the heat shock were labeled with [35S]methionine as before.
Immediately after the labeling period, hemolymph was sep-
arated from the carcass. The anti-yolk proteins in each
sample were immunoprecipitated (the yolk protein antibody
reacts with YP1, YP2, and YP3) and then separated by
SDS-polyacrylamide gel electrophoresis and visualized by
fluorography (Fig. 6). The hemolymph of both the L2 (lane 4)
and the UP2 (lane 6) male flies contained YP1. The ratio of
hemolymph to carcass YP1 in these transformed males
(lanes 3 and 4 and lanes 5 and 6) is within twofold of that seen
in the nontransformed adult females lacking a germ line
(lanes 1 and 2). However, in transformed males the level of

secretion reflects the average of all tissues, not just that of fat
body. These results show that males are able to secrete YP1
into the hemolymph; thus, if any of the posttranslational
modifications of YP1 are strictly required for its secretion,
male tissues are able to carry out these modifications.

DISCUSSION

Sex-specific expression of the YP1 gene. Recent work has
shown that an enhancer element located 5' to the YP1 gene
is necessary for its sex-specific, as well as tissue-specific and
stage-specific, transcription (17). Although this control
would be enough to limit YP1 gene expression to females,
Bownes et al. (9) reported that posttranscriptional mecha-
nisms might be involved in limiting YP1 gene expression
when transcription of YP1 RNA was forced in males. In that
early study YP1 gene expression was forced in males by the
injection of high levels of the steroid hormone ecdysone. The
ratio of total YP1 RNA to in vitro-translatable YP1 RNA was
compared in males and females. The synthesis of YP1
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FIG. 6. Secretion of yolk protein by transformed males. Proteins
were labeled with [35S]methionine during the period from 3 to 5 h
after heat shock. At the end of the labeling, hemolymph was

separated from the carcass by centrifugation. Yolk proteins were

immunoprecipitated and electrophoresed on gradient SDS-poly-
acrylamide gels. Lanes contain proteins from nontransformed fe-
males (Acr) (lanes 1 and 2), L2 males (lanes 3 and 4), and UP2 males
(lanes 5 and 6). Lanes labeled C and H contain proteins of the
carcass and hemolymph, respectively.

appeared to be inefficient in males when compared with that
in females, especially at later times after the steroid treat-
ment. In those studies it was not possible to evaluate the
authenticity of the YP1 RNA in males in terms of the correct
start of transcription and accuracy and efficiency of splicing.
In addition, the induction of the YP1 gene in males by high
levels of steroid hormone is problematic. In Xenopus liver
cells steroid hormone treatments have been shown to affect
gene expression posttranscriptionally (11). Thus, a compar-

ison of YP1 gene expression in males treated with ecdysone
with that in untreated females could have resulted in differ-
ences due to hormone treatment rather than to sex-specific
differences.

In this study we utilized the Drosophila hsp7O gene

promoter to drive the transcription of YP1 mRNA in males,
independent of steroid hormone treatment, to study whether
posttranscriptional utilization of this RNA is efficient in
males. After heat-induced transcription of the YP1 gene in
males, the YP1 RNA is stable, efficiently spliced, and
translated. After translation of this RNA, YP1 is secreted as

in females. This efficient utilization of YP1 RNA in males
occurs with both authentic YP1 RNA and an hsp7O-YP1
fusion RNA containing 5' leader sequences of the hsp7O
gene. There are Drosophila genes, such as tra, whose
transcript is differentially spliced in males and females (6).
However, the cell machinery involved in YP1 gene splicing,
translation, and secretion apparently does not function in a

sex-specific manner. This method of using the hsp7O gene

promoter to force the transcription of an authentic RNA in
places where it is normally not expressed, for the purpose of
studying posttranscriptional processes, should be useful for
other genes to determine the role that posttranscriptional
processing plays in their regulation.

Driving gene expression with hsp7O promoter sequences.

The region from -89 to -38 used in the UP1 construct is
sufficient for high induction when positioned upstream of the
TATA regions of heat shock genes (44). In contrast, this
same portion of hsp7O regulatory sequences, which contains
two HSEs, is not sufficient to drive high levels of heat-
induced transcription in the context of the YP1 gene TATA
and initiation sequences. The sequences between -89 and
+62, which include the TATA box and normal transcription
start site of the hsp7O gene, are capable of conferring high

levels of heat inducibility upon the hsp7O-YPl fusion gene.
Several other examples of fusion constructs, using the hsp7O
promoter to drive the transcription of heterologous genes,
have been described (6, 22, 41, 46, 47). These constructs
were all leader fusions, containing a complete hsp7O pro-
moter, transcription start site, and sequences of the 5'
untranslated leader.

It has previously been shown that sequences around the
transcription start site of one of the small heat shock protein
genes, hsp22, are important for heat inducibility (20). In-
deed, there are homologies between hsp7O and the small heat
shock genes in the region of the transcription start that are
not found in the YP1 gene (19). The interaction that normally
occurs between the hsp70 gene HSEs, TATA sequence, and
transcription start site sequences (perhaps involving the
proteins bound to these regulatory elements) may require
compatibility between these elements that is not possible in
the hsp7O-YP1 gene hybrid promoter of the UP1 construct.
The addition of sequences between -256 and -89 of hsp7O
(present in UP2) is able to compensate for this postulated
lack of compatibility between the hsp7O HSEs and the YP1
gene TATA and transcription start site elements. The inser-
tion of these and further upstream sequences (to approxi-
mately -1400 base pairs) has also been shown to drive the
expression of authentic ADH RNA (24). These sequences
may contribute either new regulatory elements or simply
additional copies of the HSE. The interval between -256
and -89 is known to contain two additional HSEs that bind
tightly to heat shock transcription factor in vitro (51). Bienz
and Pelham (5) have shown that multiple copies of the HSE
have enhancerlike properties and can act on a heterologous
promoter. Consistent with this, it has recently been found
that a construct containing 10 HSEs (in the form of five
tandem copies of -89 to -38) is able to drive levels of YP1
gene transcription higher than those seen with UP2 when
placed upstream of the YP1 gene TATA box (K. W. Kraus,
unpublished data). Thus, additional HSEs can compensate
for the poor compatibility of upstream and start region
elements in certain hybrid promoters.

In the course of this study, we have developed a pair of
vectors named heat inducible cassette, or HIC vectors, that
can be used to drive the transcription of other genes under
the control of the hsp7O promoter (Fig. 7). One vector,
leader fusion cassette (HIC-L), contains sequences from
-256 to +62 of the hsp7O gene immediately adjacent to an
MCS. Genes inserted into any of the cloning sites would
produce a fusion RNA containing the first 62 bases of the
hsp7O transcript. A related construct that contains the hsp7O
sequences from -89 to +89 and the Bluescript MCS has
been made by D. C. Knipple and P. Marsella-Herrick (Nu-
cleic Acids Res., in press). Constructs such as these can
produce hybrid RNAs that are translatable both during and
after heat shock. The splicing of induced RNA during heat
shock can be made more efficient by heat shock treatments
performed at lower temperatures or by administering a mild
heat shock before a more severe heat shock (57).
HIC-L could also be used to provide an efficient means of

generating antisense RNA in a controlled manner. This may
allow the inhibition of the translation of an RNA of interest
at a chosen time of development (52a). By use of techniques
for localized heat shock (34a), these constructs could be
used for the induction or inhibition of gene expression in a

small cluster of cells.
The other vector, upstream fusion cassette (HIC-UP),

contains sequences -256 to -38 of the hsp7O gene immedi-
ately upstream of the MCS. A gene must be inserted into this
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FIG. 7. Diagram of the HIC-L and HIC-UP cassettes. Two
derivatives of pHSS6 containing different amounts of the hsp7O
promoter region are shown here. hsp7O sequences are represented
by hatched rectangles, with the 5' and 3' endpoints indicated.
Immediately 3' of the hsp7O promoter is an MCS containing restric-
tion enzyme recognition sequences for Sall, ClaI, HindIlI, EcoRV,
and EcoRI. The plasmid also contains the sequences required for
resistance to the antibiotic kanamycin. Upon cloning the gene of
interest into the MCS, the fusion gene can be moved to a transfor-
mation vector as a NotI fragment. These vectors are available upon

request from John Lis.

vector with its own TATA box. The resulting heat-induced
RNA would be authentic, containing only sequences from
the inserted gene. This would be critical in cases where
specific sequences contained in the leader region provide
signals for the maturation or metabolism of the normalRNA.

ACKNOWLEDGMENTS

We thank J. Werner for carrying out the Drosophila embryo
injections, J. Belote for teaching us how to successfully inject flies
with [35S]methionine, A. P. Mahowald for providing the anti-yolk
protein antibody, and G. Rubin and D. Mismer for the pHSS6
plasmid. Thanks also to A. Rougvie, R. Glaser, M. Goldberg, 0.

Perisic, J. Simon, and C. Sutton for critiques of this manuscript.
This work was supported by grant NP-527 from the American

Cancer Society to J.T.L. and M.F.W.

LITERATURE CITED
1. Baker, B. S., R. N. Nagoshi, and K. C. Burtis. 1987. Molecular

genetic aspects of sex determination in Drosophila. Bioessays 6:
66-77.

2. Barnett, T., C. Pachl, J. P. Gergen, and P. C. Wensink. 1980.
The isolation and characterization of Drosophila yolk protein
genes. Cell 21:729-739.

3. Beall, C. J., and J. Hirsh. 1987. Regulation of the Drosophila
dopa decarboxylase gene in neuronal and glial cells. Genes Dev.
1:510-520.

4. Belote, J. M., A. M. Handler, M. F. Wolfner, K. J. Livak, and
B. S. Baker. 1985. Sex-specific regulation of yolk protein gene

expression in Drosophila. Cell 40:340-348.
5. Bienz, M., and H. R. B. Pelham. 1986. Heat shock regulatory

elements function as an inducible enhancer in the Xenopus
hsp70 gene and when linked to a heterologous promoter. Cell
45:753-760.

6. Boggs, R. T., P. Gregor, S. Idriss, J. M. Belote, and M.
McKeown. 1987. Regulation of sexual differentiation in D.
melanogaster via alternative splicing of RNA from the trans-
former gene. Cell 50:739-747.

7. Bonner, J. J., C. Parks, J. Parker-Thorberg, M. A. Mortin, and
H. R. B. Pelham. 1984. The use of promoter fusions in Droso-
phila genetics: isolation of mutations affecting the heat shock
response. Cell 37:979-991.

8. Bosweli, R. E., and A. P. Mahowald. 1985. tudor, a gene

required for assembly of the germ plasm in Drosophila melano-
gaster. Cell 43:97-104.

9. Bownes, M., M. Blair, R. Kozma, and M. Dempster. 1983.
20-Hydroxyecdysone stimulates tissue-specific yolk protein
gene transcription in both male and female Drosophila. J.
Embryol. Exp. Morphol. 78:249-268.

10. Brennan, M. D., A. J. Weiner, T. J. Goralski, and A. P.
Mahowald. 1980. The follicle cells are a major site of vitelloge-
nin synthesis in Drosophila melanogaster. Dev. Biol. 89:225-
236.

11. Brock, M. L., and D. J. Shapiro. 1983. Estrogen stabilizes
vitellogenin mRNA against cytoplasmic degradation. Cell 34:
207-214.

12. Chapman, K. B., and M. F. Wolfner. 1988. Determination of
male-specific gene expression in Drosophila accessory glands.
Dev. Biol. 126:195-202.

13. DiBenedetto, A. J., D. M. Lakich, W. D. Kruger, J. M. Belote,
B. S. Baker, and M. F. Wolfner. 1987. Sequences expressed
sex-specifically in D. melanogaster adults. Dev. Biol. 119:242-
251.

14. Dudler, R., and A. A. Travers. 1984. Upstream elements nec-
essary for optimal function of the hsp70 promoter in trans-
formed ffies. Cell 38:391-398.

15. Feinberg, A. P., and B. Vogelstein. 1984. A technique for
radiolabelling DNA restriction endonuclease fragments to high
specific activity. Anal. Biochem. 137:266-267.

16. Garabedian, M. J., M.-C. Hung, and P. C. Wensink. 1985.
Independent control elements that determine yolk protein gene
expression in alternative Drosophila tissues. Proc. Natl. Acad.
Sci. USA 82:1396-1400.

17. Garabedian, M. J., B. M. Shepherd, and P. C. Wensink. 1986. A
tissue-specific transcription enhancer from the Drosophila yolk
protein 1 gene. Cell 45:859-867.

18. Glaser, R. L., M. F. Wolfner, and J. T. Lis. 1986. Spatial and
temporal pattern of hsp26 expression during normal develop-
ment. EMBO J. 5:747-754.

19. Hackett, R. W., and J. T. Lis. 1983. Localization of the hsp83
transcript within a 3292 nucleotide sequence from the 63B heat
shock locus of D. melanogaster. Nucleic Acids Res. 11:7011-
7026.

20. Hultmark, D., R. Klemenz, and W. J. Gehring. 1986. Transla-
tional and transcriptional control elements in the untranslated
leader of the heat shock gene hsp22. Cell 44:429-438.

21. Hung, M.-C., and P. C. Wensink. 1981. The sequence of the
Drosophila melanogaster gene for yolk protein 1. Nucleic Acids
Res. 9:6407-6429.

22. Ish-Horowicz, D., and J. M. Pinchin. 1987. Pattern abnormalities
induced by ectopic expression of the Drosophila gene hairy are
associated with repression of ftz transcription. Cell 51:405-415.

23. Kambysellis, M. P. 1984. A highly efficient method for collection
of hemolymph, hemocytes or blood-borne organisms from Dro-
sophila and other small insects. Drosophila Inf. Serv. 60:219-
220.

24. Klemenz, R., D. Hultmnark, and W. J. Gehring. 1985. Selective
translation of heat shock mRNA in Drosophila melanogaster
depends on sequence information in the leader. EMBO J. 4:
2053-2060.

25. Lasky, R. A., and A. D. Mills. 1975. Quantitative film detection
of 3H and 14C in polyacrylamide gels by fluorography. Eur. J.
Biochem. 56:93-104.

26. Legerski, R. J., H. L. Hodnett, and H. B. Grey. 1978. Extracel-
lular nucleases of Pseudomonas Bal 31. III. Use of the double-
strand deoxyribonuclease activity as the basis of a convenient
method for the mapping of fragments of DNA produced by
cleavage with restriction enzymes. Nucleic Acids Res. 5:1445-
1463.

27. Lis, J. T., W. Neckameyer, R. Dubinsky, and N. Costlow. 1981.
Cloning and characterization of nine heat-induced mRNAs of
Drosophila. Gene 15:67-80.

28. Lis, J. T., J. A. Simon, and C. A. Sutton. 1983. New heat shock
puffs and 0-galactosidase activity with an hsp7o-lacZ hybrid
gene. Cell 35:403-410.

29. Mahowald, A. P. 1972. Ultrastructural observations on oogen-
esis in Drosophila. J. Morphol. 137:29-48.

30. Maine, E. M., H. K. Saiz, P. Schedl, and T. W. Cline. 1985.

HIC-L

HIC-UP

VOL. 8, 1988 4763

 on January 23, 2021 by guest
http://m

cb.asm
.org/

D
ow

nloaded from
 

http://mcb.asm.org/


4764 KRAUS ET AL.

Sex-lethal A link between sex determination and sexual differ-
entiation in Drosophila melanogaster. Cold Spring Harbor
Symp. Quant. Biol. 50:595-604.

31. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

32. McGarry, T. J., and S. Lindquist. 1985. The preferential trans-
lation of Drosophila hsp70 mRNA requires sequences in the
untranslated leader. Cell 42:903-911.

33. McKnight, S. L., E. R. Gavis, and R. Kingsbury. 1981. Analysis
of transcriptional regulatory signals of the HSV thymidine
kinase gene: identification of an upstream control region. Cell
25:385-398.

34. Minoo, P., and J. Postlethwait. 1985. Biosynthesis ofDrosophila
yolk polypeptides. Arch. Insect Biochem. Physiol. 2:7-27.

34a.Monsma, S. A., R. Ard, J. T. Lis, and M. F. Wolfner. 1988.
Localized heat-shock induction in Drosophila melanogaster. J.
Exp. Zool. 247:279-284.

35. Nover, L. 1987. Expression of heat shock genes in homologous
and heterologous systems. Enzyme Microb. Technol. 9:130-
147.

36. O'Farreli, P. H. 1975. High resolution two-dimensional electro-
phoresis of proteins. J. Biol. Chem. 250:40074021.

37. Pelham, H. R. B. 1982. A regulatory upstream promoter element
in the Drosophila hsp70 heat-shock gene. Cell 30:517-528.

38. Postlethwait, J. H., G. Lange, and A. M. Handler. 1980. Yolk
protein synthesis in ovariectomized and genetically agametic
[fs(1)X87]Drosophila melanogaster. Gen. Comp. Endocrinol.
40:385-390.

39. Reddy, P., W. A. Zehring, D. A. Wheeler, V. Pirotta, C.
Hadfield, J. C. Hall, and M. Rosbash. 1984. Molecular analysis
of the period locus in Drosophila melanogaster and identifica-
tion of a transcript involved in biological rhythms. Cell 38:701-
710.

40. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

41. Schneuwly, S., R. Klemenz, and W. J. Gehring. 1987. Redesign-
ing the body plan of Drosophila by ectopic expression of the
homeotic gene antennapedia. Nature (London) 325:816-818.

42. Seifert, H. S., E. Y. Chen, M. So, and F. Heffron. 1986. Shuttle
mutagenesis: a method of transposon mutagenesis for Saccha-
romyces cerevisiae. Proc. Natl. Acad. Sci. USA 83:735-739.

43. Shirk, P. D., P. Minoo, and J. H. Postlethwait. 1983. 20-
Hydroxyecdysone stimulates the accumulation of translatable
yolk polypeptide transcript in adult male Drosophila melano-

gaster. Proc. Natl. Acad. Sci. USA 80:186-190.
44. Simon, J. A., and J. T. Lis. 1987. A germline transformation

analysis reveals flexibility in the organization of heat shock
consensus elements. Nucleic Acids Res. 15:2971-2988.

45. Simon, J. A., C. A. Sutton, R. B. Lobell, R. L. Glaser, and J. T.
Lis. 1985. Determinants of heat shock-induced chromosome
puffing. Cell 40:805-817.

46. Steller, H., and V. Pirotta. 1985. Expression of the Drosophila
white gene under the control of the hsp70 heat shock promoter.
EMBO J. 4:3765-3772.

47. Struhl, G. 1985. Near-reciprocal phenotypes caused by inacti-
vation or indiscriminant expression of the Drosophila segmen-
tation gene fushi tarazu. Nature (London) 319:677-680.

48. Struhl, K. 1985. A rapid method for creating recombinant DNA
molecules. Biotechniques 3:452453.

49. Tabor, S., and C. C. Richardson. 1987. DNA sequence analysis
with a modified bacteriophage T7 DNA polymerase. Proc. Natl.
Acad. Sci. USA 84:4767-4771.

50. Tamura, T., C. Kunert, and J. Postlethwait. 1985. Sex and
cell-specific regulation of yolk polypeptide genes introduced
into Drosophila by P-element mediated gene transfer. Proc.
Natl. Acad. Sci. USA 82:7000-7004.

51. Topol, J., D. M. Ruden, and C. S. Parker. 1985. Sequences
required for in vitro transcriptional activation of a Drosophila
hsp70 gene. Cell 42:527-537.

52. Velazquez, J. M., S. Sonoda, G. Bugaisky, and S. Lindquist.
1983. Is the major Drosophila heat shock protein present in cells
that have not been heat shocked? J. Cell Biol. 96:286-290.

52a.Walder, J. 1988. Antisense DNA and RNA: progress and
prospects. Genes Dev. 2:502-504.

53. Warren, T. G., M. D. Brennan, and A. P. Mahowald. 1981. Two
processing steps in the maturation of vitellogenin polypeptide in
Drosophila melanogaster. Proc. Natl. Acad. Sci. USA 76:2848-
2852.

54. Williams, J. L., and M. Bownes. 1986. Reduced stability of RNA
coding for yolk polypeptide 3 in Drosophila melanogaster
ovary. Eur. J. Biochem. 161:95-101.

55. Xiao, H., and J. T. Lis. 1986. A consensus sequence polymer
inhibits in vivo expression of heat shock genes. Mol. Cell. Biol.
6:3200-3206.

56. Xiao, H., and J. T. Lis. 1988. Germline transformation used to
define key features of heat shock response elements. Science
239:1139-1142.

57. Yost, H. J., and S. Lindquist. 1986. RNA splicing is interrupted
by heat shock and is rescued by heat shock protein synthesis.
Cell 45:185-193.

MOL. CELL. BIOL.

 on January 23, 2021 by guest
http://m

cb.asm
.org/

D
ow

nloaded from
 

http://mcb.asm.org/

