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ABSTRACT

We have determined the complete nucleotide sequence of the hormonally
regulated yolk protein 1 (YP1l) gene of Drosophila melanogaster. We have also
determined the sequence location of the 5' and 3' ends of both the mature mRNA
and the gene's only intron. The YP1 gene contains sequences similar to those
found in many other eukaryotic genes. Among these sequences are the
Hogness-Goldberg box, the capping site, the ribosome binding site and the
polyadenylation signal sequence, all perhaps involved in transcriptional or
translational control. Also among these sequences are the consensus splice
sequences. They occur at each end of the 76 nucleotide intron. One
distinctive secondary structure likely to occur in either the DNA or RNA and
which might be involved in the regulation of transcription or translation was
also found in the YP1 gene sequence. We show the protein sequence predicted
by the DNA sequence and the RNA mapping results.

INTRODUCTION

Three yolk proteins (YP1, YP2 and YP3) have been identified in D.
melanogaster (1). These proteins are coordinately synthesized by the female
fat body in response to a steroid hormone, ecdysone (2). We have recently
isolated genes coding for these proteins (3) and demonstrated that each
protein is encoded by a different, single-copy gene. Since we have also
established that the concentration of yolk protein mRNAs in the fat body
increases in parallel with the rate of the fat body's synthesis of these
proteins (4), we presume that the hormone controls the rate of protein
synthesis by controlling the rate at which these three single-copy genes are
transcribed. A transcription map of the genes (5), indicates that this
control is exerted at a minimum of three transcription initiation sites, one
site for each of the genes. As part of our investigation of the mechanism
which allows the hormone to exert this control, we present in this paper the
entire DNA sequence of the YP1 gene and establish the location of the 3' and
5' ends of both the mRNA and the gene's single intron.
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MATERIALS AND METHODS

Plasmid DNAs and D. melanogaster RNAs were isolated as described by
Barnett et al. (3).

DNA fragments were radiolabeled at their 5' end with T4 polynucleotide
kinase (Bethesda Research Laboratories) by the method of Maxam and Gilbert (6)

or at their 3' end with avian myeloblastosis virus reverse transcriptase
(obtained from J. Beard) by the method of Goodman (7).

Restriction mapping and DNA sequencing were performed according to Smith
and Birnstiel (8) and to Maxam and Gilbert (6), respectively. The G, G+A, C+T
and C modification reactions (6) were used for the sequencing.

The nuclease protection studies were carried out according to the general
procedure of Sollner-Webb and Reeder (9) using sequencing ladders to determine
the end points of protected fragments that were end-labelled at either their
3' or 5' end. Because Maxam and Gilbert sequencing ladders were used as size
standards in these experiments, correction factors had to be applied. The
sequencing reactions eliminate the modified nucleotide. Thus fragments
generated by the sequencing reactions are one nucleotide shorter than the
corresponding fragments generated by Sl-digested product for 3' end-labelled
DNA fragments. For 5' end-labelled DNA fragments, as shown by Sollner-Wehb
and Reeder (9), the sequencing cleavage products have an apparent
electrophoretic mobility 1.5 nucleotides faster than the corresponding
fragments generated by Sl-digested products because the sequencing cleavage
products are one nucleoside shorter than the corresponding SI-digested
product .

The regions of dyad symmetry were identified using the computer program
of Queen and Korn (10) in the Stanford molgen project version. When this
program was used the relevant parameters of Queen and Korn were set as: MIN
MATCH = 5; MIN RATIO = 0.7; LOOP LENGTH = 3; LOOP DIST = 50; DUBIOUS = O.

RESULTS AND DISCUSSION
DNA Sequence of the YP1 Gene
The YP1 gene sequence was determined by examining genomic DNA cloned (3)

in the plasmid pBR322. The sequencing strategy and the map of relevant
restriction endonuclease sites are shown in Figure 1. As this figure
indicates, approximately 80% of the gene sequence was confirmed by sequencing
both complementary strands. The remainder of the sequence was unambiguously
determined by the sequence of one or the other strand. Since our restriction
map was of low resolution, there is the possibility that any one of the mapped
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Figure 1: Strategy for sequencing the YP1l gene. The restriction map is drawn
with Hind III (;c)!, EcoR I (%), BamH I(P ), BstE II(F), Bal II(4),

Ava 11( &), Xho I(¥), Pst I(1), and Hinf I(}) sites shown. The only Hinf I
sites shown are those used in the experiments. All sites of the other enzymes
are shown. The arrows under the restriction map indicate the direction and the
extent of DNA sequence determination. The circles at the end of the arrows
indicate the strand labeled and sequenced: 0, 5' end-labeled by kinase; @,
3'end-labeled by reverse transcriptase; and @, both 5' and 3' ends were
labeled and sequenced. The heavy lines above the restriction map represent
the DNA region complementary to YP1 mRNA (5). Caret symbol indicates the
intron and the arrowhead indicates the 3' end of mRNA,

sites might be a doublet of two closely spaced, identical restriction sites.
To assure that no part of the gene sequence was lost because of this
possibility, we labeled additional sites and determined the sequence across
restriction sites used in the sequencing procedure. The single exception to
this general practice was the BamH I site closest to the 3' end of the gene.
We demonstrated that this site was not a doublet by digesting the entire
plasmid with BamH I, Tabeling the ends and then electrophoresing the product
on sequencing gels that would detect fragments from 2 to at least 2000
nucleotides in length. No fragment was observed between the unincorporated
v-32p-ATP and the smallest fragment predicted by the restriction map (800 bp,
see Fig. 1). This observation was confirmed by electrophoresis of a partial
BamH I digest of a BstE II/Xho I fragment (see Fig. 1) labeled at its BstE II
end. No deletion larger than 5 or 6 nucleotides was found in the partial
digest. This indicates that the BamH I site was not a doublet. We conclude
that the complete genomic copy of the YP1 gene was determined. It is shown in
Figure 2.

We observed that the second cytosine of every BstN I site (5'-CC$GG-3')
was always missing in the sequencing gel. This is likely to be due to
methylation of this residue when the cloned DNA was grown in E. coli (11).
A1l of the BstN I sites predicted by the sequence were confirmed by
restriction mapping, and in most cases (see Fig. 1) were further confirmed by
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. . AGATCTATATTTTATGCATTTATTTGATCARATCCGGTGCACAACTACAATGTTGCAATCAGCGGAACTACAAAGTG -271
ATTACAAATTAAAATAATCAGGCGGCAGCAGSTECTGCTARGTCATCAGTEGEGTCAGCTATAGG TAGGCCCCGTETCTA 191
TTTTGTATGTATACAATTTATTCCGCTATCGATAGCATATACACTCATCCRAT TCCTTAGGCACCCGARMACCCTTACTE ~111
AGCACAAGTGACCGAT TAAGECCTGAGCCASCSAAMGCARGT CGRAAAATGGGAARTCGC TCAGCGTARATTGTGGIAT  -31
AlﬂgﬁpCAccArceTTGGAT?TGGAAGGCcXGTTCAAcréAcTCAGTGT?GAAGTCGCAfCCGCAGGACEAAATCCCAAA 50

TCOGAACCATGAACCCCATGAGAGTGCTGAGCCT TCTGGCTTECTTRGCE6TCACCOCCTTGECCAAGCCCARTGRCCGT 130
ATGGACAAC%ccercAACCAGGCATTGAA&CCGTCGCAGfGGCTCchgﬁgjggcAGCTéGAGGCCATTECCGCCCTCGA 210
COATTTCACCATTGAGCGTCTGGAGAACATGAAC CTGGAGCGTGGCGCCGAGCTGCTGCAGCAAGTCTGTGAGTAATCCT 290
AT GCAGAT AAAMARAAAAAAMACAT CEAR TATTCTATGOAATATATATATCCTTTGTAGACCACE T TCGCAGAT 370

CCACCACAACBTTBAGCCCARCTATGTGCCLAGCOOCATCCAGG TC TATE TGCCCAAGCLCAAT GG TGACAAGACCE TG 450
CTCCCCTGAACGAGATGATCCAGCGCCTGARGC AGAAGCAGAACT T TGG TGAGGATGABGTGACCATCATTGTGACCGEA 530
CTGCCCCAGACCAGCGAGACCETGAAGAAGGCGACCAGBAAGCTGGTTCAGGCTTACATGCAGCGCTACAATCTGCAGCA 610
GCAGCGCCAGCACGGCAAGAACGGCAACCAGGAC TACCAGGATCAGAGCAACGAACAGAGGAAGAACCAGAGGACCAGCA 690
GCGAGGAGEACTACAGCGAGGAGG TTAAGAACGCCAAGACCCARAGCGGCGACATCATTGTGATCGATTTGGGCTCCARG 770
CTGAACACCTATGAGCGTTATGCCATGCTCOACATTGAGAAGACCGGCGCCAAGATCGGCAAGTGGATCETCCAGATGET 850
CAACGAGTTGGACATGCCCT TCGATACCATTCACCTGATTGGCCAGAATG TGGG TGCCCATGTTECCGRTGCCGCTGCCE 930
AGGAATTCAECCGTCTCAcéeeACACAAGETGCGCCGTG?CAccsGTcréﬁzjggcTCCAAGATCGTGGECAAGAGcAAé 1010
AACACCCTGACCGGTCTGECTCGOGETGATECTGAATTCGTTGACGCCATCCACACCTCAGTCTACGGCATGGGCACCEE 1090
CATCCRCTCCGGTGATGTTGACTTCTATCCCAATEGACCTGCCGCCGRTG TTCCCREAGCCAGCAACGTGGTEGAGGECE 1170
CCATGCGTGCCACCCECTACTTCGCCGAGTCCG TGCGTCCCRGAAACGAGAGBAGCTTCCCCGCCTGCCAGCCAACTCE 1250
CTGCAGCAGTACAAGCAGAACGATGGATTCGGCAAGEGTGCCTACATEGECATCBATACCECTCACBATCTCGAGGETGA 1330
CTACATTCTGCAGE TGAACCCCAAGTCTCCTTTCRRCCGCAACGCACCCACCCAGARGCAGAGCAGCTACCACBRTRTCE 1410
AcCAGGcsréGAACACCAAéCAGGACAGcAAGGACTAccAGIAApGAréiE;ETGCTTAETCTGGACACETGGAATGGcR 1490
ACTACCAAACAACCACCCAACCACACAAACACTGTAGTCCCTAAG TTGAACCCATATTGGCCCTTTTCTTGAGATTACCT 1570
AAACATTTAACGAGCACATCGCGAAAT TCAGCAAATARACGCTCGATAARGAGCTTAARARTATCTATTTTGTTTATCTT 1650
AAATCATTTAGGAACTATAATAGTCTAATAGAT CATCCCAARAAAAAGGGAACAAAATCAAAAGTARATATCGTAGTTTG 1730
6TTTTGTAAACTTAGATTTATTTTATTGTIGTCEGTGTTTTTGTGE. . . . -

Figure 2: Complete nucleotide sequence of the YP1 gene. The nucleotide
sequence shown is the non-coding strand and corresponds to the mRNA sequence.
It is written from left to right and top to bottom, in]the 5' to 3' diregtion.
Some of the relevant restrjction sites are indjcated along the sequengce by the
symbols: that is BamH I,i— ; for BstE II,&,; and for Hinf I,L .
In5' to 3' order, Hogness-Goidberg box, capping site, ribosomal binding site,
first ATG codon, termination codon (TAA), and polyA recognition site are all
outlined by heavy lines. The arrows indicate the 5' and 3' ends of the YP1
gene and the intron. The intron region is marked by underlining.
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sequencing both of the complementary strands.
Location of the 5' and 3' ends of the mRNA

A map of the YP1 mRNA complementarity to the YP1 gene had been
established by single-strand specific nuclease digestion of DNA:RNA duplexes
(5). This transcript map indicated that the YP1 gene contained, from its §'
to its 3' end, a 290 nucleotide exon, a 70 nucleotide intron and a 1300

nucleotide exon. In this paper we describe similar experiments which differ
by using sequencing gel ladders to determine the precise gene sequence
location of the 5' and 3' ends of both the YP1 mRNA and the intron.

The strategy used to localize the ends is summarized in Figure 3a. To map
the 5' end of the YP1 mRNA, the 5' end-labeled fragment A (Fig. 3a) was
denatured and hybridized to adult polyA* RNA under conditions which favored
DNA:RNA hybridization rather than DNA:DNA hybridization (12). Following the
hybridization reaction, single-stranded nucleic acids were digested with S1
nuclease. The labeled, Sl-resistant duplexes were denatured and
electrophoresed on a 6% polyacrylamide DNA sequencing gel in parallel with the
4 sequencing reaction products from fragment A (Fig. 3b). Three S1 resistant
fragments were observed whose termini were 182, 184 and 185 nucleotides from
the end of fragment A. As shown in Figure 3c, these termini correspond to
positions -2, -1 and +2 of the gene sequence (Fig. 2). Since the Sl nuclease
can nibble at the ends of RNA:DNA duplexes (9), the 5' end of the mRNA could
be at any one of these three positions or at a nearby position. It is also
possible that there may be several mRNAs with slightly different end points.
The sequence in the area of the 5' end indicates which nucleotide is most
likely to be the 5' end. The terminus of the largest S1 resistant fragment
(position -2 in Fig. 2) begins an 8 nucleotide sequence (5'-CCAGTTCA-3') that
is similar to the consensus sequence for the eukaryotic mRNA capping site
(5'-PyCATTCPu-3') (13,14). The 5' ends of most eukaryotic mRNAs are located
at an adenosine that is the third nucleotide of this capping site (13,14). In
addition, one experiment described in the literature indicates that
transcription is initiated within the capping site (15). Reasoning by
analogy, we suggest that the 5' end of the YP1 mRNA corresponds to the
adenosine (position +1 in Fig. 2) that is bracketed by the termini of
Sl-resistant fragments.

Analogy to another consensus sequence also suggests that the 5' end of
the mRNA is near this adenosine. A sequence identical to the Hogness-Goldberg
box (5'-TATATAAA-3') occurs 26 nucleotides upstream from the adenosine at the
+1 position. This box is found 20-30 nucleotides upstream from the mRNA start
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Figure 3: Location of 5' and 3' ends of YP1 gene.

(a? A simplified restriction map is shown. The symbols are the same as in
Figure 1 except that a Cfo I site ( } ) is present. A and B indicate the
restriction fragments used to map the 5' and 3' ends, respectively, of the
mRNA. The DNA protected from S1 digestion is shown by heavy lines on the
restriction fragments. Open and closed circles represent labels at the 5' and
3' ends, respectively.

(b) The Sl-resistant material from fragment A was electrophoresed on a 6%
polyacrylamide DNA sequencing gel. The amount of Sl nuclease used in 200 ul
of reaction buffer is shown above the lanes. A DNA sequencing ladder prepared
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from the same fragment was used a size marker.

{c) A schematic representation of (b) is shown. The sequence read from (b) is
shown to the left. Its complementary strand (the non-transcribed strand which
corresponds to the mRNA sequence) shown to the right. The sequencing
standards are displaced by 1.5 nucleotides to account for the difference in
their migration relative to the S1 nuclease-generated fragments (see Materials
and Methods). The arrow indicates the proposed 5' end of YP1 gene.

(d) The Sl-resistant material from fragment B is shown. The conditions of
electrophoresis and digestion as well as the lane pattern are the same as in
panel b.

(e) A schematic representation of (d) is shown and has one nucleotide
displacement to account for the difference of migration rate between the Sl
nuclease-generated fragments and sequencing ladder (See Materials and
Methods). The arrow indicates the proposed 3' end of YP1 gene.

points in a wide variety of genes (13,14).

A conserved sequence (5'-GG$CAATCT-3'), often termed the CAT box, has
been found 70-80 nucleotides upstream from the mRNA start points in a number
of genes from higher eukaryotes (16)}. This CAT box was not found at the
expected site in YP1 gene.

The 3' end of the YP1 mRNA was localized using the same procedure with
the 3' end-labeled fragment B (Fig. 3a). The Sl resistant products of RNA
protected fragment B are shown in Figure 3d. In Figure 3e the ends of the
Sl-resistant fragments are diagrammed alongside the nucleotide sequence of
both complementary strands. This experiment indicates the approximate
location of the 3' end of the YP1 messenger RNA is the cytosine marked by an
arrow in this figure (position 1635 in Fig. 2). Twenty-six nucleotides
upstream from this 3' end there is a sequence (5'-AATAAA-3') which has also
been found 14-30 nucleotides upstream from the poly(A)* tract of most of the
polyadenylated messenger RNAs that have been examined to date. Recently this
sequence has been identified as part of the recognition site for
polyadenylation in the late messenger RNAs of SV40 (17).

Location of the intron

The transcript map reported earlier (5) indicated that the YP1 gene has a
single intron with boundaries (see Fig. 4a) approximately 100 nucleotides
downstream (position 282 in Fig. 2) from a BamH I site and 165 nucleotides
upstream (position 349 in Fig. 2) from the only BstE II site. From the DNA
sequence shown in Figure 2 and the consensus sequence for intron splicing
sites, 5'-AGGTPUAGT...PyNPyPyPyNPyAG-3' (where N is any nucleotide)(18,19), we
can identify the 1ikely boundaries for the intron. The sequence
5'-CTGTGAGT-3' (position 277 to 284 in Fig. 2) at the expected 5' boundary of
the intron matches the consensus sequence at 6 out of 8 nucleotides and the
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Figure 4: Location of the 5' end of the intron.

(a) A restriction map is shown. It uses the same symbols as in Figure 3 (a).
Fragment C was used to map the 5' boundary of the intron.

(b) The Sl-resistant material from fragment C was electrophoresed on an 8%
polyacrylamide DNA sequencing gel. The amount of S1 nuclease in 200 ul
reaction buffer was 50 units. In parallel is the DNA sequencing ladder
prepared from the same fragment.

(c) A schematic representation of (b) is shown. The four columns from left to
right are the sequence read from (b), the Sl-resistant DNA fragments, the
sequence of the non-transcribed strand and the consensus sequence of splicing,
respectively. The sequencing standards are displaced by one nucleotide to
account for their migration rate relative to the S1 nuclease-generated
fragments (see text). The arrows indicate the splicing point.

sequence 5'-CCTTTGTAG-3' (positions 346 to 354 in Fig. 2) at the expected 3'
boundary of the intron matches the consensus sequence at all 9 nucleotides.
Since there are two other sequences (269-276 and 273-280) in area of the
expected 5' splice site that match the consensus splice site in § of 8
nucleotides, the location of the 5' boundary was determined relative to the
sequencing ladder. Fragment C (see Fig. 4a) was tested and the Sl-resistant
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DNA was analyzed on an 8% polyacrylamide sequencing gel in parallel to the DNA
sequencing ladder prepared from the same fragment (see Fig. 4b). Figure 4c
shows the ends of the Sl treated fragments aligned with the nucleotide
sequence and indicates that the sequence between 277 and 284 is the splice
location. The most likely splicing point for the 5' end of the intron is
marked by an arrow in this figure. Within the limits (position 339 to 359 in
Fig. 2) of our localization of the 3' end of the intron (5), the sequence at
346 to 354 (see Fig. 2) is the only reasonable candidate for a match with the
3' consensus splice site (18,19). We conclude that this is the most 1ikely 3'
bouﬁdary. Note that of the three possible matches to the 5' boundary
consensus sequence that were discussed above, only the one at 277 to 284 will
keep the translation frame in phase. We conclude that the most likely intron
end points are as shown in Figure 2. These splice points indicate that the
intron is 76 nucleotides long.

The Tocation of the ends of the mRNA and the intron predict a full length
YP1 mRNA of 1559 nucleotides plus the length of the poly(A) tail. This length
is in accord with our previous estimates of the YP1 mRNA length (5).
Predicted protein sequence

We have used the DNA sequence information to predict the sequence of the
YP1 protein. Kozak has proposed (20) that eukaryotic ribosomes initiate
protein synthesis at the AUG closest to the 5' end of an mRNA. The first AUG
codon in the YP1 mRNA occurs 58 nucleotides from the 5' end of the message
(+59 in Fig. 2). The DNA sequence in this region (5'-AACCATG-3') matches the
consensus sequence (5'-§APyCATG-3') for the site of translation initiation

(13). Twenty-four nucleotides upstream from this site is a region (see Fig.
2) with partial complementarity to the 3' end of the eukaryotic 18S ribosomal
RNA. Hagenbuchle et al. (21) have observed similar regions in other eukary-
otic mRNAs and have speculated that, as in prokaryot, such regions may contri-
bute to ribosome recognition of mRNAs. 1If the intron sequence is deleted,
there is an open reading frame for translation that is 1317 nucleotides long
and begins at the above mentioned ATG (+59) and ends at TAA {+1452). The YP1
gene, therefore, can code for a protein 439 amino acids long (see Fig. 5) and
approximately 48,300 daltons in molecular weight. This molecular weight esti-
mate is close to the molecular weight of 46,000, estimated by SDS gel electro-
phoresis of the protein (22).

Yolk proteins are secreted from the fat body into Drosophila's
circulatory system. There is evidence (22,3) that the primary yolk protein
translation product contains an N-terminal hydrophobic signal sequence typical
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of secreted proteins (23). From the predicted protein sequence shown in
Figure 5, it is clear that most residues of the 20 N-terminal amino acids
contain hydrophobic side chains.

Possible Secondary Structure

Dyad symmetry sequences are often associated with the protein:DNA
interactions necessary for regulation of gene expression (24). For this
reason we search for dyad symmetry sequences, in the regions close to the 5'
and 3' ends of the gene. We used as criteria (see Material and Methods) that
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Figure 6: Likely secondary structure in the 5' region. The Hogness-Goldberg
box, capping site, ribosome binding site and the initiation codon are shown.
The 5' end of the mature transcript is marked by the arrow.
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the symmetrical sequences must be at Teast 70% homologous, have a stability of
< -10kcal (Borer et al.(25) and Tinoco et al.(26)) and also be separated by no
more than 50 nucleotides. In the regions searched (-347 to +70 and +1452 to
+1775), only one such dyad symmetry was detected. It is of high stability
(-21 kCal/mole) and its two parts (-21 to -1 and 36 to 61) would form the
structure shown in Fig. 6. An interesting feature of this structure is that
the four consensus sequences at the 5' end of the gene are located at the
junctions between the duplex and single-stranded portions of the structure
(see Fig. 6). This suggests that the occurence of this structure in either
RNA or DNA may affect the function of one or another of the consensus
sequences. Since the 5' end of the primary transcript is unknown several
possibilities occur to us. If transcription initiates to the 5' side of the
stem, then the stability of the structure predicts that it would occur in the
primary transcript. It would be likely to have dramatic effect on the rate of
translation initiation at the duplexed start codon and this effect could be
eliminated by denaturation after a processing cleavage at the capping site.

If transcription initiation is at the capping site, this structure may
influence the rate of transcription initiation. Clearly, functional tests are
required to examine these possibilities. One observation demonstrates that
this structure and not its sequence is conserved between the different
coordinately regulated yolk protein genes. The 5' end of the YP2 gene has an
almost identical structure at the same location in the gene (unpublished
results).
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Note Added in Proof: After this work was completed Hovemann et al. [Nucl.
Acids Res. (1981) 9,4721-4734] published essentially the same sequence for the
YP1 gene. The two groups worked independently and in ignorance of each
other's work. Since we now know their result, we are able to compare the two
results. There are only three differences. Two are in the intron: we find a
stretch of 17A's at position 301-317 in our numbering system and they find
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16A'

s; we find A at position 319 and they find a C. We sequenced both strands

in this region. We have now reexamined the autoradiogram and find no
ambiguity. The other differnce is at position 1634, where we find a T and

they find a C. Our results for this region are shown in Figure 3, panels d

and e.
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