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Developmental expression of a regulatory gene is programmed at
the level of splicing
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We report sequence and transcript structures for a 6191-base
chromosomal segment containing the presumptive regulatory
gene from Drosophila, suppressor-of-white-apricot [su(wa)].
Our results indicate that su(we) expression is controlled by
regulating occurrence of specific splices. Seven introns are
removed from the su(w') primary transcript during
precellular blastoderm development. The sequence of this
mature RNA indicates that it is a conventional messenger
RNA. In contrast, after cellular blastoderm the first two of
these introns cease to be efficiently removed. The mature
RNAs resulting from this failure to remove the first two in-
trons have structures quite unexpected of mRNAs. We pro-
pose that postcellular blastoderm su(w) expression is
represssed by preventing splices necessary to produce a func-
tional mRNA. Implications and mechanisms are discussed.
Key words: regulationlsplicinglDrosophila/suppressor-of-
white-apricot

Introduction
Retrotransposons are developmentally programmed, somatically
transcribed polymerase II transcription units. This developmental
programming apparently involves parasitism of host regulatory
information (see, for example, Varmus, 1983; Winston et al.,
1984; Zachar et al., 1985; Parkhurst and Corces, 1987 for recent
discussions). Retrotransposon parasites are thus attractive cases

for analysis of the regulatory machinery of their cellular hosts.
In practice, retrotransposon transcription units have an advan-

tage over host genes for such studies. In Drosophila, retro-
transposon insertion causes a large fraction of spontaneous
mutations in host genes (Zachar and Bingham, 1982; Bender et

al., 1983). A subset of these insertion alleles couple expression
of the host gene and the inserted retrotransposon so as to generate
convenient 'reporters' allowing genetic screens for host genes
regulating retrotransposon expression (see, for example, Bender
et al., 1983; Zachar et al., 1985; Parkhurst and Corces, 1986).
Among host genes so identified are allele-specific suppressors
and enhancers that interact quite specifically with individual retro-
transposon families (Bender et al., 1983; Modolell et al., 1983;
Levis et al., 1984; Zachar et al., 1985; Parkhurst and Corces,
1986).
The strict allele-specificity of suppressors and enhancers is

informative. It argues that they do not influence phenotypes for
generalized or trivial reasons. Rather, this specificity indicates
that suppressors and enhancers are likely to be involved in pro-
cesses idiosyncratic to individual retrotransposons. These,
presumably, include developmental programing of expression.

Motivated by these considerations, we have studied one of these
loci in Drosophila, suppressor-of-white-apricot [su(W)]. su(WZ)
specifically suppresses the hypomorphic mutant phenotype of the
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white-apricot [we] allele resulting from insertion of the copia
retrotransposon into the second intron of the white locus. This
copia insertion contains a transcript terminus formation site at
which -95% of W2 transcripts are terminated; some or all of
the remaining - 5% of wv transcripts are processed at the con-
ventional white splice sequences to produce wild-type mature
white message accounting for the low level of white' function
of the allele (Pirrotta and Brockl, 1984; Levis et al., 1984; see
Zachar et al., 1985 for detailed discussion). Thus, w` is a
reporter for at least two RNA processing events: splicing of the
second W% intron and polyadenylated terminus formation in the
copia transposon. Mutational inactivation of su (W) increases the
levels of wild-type transcripts from W2, presumably by influen-
cing one or both of these RNA processing events (Zachar et al.,
1985).
Results reported here indicate the expression of su (W) is con-

trolled at the level of splicing. Results reported in the
accompanying paper (Zachar et al., 1987a) indicate that this post-
transcriptional regulation constitutes autoregulation. Thus,
su(w)-which apparently regulates a w0 RNA processing event
in trans-apparently regulates its own expression at the level of
RNA processing.

Results
DNA sequence analysis of su(w%P)
We have shown previously by gene transfer that all DNA
sequences necessary to confer a su(WZ)+ eye color phenotype on
MP individuals are contained in a -6.2-kb SalI-NruI segment
from the cloned su(w0) region (Zachar et al., 1987b). The
sequence of this 6191-base interval and a standard coordinate
system are given in Figure 1.
Northern analysis ofdevelopmental changes in su(wuZ) transcript
pattern
Northern analysis of the developmental changes in transcript pat-
tern from su(WZ) is shown in Figure 2. su(w) produces
predominantly a 3.5-kb RNA in precellular blastoderm embryos.
(A minor transcript at 3.7 kb is also seen at variable levels during
this developmental stage.) During subsequent development,
su(W) produces predominantly a mixture of 5.2- and 4.4-kb
RNAs with trace amounts of the 3.5-kb RNA (Figure 2; results
below).
The preceflular blastoderm pattern exists briefly (for the first

- 3 h of development) and is rapidly replaced by the postcellular
blastoderm pattern (replacement complete by 6-8 h postoviposi-
tion; Figure 2 and results not shown). The postcellular blastoderm
pattern persists throughout the rest of development with only
modest quantitative variation (Figure 2).

SI protection analysis of su(w) transcript structure
Our approach exploits the availability of nested deletion sets made
in M13-cloned segments of the gene in the process of DNA
sequence determinaton (Materials and methods). SI protection
analysis using these clone sets allows straightforward deletion
mapping of exons. Further, it allows measurement of distances
between sequenced deletion breaks and exon boundaries by siz-
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Fig. 1. DNA sequence of the 6191-base chromosomal segment containing the suppressor-of-white-apricot gene. The sequenced interval is numbered from the
first base of the Sall cleavage site (coordinate 1) through the last base of the NruI cleavage site (coordinate 6191); these two cleavage sites bound the interval
previously shown by gene transfer (Zachar et al., 1978b) to contain su(w0). This coordinate system will be used throughout this and the accompanying paper
(Zachar et al., 1987a). Sequence was determined for both strands and each restriction cleavage site internal to the sequenced interval was sequenced across.
The sequence runs used are diagrammed as short, narrow lines. The bold line, calibrated in 1-kb intervals beginning at the Sall site, represents the sequenced
interval. The sequence shown is the wild-type allele parental to the SU(WZ)hd7 P element insertion allele (Zachar et al., 1987b) inferred from the sequence of
the SU(wa)hd7 allele. The SU(wP)hd7 P element insertion is associated with a target site of duplication of bases 334-341 (TACTACAT). The ends of this P
element are conventional (our unpublished results) and this mutation reverts at high frequency in PM dysgenic hybrids by P element excision (Zachar etal.,
198Th). The presumptive polyadenylation signal terminating a transcription unit immediately upstream of su(W1) (the B transcription unit; Zachar et al., 1987b)
is at coordinate 138.

ing protection products from deletion protectors whose brealk- distinguishable) are shown in Figure 3. ReWsults of analysis of
points occur within exon sequences. See Figures 3 and 5 for the 5' region in which the three transcripts differ in structure
examples and diagrams. The presence of an exon identified by are shown in Figure 5. Interpretation of most of the results of
SI protection in a su(wa) transcript is assessed by hybridization this analysis is straightforward and is recorded in Table I and
to Northern transfers with a probe segment subsumed by the ex- diagrammed in Figure 6.
on sequences (Figure 4). This approach can be efficiently ap- Conventions for naming of exons are as follows. All exons
plentlnayiio nmeroltratvlypoeseqtascitsaedbvmr ha netascit lssaenubre ccrigrmnareyofdveometlstgs.Rsutrf nlyif tottvpvnc-ieMtnnnitheirdhoccuretnce nin then3.5-kb RA.c ExonsnlLinrthe 4.4- aUnd
from a variety of developmental stages. Results of analysis of to their occurrence in the 3.5-kb RNA. Exons in the 4.4- and
the 3' region of the gene (in which all three transcripts are in- 5.2-kb RNAs representing composites of exons from the 3.5-kb
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Fig. 2. Northern analysis of developmental pattern of polyadenylated su(wu)
transcripts. The probe extends from coordinates 2022 to 341 and is
homologous to transcript orientation 1-6191, 5' to 3'. Ten micrograms of
polyadenylated RNA was loaded for the 3- to 5-h embryo samples and
2-3 ytg for all other samples. Positions of the three major transcripts (3.5-,
4.4- and 5.2-kb RNAs) are indicated.

RNA are numbered to indicate this. Thus, the first exon of the
4.4-kb RNA is numbered 1-2 to indicate that it consists of exons
1 and 2 and intron 1 of the 3.5-kb RNA. The first exon of the
5.2-kb RNA is numbered 1-3 to indicate that it consists of exons
1, 2 and 3 and introns 1 and 2 of the 3.5-kb RNA (see Figures
3-5 for diagrams).

Several details of these results require additional comment.
(i) The 4.4- and 5.2-kb RNAs begin at the same site as the

3.5-kb RNA as evidenced by the following. Pupal RNA prepara-
tions (consisting of equal proportions of the 4.4- and 5.2-kb
RNAs; Figure 2) show precisely the same SI protection pattern
as precellular blastoderm embryonic RNA (consisting of the
3.5-kb RNA) with protectors spanning the 5' ends of the RNAs
(Figure 5, panel D; Table I). Probe fragments restricted to this
5' terminal region (including protectors v and w in Figure 5)
hybridize equivalently to all three transcript classes (Figure 4 and
results not shown).

(ii) The common site of initiation of these three transcripts maps
at or very near coordinate 333. This start site is 30 bases 3' to
a presumptive TATA sequence (TATAACT) beginning at coor-
dinate 303. [In addition, an SI protection product suggesting a
minor class of initiation events around coordinate 355 is seen
from all RNA preparations (Figure 5, panel D, and results not
shown).]

(iii) Exon 1-3 is sufficiently large that its structure must be
reconstructed from a combination of measurements (Figure 5;
Table I). First, exon 1-3 extends from its start site (coordinate
333) to the end of protectors p, q and t at coordinate 2022 as

demonstrated by the larger protection product in channels pP,
qP and tP in panel C of Figure 5. Second, exon 1-3 extends
beyond 2022 to the end of protectors m and n at coordinate 2627
as demonstrated by the 1430-base protection product in channel
mP and the 605-base protection product in channel nP in Figure
5, panel G. Third, exon 1-3 extends beyond coordinate 2627
to end at coordinate 2840 as demonstrated by the 445-base pro-
tection product in channels eP and oP in Figure 5, panel F.

(iv) Exon 1-3 is identified as a component of the 5.2-kb RNA
based on hybridization to the 5.2-kb RNA, but not the 4.4-kb
RNA, by a probe segment defined by coordinates 2395 and 2022
(Figure 4). This segment is homologous to exon 1-3 but not
to exons 1-2, 2 or 3.

(v) Exon 1-2 is identified as a component of the 4.4-kb RNA
by elimination. Probes contained within the interval of overlap
between exons 1-2 and 1-3 hybridize to both the 4.4- and

5.2-kb RNAs (Figure 4). The results described in item (iv) above
demonstrate that exon 1-3 is a component of the 5.2-kb RNA.
Thus, exon 1-2 is identified as a component of the 4.4-kb RNA.

(vi) A minor protection product is seen in the pupal sample
in channel pP (Figure 5, panel D) co-migrating with the exon
1 protection product from the 3.5-kb (embryonic) RNA. A similar
minor protection product is reproducibly seen using larval RNA
(results not shown). These results and those of Northern analysis
(see Zachar et al., 1987a,b) indicate that the 3.5-kb RNA is pre-
sent as a minority species during much or all of postcellular
blastoderm development.

(vii) Size and placement of exon 2 of the 3.5-kb RNA on the
interval between coordinates 1680 and 1870 are based on the
following observations in addition to those summarized in Table
I (results not shown). A 180-base protection product is observed
using the 3.5-kb (embryonic) RNA, protector fragments
extending from coordinate 2022 to 1680 and from coordinates
2627 to 1198 and probe fragments extending from coordinate
1198 to 2627. Further, when a protector extending from coor-
dinate 2022 to 1770 is used, the exon 2 protection product is
reduced to a size below that detectable in our experiments (less
than - 100 bases).

(viii) Exons 6a and 6b partially overlap. In addition to the
results in Table I, the placement of exon 6b is based on elimina-
tion of its protection product in channel bP of panel E. Exons
6a and 6b are present in equal amounts in embryonic (3.5-kb
RNA) and pupal (4.4- and 5.2-kb RNAs) preparations and are
likely to represent alternative processing products distinguishing
subclasses of the 3.5-kb RNA and one (and probably both) of
the 4.4- or 5.2-kb RNAs. The representation of exons 6a and
6b in the various su(WP) transcripts will be discussed in detail
below.

(ix) Placement of exon 7 is refined to the interval between coor-
dinates 4355 and 4560 by the observation that exons 7 and 8 must
not overlap as they are represented in the same transcripts (Figure
4).

(x) Exon 8 ends at or near coordinate 5460. A conventional
polyadenylation signal begins at coordinate 5435 (Figure 1).

(xi) The question arises as to the structure of the minor 3.7-kb
species seen in precellular blastoderm samples (Figure 2). Each
tested probe segment showing homology to the 3.5-kb RNA is
also homologous to the 3.7-kb RNA (Figure 4 and results not
shown). Moreover, we detect no extra SI protection products
likely to account for the 3.7-kb species (Figures 3 and 5 and
results not shown). Such additional protection products would
be detectable in spite of the lower abundance of the 3.7-kb
transcript if they were greater than - 300 bases in size. Thus,
our results indicate that all of the larger exons of the 3.5-kb RNA
(exons 1, 3, 4, 5 and 8) and probably the smaller exons are
represented in the 3.7-kb RNA. While additional experimenta-
tion will be required to establish structure of the 3.7-kb RNA
in detail, it is likely to be identical to that of the 3.5-kb RNA
with the inclusion in the 3.7-kb RNA of an additional small
exon(s) undetected by our SI protection studies. For simplicity,
we will discuss su(w") expression henceforth in terms of the
3.5-kb RNA. However, the interpretation of our results would
not be significantly altered by assuming that either the 3.7-kb
and/or the 3.5-kb RNAs is necessary for su(w) function (see
below).
Sequence analysis of cDNA clones
We sequenced two cDNA segments from a 0- to 3-h embryonic
library (containing primarily the 3.5-kb RNA). One of these
segments covers introns 1-3 and the other introns 4-7
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Fig. 3. S1 protection analysis of the 3' portions and su(w") transcripts. At top is a diagram of the structures of the three major su(W' transcripts projected on
the standard coordinate system (Figure 1) and reconstructed from the Sl protection results shown in Figures 3 and 5 (exons are solid bars and introns are
diagonal lines; transcripts oriented 5' to 3', right to left). In most cases, exon boundaries are defined by S1 protection with an uncertainty of - 15 bases. For
exons 3, 6b and 7, where placement of these boundaries is less precise than 15 bases, open segments are appended to the exon to indicate uncertainty. The
diagrammed transcript structures incorporate the precisely placed exon 6a rather than less precisely placed alternative exon 6b (see text). Also see Table II and
Figure 6 for results of cDNA sequence refining the placement of the exon boundaries. Sl protection was carried out as described in Materials and methods.
Dimensions of the DNA segments used as protectors and as sequence probes are diagrammed. The precise dimensions of these segments are as follows
(polarity 5' to 3', first coordinate to second coordinate): Protectors-a (5857-4095), b (5857-4353), c (5857-4887), d (6191-3998), e (4633-2395), f
(4633-2643), g (4633-2846), h (4633-3261), i (4633-3493), j (4633-3538), k (4633-3738) and 1(4088-4633). Probes-lOl (4095-5857) and 102
(2395-4633). The size of each major protection product in bases is indicated by appended number and is followed in parenthesis by the exon to which the
protection product corresponds. RNAs (P for pupal and E for precellular blastoderm embryopic) and protecting DNA fragment (a-l) are indicated above each
experimental channel. Probes used are indicated under each experimental filter. Molecular weight standards are a 123-base ladder (Materials and methods).
Protection products corresponding to the small exons 6a, 6b and 7 are visible on longer autoradiographic exposure of panel C, channels bE and bP of panel
B and channel kP in panel D (results not shown). Varying autoradiographic exposures of different portions of panels D-F are used to allow visualization of
products of different autoradiographic intensity.
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Fig. 4. Northern analysis of presence of exons in each of the major su(w%) transcripts. Each Northern panel contains one channel (left) of 0- to 3-h embryonic
RNA and one (right) of pupal RNA. Each filter was probed with the segment indicated by the connected horizontal line.

(Materials and methods). These studies allow precise placement
of splice junctions and thus reconstruction of the sequence of the
3.5-kb transcript. This transcript contains a 2892-base open
reading frame (ORF) extending from an AUG at coordinate 528
(- 195 bases 3' to the 5' end of the RNA) to a UGA at coor-
dinate 5364 ( -95 bases 5' to the 3' end of the RNA). We inter-
pret this structure to be that of a conventional mRNA. These
results are recorded in Table H and diagrammed in Figure 6.
Our S1 protection studies demonstrate that some combination

of exons 6a, 6b and 7 are present in each su(w'2) transcript, but
do not establish which of the possible arrangements actually
exists. The results of cDNA sequence allow resolution of this
issue as follows. Exons 6a and 6b overlap and are presumably
in different classes of mature transcripts. These data demonstrate
the existence of exon arrangment 6a-7 (Table II; Figure 6). The
only arrangement containing exon 6b that would nearly co-
migrate with transcripts containing the 6a-7 arrangement is
6b-7. (The 6a-7 and 6b-7 arrangements would differ in size
by - 65 bases and this difference would not result in resolution
in the 3.5- to 5.2-kb mol. wt range under our conditions.) The
alternative splice(s) producing exons 6a and 6b is not subject to
the regulation affecting the first two introns as demonstrated by
their similar stoichiometries in precellular blastoderm and pupal
RNAs (Figure 3; results above). For simplicity, we will not
distinguish between the 6a and 6b transcript classes in our discus-
sions below.
Our SI protection studies demonstrate that the three major

transcript classes are indistinguishable in structure in their 3' por-
tions at a very high level of resolution (results above; Figures
3 and 5). Thus, the sequence ofcDNA clones of the 3.5-kb RNA
can be used to reconstruct the sequence of the corresponding por-
tions of the 4.4- and 5.2-kb RNAs (Table II; Figure 6).
Structure of the presumptive su(w0) protein products
The conceptual translation product of the long ORF extending
through most of the length of the 3.5-kb RNA is shown in panel
A of Figure 7. This peptide sequence begins at the methionine
corresponding to the first in-frame AUG at coordinate 528 (Figure
6). The conceptual translation product of the shorter ORF

beginning at this same AUG in the 4.4- and 5.2-kb RNAs (Figure
6) is shown in panel B of Figure 7.

Discussion
Developmental regulation of su(w#) expression
Our results define the complete sequence of the su(w1) locus in-
cluding the primary transcription unit. Our cDNA sequence
studies define the seven introns whose removal produces the
3.5-kb precellular blastoderm su(wa) mature RNA species. S1
protection experiments demonstrate that the 4.4- and 5.2-kb
postcellular blastoderm mature RNAs are derived from the same
primary transcript as the 3.5-kb RNA and differ from it by
retaining the first or the first and second introns respectively
(Figure 6). Thus, the dramatic change in su(wa) transcript pat-
tern occurring during early embryogenesis (Figure 2) results from
specific, developmentally programmed cessation of splicing of
the first two introns. Previous studies indicate that su(wP) is
transcribed in most or all cells in the organism (Zachar et al.,
1987b). Thus, these developmental changes in splicing are like-
ly to be temporal changes involving the same lineages rather than
tissue-specific differences in RNA processing.

Functional significance of developmental regulation of su(w)
splicing
Three rationales for the unusual mode of post-transcriptional
regulation of su(w0) transcript pattern are consistent with our
results.

(i) The various mature su(WP) transcript classes could code for
different polypeptides (Figures 6 and 7). The structure of the
3.5-kb RNA is consistent with its being a conventional mRNA
whose translation is initiated at the AUG at coordinate 528 (- 195
bases into the RNA). In contrast, the two postcellular blastoderm
mature RNAs (4.4 and 5.2 kb) have highly unusual structures
for presumptive mRNAs (Figure 6). In light of the 3.5-kb RNA,
it is economical to suppose that the functional peptide coding se-
quence of the 4.4- and 5.2-kb RNA is the relatively short open
reading frame whose translation is initiated at the AUG at coor-
dinate 528. However, each of the 4.4- and 5.2-kb RNAs con-
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as in Figure 3. SI protection was carried out as described in Materials and methods. Dimensions of the DNA segments used as protectors and as sequence

probes are diagrammed. The precise dimensions of these segments are as follows (polarity 5' to 3', first coordinate to second coordinate): Protectors-e
(4633-2395), f (4633-2643), m (2627-1198), n (2627-2022), o (2868-2395), p (2022-341), q (2022-476), r (2022-629), s (2022-788), t
(2022-1288), u (2022-1678), v (637-1) and w (637-341). Probes-103 (2395-3312), 104 (1198-2627), 105 (341-2022) and 106 (341-1029). The
size of each major protection product in bases is indicated and appended in parentheses is the exon to which the protection product corresponds. RNAs (P for
pupal and E for precellular blastoderm embryonic) and protecting DNA fragment (e-w) are indicated above each experimental channel. Probes used are

indicated under each experimental filter. Molecular weight standards are a 123-base ladder (Materials and methods).
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Fig. 6. Structures of the three major su(wa) transcripts based on SI protection (Table I) and cDNA sequence (Table II) results. Shown at top is a conventional
ORF diagram of the su(wa) sequence (Figure 1). The three reading frames (5' to 3', right to left; defined beginning at base 1 of the sequenced interval) are
indicated as three lines of symbols (top line is frame 1, middle is frame 2 and bottom is frame 3). A vertical line is placed at each translation termination
codon in the reading frame. Thus, extended segments of uninterrupted potential peptide coding sequence are indicated by intervals free of vertical lines.
Immediately below the ORF diagram are the structures of the three mature su(W#) transcripts diagrammed as in Figure 3. At bottom are the structures of the
three mature su(w#) transcripts diagrammed with introns removed. These are drawn to the same scale as the upper diagrams and are aligned at their 5' ends.
The open portions of the bars indicate ORFs longer than 450 bases. The positions of the first in-frame AUG in each ORF (AUGs at coordinates 528 and
2811, respectively) are indicated. The 3.5-kb RNA contains a single ORF extending from an AUG at coordinate 528 through a UGA at coordinate 5364 (also
see Table II). This extended ORF remains separated in two or three non-continuous components when one or both of the first two splices fails to occur
resulting in the 4.4- and 5.2-kb mature RNAs.

A 1 MLPYNVRNAG GGSVGGILRR TGOGSGTGST ILGNGNSPGA LGAGKVSSSS LENHROPPLE
81 LLVFGYACKI FRDDEKAREM DHGKOLIPWM GDVNLKIDRY DVRGALCELA PHEAPPGGYG

121 NRLEYLSAEE ORAEOLCEEE RYLFLYNNEE ELRLRQEEDL KRLQOETSGG CFSQVGFOYD
181 GQSAASTSIG GSSTATSQLS PNSEESELPF VLPYTLMMAP PLDMOLPETM KOHAIIEKTA
241 RFIATQGAQM EILIKAKOAN NTQFDFLTQG GHLOPYYRHL LAAIKAAKFP PAPQTPLDQQ
301 NTDKEAPSAD DHSEEVAGGR RNPNQVVITV PTIKYKPSAN CAYTOLISKI KGVPLQAVLO
361 EDESSNPGNS QHSGGTASPA LSCRSEGHNS QGGEFTPVLL QYNGSTFTHE EESSNREQQD
421 DNDVNGGEPP QVELLKNTSA LALAQNYSSE SEEEEDQVOP EKEEEKKPEP VLTFPVPKDS
481 LRHI IDKTAT YVIKNGRQFE ETLRTKSVDR FSFLLPANEY YPYYLYKVTG DVDAASKEEK
541 TRKAAAVAAA LMSKKGLSFG GAAAAVSGSN LDKAPVSFSI RARDDQCPLQ HTLPQEASDE
601 ETSSNAAGVE HVRPGMPDSV ORAIKOVETO LLARTAGQKG NITASPSCSS PQKEQRQAEE
681 RVKDKLAOIA REKLNGMISR EKOLOLERKR KALAFLNQIK GEGAIVGSAV PVVGPNPPES
721 AAGAATADSG DESGDSVRSI PITYFGPDDO DEVGEORPEM RLIGSTQKDE EDDOEEDGGD
781 LEKYNLLNDD STNTFTSKPV LPPTAAPPPA AVLLSDDDDV QLVATTSTRS SSSRHLKTHR
841 RSRSRSKNVR SSDSSPSSRE SSRRRROKSS RLSREPSSNP PRKSHHSSTQ RKKTPKKRRR
901 SKSRSRSKSI RRSRSISILR NNRRSRSRSP SCRNAEORRQ QDRRRTPTKK SHKRHKRRRR
961 SSSP

B 1 MLPYNVRNAG GGSVGGILRR TGOGSGTGST ILGNGNSPGA LGAGKVSSSS LENHRQPPLE
D 61 LLVFGYACKI FRDDEKAREM DHGKOLIPWM GDVNLKIDRL IGTNPSNNY TINQYAHHCH

121 KHTHTATYPP MSCPVRTTLP HTAAVKLLAE SDTYIYVGIV IDGIVIMALE DRACRYL

Fig. 7. Conceptual translation products of su(w") RNAs. Panel A: amino
acid sequence of the translation product of 3.5-kb RNA (Figure 6; Table II)
is given using the conventional single-letter amino acid code. Translation is
initiated at the first in-frame AUG (coordinate 528). Translation initiated at
the AUG at coordinate 2811 (see Figure 6) would produce the peptide
initiated at the methionine at amino acid 217 in the sequence shown. Panel
B: amino acid sequence resulting from translation of the 4.4- and 5.2-kb
RNA initiated at the AUG at coordinate 528.

tains a long open reading frame in its 3' portion that, in the
absence of information about the 3.5-kb RNA, would be presum-
ed to be the protein coding region (Figure 6). On this latter
assumption, the 4.4- and 5.2-kb RNAs would be messages with
unusually long 5' untranslated regions containing long secondary
open reading frames. (The first in-frame AUG in the 3' ORF
in each of these RNAs is at coordinate 2811 corresponding to
a presumptive 5' untranslated region of 1710 bases for the 4.4-kb
RNA and 2479 bases for the 5.2-kb RNA.)

(ii) All three major transcript classes might code for the same

polypeptide. The simplest version of this hypothesis assumes that
translation initiates at the AUG at coordinate 2811 and extends
through the common 3' portion of the three RNAs (Figure 6).
On this hypothesis the alternative splicing distinguishing su(w%)
transcripts would presumably serve to create mature RNAs whose
translation behavior differs as a result of their very different 5'
untranslated regions. The long, in-frame segment of peptide
coding sequence (216 codons) 5' to the AUG at 2811 in the case
of the 3.5-kb RNA argues against this hypothesis.

(iii) As the 3.5-kb RNA has a structure consistent with its being
a conventional message, it is conceivable that the 4.4- and 5.2-kb
RNAs represent by-products of post-transcriptional repression
of expression of the 3.5-kb RNA. On this model the 4.4- and
5.2-kb RNAs need not have any functional peptide coding
capabilities. It is noteworthy in this regard that trace amounts
of the 3.5-kb RNA persist throughout postcellular blastoderm
development when the 4.4- and 5.2-kb RNA are the preponderant
species (Figure 5, panel A). Results reported in the accompany-
ing paper (Zachar et al., 1987a) demonstrate that this last
hypothesis is likely to be correct.

Detailed mechanism of developmental regulation of su(%P)
splicing
Two general classes of mechanisms for regulation of splicing of
the first two su(W') introns are consistent with our results. First,
the 'activation hypothesis' supposes that a factor(s) necessary for
these splices is present at high levels only transiently during
precellular blastoderm development. Second, the 'repression
hypothesis' supposes that these splices are potentially efficient
throughout development but a factor(s) repressing them is pre-
sent after cellular blastoderm. Our results do not distinguish bet-
ween these hypotheses. However, the results reported in the
accompanying paper indicate that the repression hypothesis is
correct.
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Table I. Structural analysis of su(W2) transcripts by S, protection

Exon Protection productsa Exon size/placement"

480 (pE, A, 5)
480 (pE, B, 5)
345 (qE, B, 5)
180 (rE, B, 5)
310 (vE and wE, D, 5)
180 (pE, H, 5)

1525 (pP, C, 5)
1390 (qP, C, 5)
575 (tP, C, 5)
200 (all channels, F, 5)
200 (fE and fP, F, 5)
1685 (pP, C, 5)
1550 (qP, C, 5)
740 (tP, C, 5)
1430 (mP, G, 5)
605 (nP, G, 5)
445 (eP and oP, F, 5)
735 (eP and eE, A, 3)
735 (eP and gP, D, 3)
360 (hP, D, 3)
360 (hP and hE, C, 3)
330 (eP and eE, A, 3)
330 (hE and hP, C, 3)
330 (eP-jP, D, 3)
265 (kE and kP, C, 3)
250 (all channels, D, 3)
250 (eP, E, 3)
250 (dP, F, 3)
235 (aE and aP, F, 3)
235 (aP, E, 3)
190 (1P, D, 3)
190 (dP, E, 3)
190 (dP, F, 3)
190 (aE and aP, F, 3)
135 (all channels, D, 3)
135 (bP, E, 3)
135 (aP and aE, F, 3)
880 (bE and bP, B, 3)
570 (cE and cP, B, 3)

480 (333-813)

180 (1680-1870)C
1530 (333-1865)

200 (2643-2868)

2508 (333-2840)

735 (2885-3620)

330 (3675-4005)

250 (4080-4330)

190 (4095- -4400)

135 (4355-4633)

880 (4560-5460)

Summarized are details of SI protection experiments shown in Figures 3 and
5.
aProtection products are given as follows: size in bases (channel, panel,
figure). Thus, a 500-base protection product in channel pE in panel C of
Figure 3 is indicated as follows: 500 (pE, C, 3).
bExon dimensions are given as follows: size of exon (coordinates of exon).
Thus, a 500-base exon mapping between coordinates 5025 and 5525 would
be indicated as follows: 500 (5025-5525). Where the size of the exon is
the same as the distance between the coordinates, the uncertainty in
placement of the endpoints of the exon is - 15 bases. Where the interval
between the coordinates is larger than the exon size the exon can map
anywhere within the coordinate interval given. See text for further
discussion of exon placement.
CAlso see text for discussion of additional observations placing this exon.

It is noteworthy that splicing of the second intron continues
to occur with some efficiency in postcellular blastoderm in-
dividuals, whereas removal of the first intron is very substan-
tially depressed. While the different behavior of the first and
second introns could be selectively significant in some way not
currently apparent, the behavior of the second intron is
equivalently interpretable as adventitious. The secondary and
tertiary structure of an RNA molecule might influence efficiency
of its splicing (see Padgett et al., 1986, for a recent review).

Removal of the first su(w') intron might substantially alter the
folding of the second. We speculate that splicing of the first mtron
is the active target for su(%P) regulation and removal of the
second intron is inadvertantly affected.
The sequence of the first intron has an unusual feature. Introns

2-7 each contain a match to the Drosophila branch site consen-
sus in the expected sequence interval (distances of 17-50 bases
separating the 3' end of the intron and the A at the presumptive
branch site; see Padgett et al., 1986, and references therein).
In contrast, the nearest first intron match to the consensus occurs
at a distance of 67 nucleotides (Table II). Thus, the first intron
either uses an unconventional branch site sequence or uses a con-
ventional sequence at an unconventional distance from the 3'
splice site. In either case, splicing of this intron would probably
be slower (see Padgett et al., 1986, for a review) and/or unusually
sensitive to folding of the intron. This absence of a conventional
presumptive branch site sequence is uncommon (for example,
see Keller and Noon, 1984) and thus seems likely to be related
to regulation of first intron splicing.
The nature of the su(w') protein product
The conceptual translation product of the presumptive su(wf)
mRNA (the 3.5-kb RNA; Figure 7) has an unusual structure.
This protein has two recognizably distinct domains. The amino-
terminal 85% (approximately amino acids 1-824) is modestly
acidic (with a calculated pI of 5.5) while the carboxy-terminal
15% (approximately amino acids 825-964) is strikingly basic
(29% arginine and 10% lysine; a calculated pI of 13.7). Fur-
ther, this unusually basic carboxy-terminal domain is rich in
hydroxylated amino acids (31% serine and 6% threonine).
Computer-assisted screens of currently available protein sequence
banks fail to detect proteins with extensive similarity to this con-
ceptual translation product (our unpublished observations);
however, limited similarity is detected between the unusual
carboxy-terminal domain of this conceptual translation product
and the very heavily phosphorylated storage protein, phosvitin
(Byrne et al., 1984). Perhaps this unusual domain in the presump-
tive su(wa) protein is phosphorylated.

Experiments described in the accompanying paper (Zachar et
al., 1987a) indicate that the su(WZ) protein is a regulator of
splicing (and, possibly, of other RNA processing events). It will
be of interest to determine if the unusual structure of the su(wf)
protein is related to this regulatory property.

Materials and methods
DNA sequence determination
DNA sequence was detennmied by chain termination methods (Sanger et al., 1977;
Barnes et al., 1983). Most of the sequence was determined by subdividing the
6191-base su(w") segment into several partially overlapping fragments and
generating a nested deletion set for each of these fragments essentially as descnbed
by Barnes et al. (1983). Sets of deletion derivatives were chosen which removed
progressive increments of 150-200 bases from the parental clone, beginning
at the end juxtaposed to the sequencing primer binding site in conventional M 13
cloning vectors. Sequencing of such a deletion set allows convenient reconstruc-
tion of the entire original fragment.
Northern and Southern analysis
Formaldehyde-agarose gels were used for Northern and Southern analyses
(Maniatis et al., 1982). Nitrocellulose transfers were probed with single-stranded
M13 probes made according to Hu and Messing (1982) and used according to
Bingham and Zachar (1985).
Molecular weight standards for RNA measurements were the following

Drosophila transcripts (visualized by reprobing Northern filters with the appropriate
sequences): gypsy (Marlor et al., 1986), copia (Emori et al., 1985), white (Pirrotta
and Brockl, 1984; Levis et al., 1984; Davison et al., 1985). Adh (Benyajati et
al., 1983) and rp49 (O'Connell and Rosbash, 1984). We estimate that our size
measurements for RNAs are accurate to within less than -10%.

2
1-2

3

1-3
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6a

6b
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Table H. Precise placement of su(wv) introns from cDNA sequence

Exon Transcript Exon size/placementa Open reading Presumptive 3 splice 5' splice
class (kb) frameb branch sitec site0 site

1 3.5 490 (333-823) 3 (453-1058) - - CAGgttaat
2 3.5 173 (1680-1853) 1 (1588-2019) tttat (67) tgaccacagATA AAGgtgagc
1-2 4.4 1531 (333-1853) 3 (453-1058) - - AAGgtgagc
3 3.5, 4.4 208 (2633-2841) 1 (2542-3648) ccaat (17) atcctgcagAGG CTGgtgagt
1-3 5.2 2508 (333-2841) 3 (453-1058) - - CTGgtgagt
4 3.5, 4.4, 5.2 720 (2911-3631) 1 (2542-3648) ccaaa (38) gctttccagCCC AAGgtgggc
5 3.5, 4.4, 5.2 321 (3688-4009) 1 (3688-4047) tgtat (25) ttattttagAAA AGGgtgagt
6a 3.5, 4.4, 5.2 251 (4070-4321) 1 (4050-4329) ttaat (20) tttttgtagCTC AAGgtacga
7 3.5, 4.4, 5.2 129 (4388-4517) 2 (4079-4573) ttaat (25) gtcgtgaagCTG AAGgtgagc
8 3.5, 4.4, 5.2 888 (4572-5460) 3 (4554-5363) tgtat (23) ttctaccagGTG

Branch site consensus: CTAAT
TCG C
gt a

Summarized are placements of splices based on sequence of cDNA clones (Materials and methods). cDNAs sequenced are clones of the 3.5-kb RNA.
Positions of splices producing the 4.4- and 5.2-kb RNAs are inferred from the cDNA sequence based on SI protection results summarized in Table I. These
results are diagrammed in Figure 6.
aExon dimensions are given as in Table I as follows: size of exon (coordinates of exon).
bRea(ing frame (1, 2 or 3) refers to frame numbering from the first base of the sequenced interval. This convention is used in Figure 6. The dimensions of
the ORF in the chromosomal DNA sequence subsuming the indicated exon is given in parentheses following the reading frame designation. Determination of
the relationship between reading frames in exons juxtaposed by splicing can be made by recalling that a base whose coordinate value divided by three yields a
value of an integer and a 1/3 is the first base of a triplet in reading frame 1, an integer and 2/3 the first base of a triplet in reading frame 2 and a precise
integer the first base of a triplet in reading frame 3. Exon 1 contains a presumptive initiator AUG at coordinate 528 and exon 8 contains a presumptive
translation termination signal at coordinate 5364.
cShown is the first sequence more than 12 bases 5' to the corresponding 3' splice site that matches the Drosophila branch site consensus given at the bottom.
Distances from the presumptive branch acceptor A through the last base of the intron, inclusive, are given in parentheses following the branch site sequence.
The consensus given in bold, capital letters consists of the majority bases at each position, the sequence in capital letters immediately below the bold are
frequent minority choices at the corresponding positions and the sequence in lower case letters are rare minority choices at these positions (Keller and Noon,
1984).
d3' splice site indicates cleavage at the 3' end of the intron preceding the exon in question and 5' splice the cleavage at the 5' end of the intron following the
exon. Capital letters indicate exon sequences and lower cases letters intron sequences.

Molecular weight standards for Southern analysis were a commercially available
(BRL) 123-base ladder. These fragments were end labeled by conventional Klenow
filling which adds two bases to each fragment class. Thus, the size of the n-mer
in this ladder is (n) (123)+2. Size estimates using this standard ladder are reliable
within less than -15 bases in the mol. wt range of 125-900 bases.

SI protection
For panel A in Figure 5, SI protection was done according to the procedure of
Bingham and Zachar (1985). This procedure occasionally introduces artifactual
bands resulting from uncharacterized contamination of the M13-cloned segments
used as protectors. (These bands are present in mock reactions in which all com-
ponents of the reaction other than RNA are included. For example, see the RNA-
independent, low stoichiometry bands at high mol. wt in panel A of Figure 5.)
The following modified procedure for SI protection eliminates these artifac-

tual species and has been used in all cases here other than panel A of Figure
5: -100 ng of an M13-cloned segment in 2 ul of TE is mixed with 2.5 jl of
4.4% SDS in a 0.5-ml Eppendorf tube and heated for 10 min at 65°C. The tube
is spun briefly to recover condensate. Simultaneously, 10-30 jig of polyadenylated
RNA is collected from an ethanol precipitate by centrifugation in an unsiliconized
glass tube and the pellet is washed by gently filmng the tube once with 95% ethanol
at -20°C. The RNA pellet is thoroughly drained, dried briefly in vacuo and
resuspended in 10 1l of 75% formamide buffered at pH 7.0 with 20 mM MOPS,
5 mM sodium acetate, 0.1 mM EDTA. The 10-ll RNA sample is added to the
SDS-DNA mixture (above) together with 2 u1 of 5 M NaCl. This hybridiza-
tion reaction is incubated at 37°C for 12-24 h. After hybridization the reaction
is diluted to 1.5 ml with 0.5 M NaCl, 0.5% SDS, 10 mM Tris, 1 mM EDTA
pH 7.4 (high salt buffer) and run over an oligo(dT)-cellulose column (-0.2 mi
bed volume). The column is washed with an additional 0.3 ml of high salt buffer
to elute components not bound to the column by virtue of hybridization to bound
polyadenylated RNA. The bound material is then eluted in 0.5-0.8 ml of 1 mM
Tris, 0.1 mM EDTA Qow salt buffer). The eluted material is ethanol precipitated
and resuspended in 50 ul of low salt buffer. This resuspended material is mixed
with one volume of 2 x SI buffer and digested as described previously (Bingham
and Zachar, 1985). SI-resistant material is recovered by ethanol precipitation and
analyzed by probing a Southern transfer of the material with selected sequence
probes (see figure legends).

All solutions to which the RNA is exposed in this procedure are treated by

making 0.1% in diethylpyrocarbonate (Sigma), incubating overnight and auto-
claving with the exceptions of the M13 DNA and formamide solutions. Formamide
(Fluka) is deionized before use by rolling for 20 min at room temperature with
-0.1 volume of a mixed bed resin (BioRad), aliquoting and storing frozen at
-80°C; residues of aliquots are discarded, not refrozen.
Sizes of SI protection products can generally be measured with an uncertainty

of -15 bases under our conditions. Breakpoints of the deletion variants used
are known precisely by DNA sequence analysis. Thus, locations of exon boun-
daries can generally be determined with an uncertainty of - 15 bases. Moreover,
two protection products co-migrating in the mol. wt range of -100-500 bases
under our conditions are identical in mol. wt with an uncertainty of - 5 bases.
Retrieval of cDNA segments
cDNA segments were retrieved from a X-gtlO library prepared from 0- to 3-h
embryo RNA. This library contains primarily fragments of less than full length
and we retrieved the largest segment covering the first three introns (0.9 kb) and
the largest segment covering the last four introns (2.6 kb). The first of these was
sequenced through the interval corresponding to coordinates 700-3040 and the
second through the interval corresponding to coordinates 3470-4620. This allows
precise placement of all seven introns identified by SI protection (Table II). The
cDNA sequence differs from our chromosomal sequence by G to A change at
coordinate 4302 and a T to C change at coordinate 3747. Neither difference changes
the amino aicd sequence encoded by the long ORF in the 3.5-kb RNA (Figure
7) and both probably represent differences between su(w%) alleles.
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