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ABSTRACT

We have isolated recombinant DNA clones coding fos femalg specific pro-
teins from Drosophila melanogaster. By screening with 2P-(A) RNA from male
and female es, respecfiveiy, we were able to isolate a set of 100 cDNA
clones which showed a positive hybridization signal for RNA from female flies.
These clones have been rescreened with RNA isolated from fat body of two day
old male and female flies. We obtained four positive cDNA clones. Isolation
of the corresponding genomic sequences, construction of the physical map and
comparing it with the restriction maps published by Barnett et al. (1) led
us to conclude that we had isolated the genes coding for two of the three
known yolk protein precursors (vitellogenins), YP I and YP II. The sequence of
the YP I gene was determined. It gives rise to a protein of 48 700 dalton MW
which might be cleaved to a MW of 46 700 during transport. The coding sequence
is interrupted by a single intron of 75 bases in length. The proposed leader
sequence starts at a region homologous to six heat shock gene sequences at the
site of initiation of transcription, suggesting the existence of an 11 bp cap
specific consensus sequence for Drosophila melanogaster.

INTRODUCTION

During oogenesis the synthesis of many specific proteins is under hor-
monal control (2). Under the influence of ecdysone the fat body cells produce
large amounts of yolk protein precursors, the vitellogenin I (46 000 daltons),
IT (45 000 daltons) and IIT (44 000 daltons) and secrete them into the hemo-
1ymph from which they are taken up by the developing oocyte to form yolk.
Vitellogenin is also produced in the ovary itself where it may be induced by
Jjuvenile hormone (3). The process of yolk formation is accomplished by a two
step process, a terminal cleavage of a signal peptide and a modification step
(4). Recently (1) it was shown that the genes coding for the yolk protein in
Drosophila melanogaster are single copy and dispersed at two chromosomal loci,
YP I and II at 8F-9A, YP III at 12B-C.

It is obvious that egg formation represents an interesting system for the
study of hormone induced protein synthesis, transport and modification. Here
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we present the DNA sequence of the YP I gene region. In addition the protein
sequence of YP I deduced from the DNA sequence data is presented.

MATERIALS AND METHODS

DNA and Enzymes )
pBR 322 or 325 DNA was used as a cloning vector to transform E. coli HB

101. Reverse transcriptase of avian myeloblastosis virus was a gift of

Dr. J.W.Beard, the Office of Program Resources and Logistics, NCI, USA. All
other enzymes were from commercial sources. Plasmid DNA was isolated by a
modification of the method of Clarke and Carbon (5).

Isolation of poly (A)+RNA

Two to three day old flies were collected with a vacuum cleaner and frozen
in 1iquid nitrogen. For the isolation of male and female specific RNA, ethe-
rized male and female flies were separated by hand before freezing. Frozen
flies were powderized in a mortar cooled by 1iquid nitrogen. To 10 g of powder
50 m1 of RNA buffer (20 mM Tris/Cl, pH 7.5, 100 mM NaCl, 0.5 % SDS, 1 mM EDTA,
75 Fg/ml Heparin, 20 pg/ml polyvinylsulfate) and 50 ml of phenol.chloroform-
isoamylalcohol (24:24:2) were added and the material was further homogenized
in an omnimix (Sorvall) for 3' in an ice bath; after centrifugation at 10.000
rpm for 15' the aqueous phase was decanted and the volominous interphase was
reextracted with 1/2 vol of RNA buffer. After centrifugation the supernatants
were combined and reextracted with phenol:chloroform-isoamylalcohol. The RNA
was precipitated from the aqueous phase and adjusted to 0.3 M NaOAc, pH 5.
Poly (A)+RNA was prepared by two cycles of oligo (dT)-cellulose chromatogra-
phy.

Poly (A)+RNA was further purified by sucrose gradient centrifugation
(containing 10 mM Tris/C1 pH 7.5, 0.5 mM EDTA, 0.1 % SDS and from 10 to 30 %
sucrose) for 16 hrs at 35 000 rpm in a SW 40 rotor at room temperature. Frac-
tions were tested in a reticulocyte cell free translation system and the
fractions directing the synthesis of polypeptides in the size range of 20 to
80 kd were used for cloning.

Synthesis of ds-cDNA

cDNA was synthesized from sucrose gradient-enriched RNA. In a 250 pl re-
action (50 mM Tris/Ci, pH 8.3, 10 mM Mg (0OAc),, 100 mM KC1, 10 mM DTT, 15 pg
oligo- dT12 18° 1 mM each of dATP, dGTP, dCTP and dTTP and all four «-P-32-
deoxynucleosidetriphosphates (total of 40 uCi), 25 pg po]y (A) RNA were incu-
bated with 60 units of AMV-reverse transcriptase at 42°C for 45 min. 250 p1
of dilution buffer was added (5mM DTT, 5mM Tris/Cl1, pH 8.3) and the mixture
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was incubated for another 50 min at 45 °C. After boiling for 2 min, the
reaction mixture was chilled quickly. To render the DNA double stranded, an
extra 100 mM Hepes buffer (pH 6.9), 100 mM KC1 and 100 uM of each of the dXTPs
were added and incubation was continued at 15 °C for 4 hrs with 20 units of
E. coli DNA pol. I. The reaction was stopped by the addition of EDTA and the
mixture was passed through a Sephadex G 50 column to remove the radioactive
precursors. The double stranded cDNA was precipitated with EtOH and digested
with nuclease S, to open the hairpin structure. After extraction with pheno]l
and precipitation with EtOH the cDNA was used for insertion into pBR 322.
Cloning of ds-cDNA

0ligo dC-tails were added to the cDNA by incubation with terminal trans-
ferase. This cDNA was hybridized to Pst I - opened, oligo-dG-tailed pBR 322
DNA and hybrid molecules were transformed into E. coli HB 101. Colonies were
selected for TetR and AmpS phenotype.
Screening of colonies for female specific sequences

TetR and Ambsrcolonies were transferred to microtiter plates and nitro-
cellulose filters carrying lysed bacterial colonies were prepared according
to Grunstein and Hogness (6). Duplicates of the filters were hybridized to
male specific and female specific pol_y(A)+ RNA which was labeled with P-32
by incubation at pH 9.5 at 90 OC for 75 min and subsequent incubation with
T4 polynucleotide kinase and 7-32P-ATP at 37 °C for 30 min (specific activity:

2 x 107 cpm/ug RNA). One hundred colonies which showed a difference in

hybridization intensity were kept on two filters for rescreening with cDNA com-
plementary to male and female specific RNA from fat body.
Isolation of genomic clones

For the isolation of genomic clones, the Drosophila melanogaster
(Canton S) library from T. Maniatis was used. A1l screening procedures were as
described by Maniatis et al. (7). The isolated HindIII fragments containing
either one of the two isolated YP genes were recloned in pBR 322 or pBR 325.
Restriction mapping

Cloned ¢DNA and isolated x» phage DNA were mapped by the double digestion

method or by the method of Smith and Birnstiel (8). Restriction fragments were
separated either on 0.5-1.5 % Agarose gels or on 3-10 % Polyacrylamide gradient
gels. As molecular weight standards HindIII digested A phage and Hinfl di-
gested pBR 322 DNA were used. DNA was transferred from Agarose slab gels to
nitrocellulose filters by a modification of the method of Southern (9). Agaro-
se gels were pretreated with 0.25 M HC1 to reduce the time of transfer to 3
hrs. Hybridization of 32P-DNA probes to filter bound DNA was usually done for
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1 day with a concentration of 1 pg labelled probe/100 m1 hybridization solu-
tion.
DNA sequence analysis

DNA sequencing was performed according to Maxam and Gilbert (10). 6 %
sequencing gels were prepared and dried down as described by Garoff et al.
(11). Pst I cut fragments were 3' end labelled with u-32P-cordycepintriphos-
phate (12), all other sequencing was from 5' end labelled fragments using T4
polynucleotide kinase. To obtain clean fragments for sequencing the labelled
DNA was routinely run through two gels, one after kinasing and one to sepa-
rate the one end labelled fragments after second restriction cleavage.
S-1 analysis

Five pg po]y(A)+ RNA and about 0.5 pg labelled DNA fragment were preci-
pitated with 20 pg of carrier tRNA, pelleted and taken up in 30 p1 of S-1
hybridization buffer (80 % Formamide, 0.4 M NaCl, 0.04 M Pipes pH 6.4, 0.001 M
EDTA) (13). After heating at 80 °C for 5 min the solution was kept at 60 °C
for 3 hrs. Then 10 volumes of S-1 digestion buffer was added (0.25 M NaCl,
0.03 M NaOAc, 0.001 M ZnSO4, 5 % glycerol) containing 1000 units of nucTease
S-1 (Boehringer, Mannheim) and incubation was continued for an hour at 42°c.
After precipitation with 10 yg of carrier tRNA the sample was run through a
6 % polyacrylamide-sequencing gel.

RESULTS

Construction of cDNA clones from female specific message

In order to study genes whose expression is regulated by hormones we
attempted to clone DNA sequences complementary to female specific messages.
This was done by preparing cDNA from po]y(A)+ RNA of 2-3 day old flies and
subsequent cloning of this cDNA into the Pstl site of pBR 322 via oligo dC/dG
tailing. We picked 850 Amps, TetR colonies and used them in the screening
procedure with po]y(A)+ RNA prepared from 2-3 day old male and female flies.
Finally a collection of 100 putative female specific clones was selected and
kept on nitrocellulose filters for further screening with tissue specific
probes such as RNA from fat body or ovaries.

Screening of cDNA collection and phage library

Screening with cDNA to poly(A)+ RNA isolated from fat body of 2-3 day old
female and male flies, respectively, gave a positive signal with four of the
cDNA clones*) The positive clones appear to derive from two classes of RNA

%) We thank Dr. Bownes, University of Edinburgh, for performing the screening
with po]y(A) RNA isolated from fat bodies of Drosophila melanogaster.
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since two clones each showed overlaps in their restriction maps. From each
pair of cDNA clones we used the one with the longest inserted cDNA (cDm-42
and cDm-46, respectively) both for screening the library of genomic DNA and
for in situ hybridization to polytene chromosomes.

cDm-42 and cDm-46 DNA were labeled with (3H) dTTP by nick-translation
(14) to a specific activity of 5 x 100 cpm/ug and hybridized, in situ to poly-
tene chromosomes (data not shown). Both clones hybridized to a only one chromo-
somal region which coincides with 8E/9A, the known loci for YP I and YP II.

In order to screen the genomic 1library cDm-42 and -46 DNA was nick-trans-
lated with a-32P-dCTP to a specific activity of 0.5 - 1.0 x 108 cpm/ug. Twenty
positive plaques were obtained, of which 3 phages (DmF3 A-C) containing segments
of the same chromosomal region were selected for further analysis. The loca-
tions of the overlapping segments with respect to the total inserts are shown
in Fig. 1.
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FIG. 1

Comparison of lambda clones carrying segments which gave positive
Southern bTots with female specific cDM 42 and -46 DNA. Each probe gave a
positive hybridization signal at one region and a weaker one at a different
site separated by a fragment which did not hybridize to either one of the
hybridization probes (hatched boxes) indicating two related genes. The physi-
cal map of restriction enzymes recognizing hexamer sequences confirmed the
assumption that the cloned Drosophila melanogaster DNA contained the genes
for YP I and YP II also cloned by Barnett et al. (1) and Riddellet al. (15).
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Restriction analysis of genomic clones

Restriction analysis by double digestion with EcoRI and HindIII revealed
the cleavage pattern known from the work of Barnett et al. (1) to be the co-
ding region for the YP I and YP II genes from Drosophila melanogaster. Further
analysis of the two HindIII fragments, positive in Southern probing, with other
restriction enzymes recognizing hexamer sequences and subsequently probing the
blotted agarose gel with cDm-42 and -46 DNA (lower portion of Fig. 1) confirmed
the assumption that we had isolatéd the genes coding for YP I and YP II.

The restriction map obtained is consistent with the one presented by
Barnett et al. (1) and Riddell et al. (15) except for an additional Pstl frag-
ment of 0.1 kb in the 3' terminal part of the YP I gene sequence. The cDNA
probes which cover about one kb of the 3' terminal mRNA sequence show remar-
kable crosshybridization even under stringent conditions (data not shown).
Both genes have been recloned as HindIII fragments in pBR 325 (YP I) and
pBR 322 (YP II) (Fig. 2).

Sequencing strategy and analysis of the YP I gene

In order to determine the actual coding region we first sequenced a por-
tion of the cDNA clone starting from the poly A tail towards the coding region
(Fig. 3). The corresponding genomic DNA was then sequenced beginning with the
poly A addition site. The actual coding sequence was determined by S1 dige-
stion of labelled DNA fragments after hybridization with poly (A)+ RNA from
female flies (Fig. 4).

The following features are evident from the sequence (Fig. 3). A charac-
teristic 'TATA' box is present 23 bp upstream of the putative cap-site which
closely matches in sequence with the transcrpiptional start of six heat shock
gene messages from Drosophila melanogaster. This extensive homology strongly
suggested the location of the 5' end of mRNA, the cap site, at this place,
possibly at position 1 (Fig. 3, pos. 3-14, underlined). Also transcription
experiments obtained with a whole cell extract from HelLa cells lead to run-
off products of about 520 NT for a Bst E I cut template (pos. 516, unpublished
results). The sequence AATAAA preceding most poly(A) addition sites was found
at position 1606 with poly A added at position 1634 or 1635.

It is interesting to note that all 10 Eco RII restriction sites showed a
missing second "C" of the CC?GG recognition site in the sequencing ladder due
to methylation as described by Ohmori et al. (16). Also the Taq I site in po-
sition 756 (Fig. 3) was not cleaved in mapping experiments which could be ex-
plained according to Razin et al. (17) who showed that GATC is the site of
methylation by the "dam" protein. The possibility that Taq I does not cleave
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FIG. 2
Restriction map of two HindIII fragments carrying YP I and II

The res%r'iction map for EcoRI - { , HindIII - £, BamHI - ¥, PstI - &,
XHOI - and Bg1III - is shown together with the YP I and YP II coding
region (1, 15) indicated by arrows pointing towards the direction of trans-
cription. The physical map of the cDNA clones Dm 42 and 46 is aligned to the
corresponding genomic sequences. Both coding regions have been recloned as
HindIII fragments. The lower part shows a more detailed restriction map of
that portion of pDm YP I which has been sequenced. This is equivalent to the
region occupied by the leftward pointing arrow in the upper part of the figure.
Single arrows below the detailed restriction map indicate regions covered by
sequencing.

when its recognition site is superimposed by a Sau 3A site carrying a methy-
Tated "A" was already discussed by Streecket al. (18).
The YP I Protein

The coding sequence starting at the first AUG (Pos. 62) downstream from
the cap site runs into a cluster of 4 stop codons around nucleotide 290 which
terminate in all three reading frames. The interruption of translation is

followed by a very AT rich DNA sequence including an unusual stretch of A16'
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S-1 mapping experiments (Fig. 4) revealed the existence of an intron of about
75 NT in length starting and ending approximately at positions 282 and 356 re-
spectively. At these positions we find putative intron boundaries (Fig.'3).
Excluding the intron a coding sequence of 1317 nucleotides startihg at position
62 and terminating at position 1454 is found (Fig. 3 corresponding to pos. 62
and pos. 1379 in Fig. 5). It gives rise to a protein of 48 700 dalton MW. The
other two reading frames are unusable for translation since they contain a
total of 30 stop codons (Fig. 5, triple stars). The NH,-terminal protein ex-
tension shows an amino acid sequence of extremely hydrophobic character as ex-
pected for amino acids comprising a signal peptide. Substraction of this puta-
tive signal sequence results in a mature protein of 46 780 dalton MW. This is
in agreement with the known size of the YP I protein from SDS gel electropho-
resis.

DISCUSSION

Vitellogenin from Drosophila melanogaster has been studied for several
years but only recently it was recognized to consist of three different poly-
peptides which are not derived from a unique gene. Final proof came from the
work of Barnett et al. (4) who described three different coding regions, two
clustered at the chromosomal locus 8F/9A and a third one about 1 000 kb away
at the locus 12D, all of which appear to be transcribed and translated with
equal efficiency. The in vivo expression of vitellogenin as an egg storage
protein is sex and time specific. Due to their similarity it is very difficult
to separate and purify the three yolk proteins; consequently the protein se-
quences are not available. We isolated two of the three YP genes, YP I and
YP II. Three genomic clones carrying two coding sequences or part of it were
isolated from the lambda 1ibrary of genomic (Canton S) DNA. They were identified
by their chromosomal location and their restriction patterns which are identical
to the ones determined by Barnett et al. (1) and Riddell et al. (15). As a first

FIG. 3
Complete nucleotide sequence of the YP I gene

The sequence, noncoding strand only, shows the 5' flanking region including a
"TATA" box. The proposed site of initiation of transcription, pos. 1, the
intron splice points pos. 281 and 356, and the polyadenylation site, pos. 1634
or 1635 are indicated by arrows. The first ATG, pos. 62, underlined, following
the proposed site of initiation of transcription starts an open reading frame
of, excluding the intron, 1317 nucleotides. The stop codon, pos. 1454, and the
polyadenylation signal are also underlined. The lower part shows a sequence
frgﬂ the cloned cDNA, cDm 42 suggesting the site of polyadenylation to be
either T or A.
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Intron boundary sites determined by nuclease S1 digestion

A: The Avall - BamHI restriction Fragment, fig. 3, pos. 181 to 684 5' end
labelled at the Avall site, was hybridized with poly(A)* RNA from female flies
and treated with nuclease S2. The left lane shows the untreated fragment and
the right lane the S1 digestion product of 331 nucleotides in length and some
undigested material. In the middle lane Hinfl digested pBR 322 DNA fragments
were run as molecular weight markers. The two minor bands in the left lane
(arrows) are probably due to single strand cleavage by BamHI at the sequence
positions 373 and 472, giving rise to two new bands of 314 and 215 nucleotides
under denaturing conditions only.

B: The 800 nuc]eotides3§amHI fragment, fig. 3, pos. 181-981, was 3' end label-
led with pol. I and a-"“P-triphosphates to determine the left (5'-)end of the
intron. After S1 digestion a series of bands appeared. As shown in the middle
lane a strong band on top (arrow), 95 nucleotides in lengthyresults in a splice
point at position 281. The additional bands may be due to crosshybridization
to homologous YP II sequences. The right lane shows undigested BamHI fragment,
the left lane Hinfl digested pBR 322 DNA and an additional marker fragment of
900 nucleotides. Both S1 experiments are analyzed on 6 % "sequencing" gels.
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ey R2
»un R3

1301 GCACCCGCCCAGAAL G COGTGTCCACCAGBCETEGAACACCAACCABGACABCAAGGAC TACCAGTAAGBATBAGTCTBCTTACTCT
alaProAlaBlnLysBlnScherTyrnlsﬁlyVat”ﬁsG!nAIATrpAsnthhsnGlnﬁs;SerLysﬁs;Tyrelnl!! e RY
R2
R3

1401 GGACACCTGGAATGOCAACTACCAAACAACCACCCAACCACACARACACTBTAGTCCCTAAGT TGAACCCATATTGECCCTTTTCTTGAGATTACCTARA
» RY
*nn 223 (1] R2
L1 R3

1504 carnmmcacncocemncmmtmocrcmtmwcnmmcc ’ ’ :
sy - RY
Ty R2
R3

FIG. 5

Complete nucleotide sequence of the YP I coding region (excluding the
putative intron) and its amino acid sequence

The termination codons are indicated by triple asterisks.
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step to study the expression of the YP genes on a molecular basis we determined
the primary sequence of the YP I gene and its 5' flanking sequence:

Although the region transcribed as YP I mRNA was known from S-1 mapping
experiments (4, 15) the exact start of the mRNA transcript is still tentative.
A characteristic "TATA" box, however, is evident 23 bases upstream from the pro-
posed 5' end of the mRNA (pos. 1 in fig. 3). The TATA sequence is framed by GC-
rich regions as found next to most published eucaryotic promoter or selector
sites. Comparing six heat shock and the YP I gene sequence from Drosophila melano-
gaster a consensus capping sequence is found near the proposed site ot
initiation of transcription (the sequences are aligned to give maximum
homology):

hsp 22 (23) CAG...... TTCA
hsp 23 (23) CAG.TTGAATTCA
hsp 26 (23) CAGATCGAATCCA
hsp 27 (23) CAGTCTAAACTGA
hsp 70 clone G 13 (20) CAATTCAA.TTCA
hsp 70 clone BHI (20) CAATTCAA.TTCA
YP I CAGTTCAA.CTCA
consensus sequence CAg.TCAA.ETCA

No homology, however, can be recognized to a proposed conserved sequence 70 to
80 bp prior to transcription initiation as found for several other polymerase
IT transcribed genes (21). Perhaps there is an as yet unresolved recognition
site which modulates gene expression in Drosophila.

The Tength of the mature YP I RNA, excluding the poly (A) tail of un-
known length was found to be approximately 1560 nucleotides. Its primary trans-
cript is interrupted by at least one intron. The 5' and 3' boundary sequences
of the YP I intron share homology with the flanking sequences from two Droso-
phila melanogaster actin gene introns (24):

Dm A, (24) GTGCGTGS. ... . .. ... TATCCTGCAG
Dm Ac (24) GTGCGTGA. . ......TGTCCTGTTCAG
YP 1 GTGAGTAA....... TATCCTTTGTAG

Other small introns cannot be excluded as long as the mRNA sequence itself is
unresolved, but it seems unlikely in view of the high number of stop codons in
the remaining two reading frames.

Although the mechanism of transcription termination and polyadenylation
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is still unclear, one general feature of all eucaryotic mRNA 3' ends is a
"AATAAA" sequence preceding the polyadenylation site by 10 to 30 bases. This
turned out to be true also for the YP I sequence presented here.

The coding sequence of 1317 nucleotides includes codons for a signal pep-
tide that facilitates the transport of the vitellogenin polypeptide. Only three
out of the first 19 amino acids are not hydrophobic. Its leucine content is
rather high which is characteristic for signal sequences. Since there are no
published results on the N-terminal amino acid sequence of the mature protein,
the suggested N-terminus of the mature protein at the end of the block of
hycrophobic amino acids, i.e. at position of amino acid 20 (fig. 5) remains
speculative.

Comparison of the cDNA and the corresponding genomic DNA sequence sug-
gests the poly (A) addition site to be either nucleotide 1634 or 1635 (fig. 3).

We hope that knowing the sequence of the YP I gene will prove helpful in
the purification of the YP I protein using antibodies produced against syn-
thetic polypeptides (25) and subsequently in the verification of the polypep-
tide sequence by partial amino acidvsequencing.
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