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The nucleotide sequence of the Drosophila melanogaster suppressor of sable [su(s)J gene has been determined.
Comparison of genomic and cDNA sequences indicates that an -7,860-nucleotide primary transcript is
processed into an -5-kb message, expressed during all stages of the life cycle, that contains an open reading
frame capable of encoding a 1,322-amino-acid protein of -150 kDa. The putative protein contains an RNA
recognition motif-like region and a highly charged arginine-, lysine-, serine-, and aspartic or glutamic acid-rich
region that is similar to a region contained in several RNA-processing proteins. In vitro translation of in vitro-
transcribed RNA from a complete cDNA yields a product whose size agrees with the size predicted by the open
reading frame. Antisera against su(s) fusion proteins recognize the in vitro-translated protein and detect a
protein of identical size in the nuclear fractions from tissue culture cells and embryos. The protein is also
present in smaller amounts in cytoplasmic fractions of embryos. That the su(s) protein has regions similar in
structure to RNA-processing proteins is consistent with its known role in affecting the transcript levels of those
alleles that it suppresses.

The factors that effect genetic regulation are likely to
include a category of regulators that influences the fate and
stability of unspliced and/or spliced message. Here we
describe a protein whose structure suggests that it may be an
RNA-binding protein and whose function indicates that it
may function in determining the level or stability of mRNAs
(14, 16a).

In Drosophila melanogaster, altered, reduced, or loss-of-
function mutations at the suppressor of sable [su(s)] locus
suppress mutations at second-site loci that are caused by 412
or P-element insertions. Suppressible mutations at the ver-
milion (v) locus are caused by insertions of the mobile
element 412; the suppressible alleles of the uncloned purple
and speck loci are probably also caused by 412 insertions
(32, 38). Studies of v suggest that suppression occurs pre-
translationally: the -10 to 20% of the wild-type amount of v
message in organisms with suppressed genotypes parallels
the -10 to 20% of the wild-type amount of tryptophan
oxygenase (the v translation product) observed in organisms
with the same genotypes, whereas in organisms with unsup-
pressed genotypes, the levels of v message and tryptophan
oxygenase are virtually undetectable (31-33). Thus, suppres-
sion appears to influence the amount of processed transcript
produced by the suppressible alleles. Learning how this
increase in message level is effected is one of the goals of our
investigations. This information may provide insights into
how the su(s) protein functions in the processing of tran-
scripts that are not interrupted by mobile-element insertions.

In this paper we present the results of our molecular
analysis of the su(s) locus. The nucleotide sequence of the
genomic segment that encodes the su(s) function has been
determined, and by using cDNA analysis, we have deduced
the structure of the coding region. The su(s) protein as we
imagine it has structural properties that suggest that it might
be involved in RNA metabolism because it contains regions
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of similarity to proteins that are known to be involved in
RNA processing. By cell fractionation and immunodetection
procedures, we show that the su(s) protein occurs primarily
in the nucleus of Drosophila cells from cell culture and
embryos.

MATERIALS AND METHODS

Genomic DNA sequence determination. Previous work
indicated that the -8-kb HindIlI segment of genomic DNA
(Fig. 1A) is necessary and sufficient to give su(s)+ function
(37). The EcoRI fragments of this region plus several hun-
dred bases on each end were subcloned into M13mpl8 or
M13mpl9, and both strands were sequenced by the Sanger
dideoxy method, as shown in Fig. 1B. Nested deletions were
prepared (7) and generally allowed the complete sequence of
both strands to be determined. Gaps in the sequence were
filled in by using synthetic oligonucleotide primers to obtain
the sequence information necessary for overlap. Synthetic
primers were also prepared to sequence across the three
EcoRI sites to ensure that sequence information was not
overlooked because of closely situated EcoRI sites. Initially,
sequencing was carried out with the Klenow fragment and
32p or 35S. However, early in the project, a change was made
to Sequenase (U.S. Biochemical). Generally, only the dGTP
set of reactions was run, but compression ambiguities were
resolved by using both the dGTP and dITP sets of reactions
to sequence both strands.

Construction and screening of cDNA library. Because
screens of existing cDNA libraries failed to yield su(s) cDNA
clones longer than -1 kb, a cDNA library was constructed
by Stratagene, Inc., for obtaining longer clones. Doubly
oligo(dT)-selected poly(A)+ RNA was prepared from y2 wbf
[=su(s)+] embryos and supplied to Stratagene, Inc., for the
synthesis of the cDNA library as follows. First-strand syn-
thesis was carried out using methyl mercuric hydroxide and
avian myeloblastosis virus reverse transcriptase. After sec-
ond-strand synthesis with reverse transcriptase, methyla-
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FIG. 1. Molecular characterization of the su(s) region. (A) Molecular structure of genomic su(s) region. The kilobase scale, with 0
indicating the site of the P-element insertion that was used to clone the gene by transposon tagging, and transcription direction are as
previously described (5). The nucleotide numbers indicate the locations of the restriction sites in the DNA. The 0 to +8.0 HindIII fragment,
when reintroduced by P-element transformation of embryos, was shown to rescue su(s) mutations (37). Restriction enzymes: B, BamHI; H,
HindIII; R, EcoRI; S, Sall. (B) Sequencing of genomic su(s) region. The four EcoRI fragments [(R) indicates a XEMBL4 linker-derived site]
were cloned into M13 in both orientations and sequenced after a nested deletion series was generated (7). The short lines above and below
the genomic DNA indicate the lengths of the sequences that were integrated by computer analysis (University of Wisconsin Genetics
Computer Group Software). Oligonucleotide primers were synthesized to sequence across the EcoRI sites in a clone that contained the 0 to
+8.0 HindIll fragment. (C) Probes. Fragments used as radioactively labeled probes as indicated in text. (D) Results of S1 mapping. The
continuous thick and thin lines represent the cloned genomic fragments (using the restriction sites shown in panel A as ends) that were
annealed as unlabeled probes to wild-type poly(A)+ RNA. After treatment with S1 nuclease and separation on an alkaline agarose gel, the
DNAs were blotted to nitrocellulose filters and probed with the radioactively labeled probes shown in panel C. The thick portions of the lines
indicate the portions that were protected, indicating that they are exons. The exons at the left were located within the region spanned by the
braces. (E) Location of splice sites by cDNA sequencing. The relationship between genomic DNA and cDNA sequences is shown, indicating
the pattern of splicing of the primary transcript to yield the mature message. The numbers under the cDNA line indicate the number of
independent cDNA clones that were sequenced across each splice site. Restriction sites are abbreviated as in panel A.

tion, and blunting of the ends with Si nuclease, EcoRI
linkers were ligated to the cDNA. The cDNAs were digested
with EcoRI, the excess linkers were removed, and the
cDNAs were ligated into XZAP (Stratagene) that had been cut
with EcoRI and dephosphorylated. The library was amplified
and screened.
Approximately 109 plaques were plated. Duplicate sets of

nitrocellulose (Schleicher & Schuell) lifts were prepared.
The filters were initially probed with a 32P-labeled (Boehr-
inger Mannheim random primer labeling kit) mixture of
probes 4 and 7 (Fig. 1C), which yielded -150 positive
plaques. The filters were stripped, and one set of filters was
reprobed with probe 4 and the other set was reprobed with
probe 7. The filters were again stripped, and one set was
reprobed with probe 1 and the other was reprobed with
probe 6. The results of these screenings yielded a subset of
clones that contained inserts from across the entire gene.
Twenty-seven clones were plaque purified, and the pBSK-

vector and insert were excised from XZAP by the recom-
mended procedure (Stratagene). These were analyzed by
restriction mapping and DNA sequencing from the primer
sites flanking each end of the polylinker. They represented
19 different cDNA clones with the following recovery fre-
quencies: 1 clone recovered four times, 5 clones recovered
twice, and 13 clones recovered once each. DNA sequencing
revealed that 10 of the 19 clones contained mixed inserts
[e.g., the insert consisted of a partial su(s) cDNA that had
ligated directly to another cDNA of unknown origin that had
not been separated by an EcoRI linker]. This apparently
resulted from too low an effective concentration of linkers
when they were ligated to the cDNAs. This did not present
a serious problem, because the cDNA sequences were being
compared with the already completely determined genomic
sequence.
Primer extension. Two synthetic oligonucleotides were

used in the primer extension analysis to prime approximately
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1
121

241

gatccggccatggcgatcgggagt at acaaaaat gttt cactttaggaaatggccgataaattgcactcgctgacat ccgatagccgtggcct gaagagcttccaccgatcgatatcgat
aaatggatat gttttctgcaatagcgaaagatcggggtgctacctattaattatacttaagaaacagatgatgtagttttt tgatatagaagtttaacaaccggt tcaacaatcggt taa

lLn XXX
tatttaaaaatgtcgcagccagcgagcctttagctttaaaagtaggcgttcacggttt ttggggaaataccaaatat actaggtaaaaacatcgatt aactaatatcatccaacac

transcription start V A
361 gacgatatgttctttgcgaaaaa ta tcgatgtactggtatttttatgtttccacACCTCTAGTTCGTTTAAGTCGATCTGTTGAACTGTTAACAACACAACTCCTGAATATTATGTTTTG

_~~~~~~~~~~~~~~~~~~~la
481 GACGAAAAGTTTTATTAATTTAATGTTTTTGTATATTGTATTCTGTCCATGAGCGTAACAGAGACAGACAGAGAGAAAGGGACAGATACTGAGATACGGGGCCCTCAGGCAGAGAAAGAG
601 GGCGAAAGCAAGCTACAAGCGGGTGCGAGCGAGAGCGCGCGCTTGCCTCACGCACATATATATAAATCTGTACATACATATAGTATCAGAAGAAAAAACTAAAGCCGCTATTCGATTTAC
721 GAAAACTGGCGAAAAATTCGACGATTTGTCTCGTACCTATCTATGTACCTCACAACCACTTCGTCATCAAATACGTATAAGTCAGATgt atgtcaaacatatatatacatatgcatgt at
841 at acacatct atgtgaggccactgctatatcccatacatgtatgcctctatatatatgtatatatttatccacctactgtaccacttccacattatgtaagcagcgacgcaaacaaaaca
961 ctaaagcagaaaatccgaaaagcaaaatgcgaaatgcaaaacaacgaaccaacaaaatcccatctataaaccgaaaaccgaacagcaatgttataacaaat accgaaaagttgttaatgt

1081 tccacaaaaaagcataaagcagtcacgctaagagagtaagatcgaacaaatgaaatgtttgt atggcataagtagttcccagatttttqtatgtacttcaatgcatatgcatgtqtgcgt
1201 atgcatgtat gtatgtatgtttctcggggccatgtctccccacgcccacgtacqtgggtgctagaaagggacagatgqtgcaaattttttaaattgcatacacttgattttggaacgcca
1321 gccaaacaaaaagataaattgcgtgcttttcttt tgctgttcgtatgtacgtacatatgcaagtggaaactgcgcagcagggaagccacacgcatgaacgccttccatttacagagcatt
1441 caaacaaatcgtaccgaa aaccaaacaaaaactttcaectcaagtgtaacaattatattcaaatt cgctttgaagtcgctgtaaaatat atqtatgtatgtataaacaaagacaaaaaca
1S561 ttttgcctcgcagt cgacacacacacgcgcactcgcactgcacgcctcggctgt gtgtgtgtatgccctgctt agatcatgagtgtgcgagcgagtcgacatgct tggcaatcgcgagtc
1681 agaactaaacacgcgctctatatgcacgtgtgtgagacgcattggattttgttattttcatcaatcgr-aatgattccgtccatcagctacatccaaatatatacacgeatccgcgccata
1801 tgtacaatgctacgagc-atttacatar-acatgtacatatgcgcgtgtggctcataacggttcactccgcttacgcacaataataaaggcaaacgcctacgacttccccattgttcct agg
1921 ctcaatggaaagccactccgtt gctttcgactttcgcttttcggattctggaatttgtttcgctqtccaaaactacgtataactgaatctttatgtt aagccaattgtaaaaagtgt att
2041 ttcctttctcgttctctccacacaacaaatgtgctagcgcaacttt gttgatcacttttattttatact ggaageatgtccaggacccataccctttaattcatcaaactgatttgctta
2161 tt attttgtt gctgcactttggaactagct aagtgccaggctaaacctaagcgatccgatcccacttaaaccaaccaacaaagagcaatccaaccattgtcagcgaaaagtgctcaaact
2281 ttccgagtgctgagataaggaagggt gcccaaaacattcatcgcagccatgctgcccacgctacaaaqt gactctgactgaatgcatcaggatcgtatgatccgggtggtctatctt aag
2401 tcaatagttt ctgtcgctagtacttggacgtgccttctgaatccgt agtcatttgtgataccagccatt ttatattgtatttacctcaaaaacattaatgtagcatttattcaagcaacg
2521 cttgattttagtgttaaccaattcctttcatttgtgttcaaaattttgaccgccaatqggggtgattcaaataatccccgaatgattttqgaaaaaaagaat aaggggr-attaaactacat
2 641 ttattaattcgttt ttattcacttagaagcgtattatggtacattcc-acctttttagttaatactagcagttqctttattttaagataccatt ttatattgtaattggacgttaagacaa
27 61 at tataagacgtccttat atat gattagat tgggaatttgaccttaaaacatatttatgcatccatatatggtattcaaaatccgatcccttatcaacagCTTTCCAAATACCAAACAC

M S V A L A D E P
2881 TTAAGAGTGCAGCAACAGAAGAGGGAGGCCACTTTTTTTAAGGGCACCAATTATTCCAATCTCATCCTGTGAGAGATTAGCTGCCAAATCGATAATGTCTGTCGCTTTAGCGGATGAACC

10 20 30 40
L I D L E E D L E D G E I D D D E E D E Q Q S S K I Q V Q K K T F V G D D D V Q

3001 CTTAATTGACTTGGAGGAGGATTTAGAGGACGGCGAGATCGACGACGATGAGGAGGACGAGCAGCAATCTTCAAAAATCCAAGTCCAAAAGAAGACTTTCGTAGGGGACGACGATGTGCA
50 60 7060
F V G V E A K N Q N D D E D V V Y V G P S T D A V C L Q N S N S T K S K K P R P

3121 GTTTGTGGGTGTCGAGGCTAAGAACCAAAATGACGACGAAGATGTCGTTTACGTGGGACCATCGACAGATGCCGTTTGCCTCCAAAACAGCAACAGCACCAAGTCAAAAAAGCCTCGCCC
90 100
L E D D H A S S I E L A I A N A L K K K

3241 ATTAGAAGgt gaaagctcattcagt t gt tt catt gatt cttcttgtttaatctggatgtattccctagATGACCATGCTAGCAGCATTGAGTTGGCGATTGCCAATGCCCTCAAGAAGAA
110 120 130 140
G I E P P M P R M R S S N Q D T S D Q S L E G S G E G L A T A N P L r. o S T R 9

33 61 GGGCATAGAGCCCCCAATGCCCCGCATGCGTTCGTCTAACCAGGATACGAGCGATCAGTCTTTGGAGGGATCCGGGGAGGGACTGGCTACCGCCAATCCCCTTCTTCAGTCAACTCGCAG
150 160 170
S R R_ R K R K K E R E R F. O K K__n K P. O O

3481
3601
3721
3841
3961
4081 atcccgtgaattctagaattatattttgtggtttaagtatgtacgccgctttgttatccccagaaagtttcattaagggattttagtaatagttaaaaaggttatatgaacacacaca

180 190
N t S R R D R N n v S V V P G G V Dn M_ n YRF

4201 tgttttcttattgaaactcctattgactttatcttaatcctttccagAACCGTTCCCGACGTGACGAGAACGACGTGTCTGTGGTGCCAGGCGGCGTTGAGGACATGGACGAATATGAGA
200 210 220 230

M N V R G GCS P P PCGC A a P P L SES C C O R FESrCAD nWD MDn nCE__ A A T G A
4321 TGATGAACGTACGTGGCGGCAGCCCGCCACCAGGAGGAGCGGCACCACCCCTTTCCAGCTGCGGTCAGCGGTTTAGTGGTGCCGATTGGGACATGGACGACGGGTCAGCCGCAACCGGAG

240 250 260 270
A rL G A C r C C C Y N S H E S Y D S Y S D R V N G PG r. M N OR R R T R RD

4441 CAGCTGGTCTTGGAGCGGGAGGCGGAGGGGGTTACAACTCACACAGCAGCTATGATTCCTACTCCGATGAGGAGACAAATGGGCCCGGGCTAATGAATCAACGCCGTCGGACCCGAAGGG
280 290 300 310

N R K PRO R G V N N R K R RD RD R L R CG C L. A C 5 K R N R RD S G CG G
4561 ATAACGAAAAGGAGCACCAGCGTGGCGTGAATAATCGCAAGCGCAGGGATCGCGATCGCCTTGAAGGCGGGTTAGCGGGAAGCGGCTCCAAGCGAAATCGCCGTGATTCTGGCGAAGGAG

320 330 340 350
C G G K I G a S V R V E P R K L E L C K F Y L M D C C A K R D K C S Y M H K

4 681 GCGGCGGTGGACAGGAAAAGATGGGCGGCAGCAATCGCGTTGAGCCCCGCAAGCTGGAGCTGTGCAAGTTCTATCTAATGGACTGCTGTGCCAAGCGGGACAAGTGCTCCTACATGCACA
360 370 380 390

E F P C K Y Y Y L G M D C Y A G D D C L F Y H G E P L S E Q L R N V L L K H M E
4801 AAGAGTTTCCCTGTAAGTACTACTACCTGGGGATGGATTGCTATGCAGGCGACGATTGCCTCTTTACCACGGCGAACCGCTGTCCGAGCAGCTCCGCAACGT.TCTGCTGAAACACATGG

400 410 420 430
T A P K E I L G D F K R I S R D I A I V Q M T R R H E Q L C D Q L N R E N TW N

4921 AGACGGCTCCGAAGGAGATCCTTGGTGATTTCAAGCGAATATCCAGAGACATTGCCATTGTGCAGATGACACGGCGGCACGAGCAGCTGTGCGACCAATTGAATCGGGAGAACACGTGGA
440 450 460 470

S I G C G L M G K R Q D H QM Q Q Q Q Q Q L Q H Q Q L Q Q Q Q E Q Q Q T Q Q Q A
5041 ATTCGATTGGCTGCGGCTTAATGGGCAAGCGGCAGGACCATCAAATGCAACAACAGCAGCAACAGCTTCAGCATCAACAGCTTCAGCAGCAGCAGGAGCAACAGCAGACGCAACAGCAGG

480 490 500 510
A A D G G G C I P S L L D M V I N P P L S E N K R K S R W T E K M G A K A A A G

5161 CGGCTGCGGATGGCGGCGGCTGCATTCCTTCACTTTTGGACATGGTCATCAATCCACCACTTTCAGAAAATAAGCGCAAGTCCCGCTGGACCGAAAAGATGGGTGCCAAGGCAGCAGCTG
520 530 540 550

A A G S S E R D S T S P D A K P L P P H L D L A N L S H V L S A E N M A K L N K
5281 GAGCAGCAGGTTCTTCAGAAAGGGATAGCACATCGCCGGACGCCAAGCCACTACCACCACACTTGGACTTGGCTAATCTCAGTCACGTCTTAAGTGCTGAAAACATGGCCAAGCTAAATA

560 570 580 590
L G I T N L E Q M L Q V P F G Q L T E A G L T L V E I G E I Q R K A E D A K P Q

5401 AGTTGGGTATTACGAATCTGGAGCAGATGCTTCAAGTGCCGTTTGGCCAGTTGACCGAGGCTGGCCTAACTCTGGTCGAGATCGGTGAGATTCAGCGCAAAGCCGAGGACGCCAAGCCGC

120
240

360

480

600
720
840
960

1080
1200
1320
1440
1560
1680
1800
1920
2040
2160
2280
2400
2520
2640
2760
2880

3000

3120

3240

3360

3480

3600
3720
3840
3960
4080
4200

4320

4440

4560

4680

4800

4920

5040

5160

5280

5400

5520

CAGCAGGCGAAGGAAACGCAAGAAAGAACGTGAGCGCGAGCAGAAGAAAGACAAGGAGCAGCAGgtgaggccatcacattatgtccaaatgcaactattagatacccattagctgacaaa
tgcagtatacccttctgctccaggagcaagatttatat agttgtagctagccttcgattggcacttatgaaatgatttttaccatatttacctttttaaatagaacattgatcttgggtg
ttacatggaagcggttaacccagccagcgtgaccaagttccacgaccaattgttttgtqttccqacccaactccgcgcttctcctgcacttaatttatcattagccatcqggattagtat
tgcatggctcgttcagcttgtttcaacacattgggtcagtgtacaaggcagggccaagtatagggatcttaggccaagtatagggaataggagcagaaaattaaatctgatatgacatta
cagtacagtattctttatatcagtaccgcgaacgcagcaaatatccatgtggaatgtaacacgtctgctgttcttataggggataccgagactttgctggggttcctcgccaggatqtcc
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600 610
T Q A E L E S S T P P S K R E T E A N N

AAACCCAAGCTGAATTGGAAAGCAGgtgagctaatcaatgcaaaacaaat tacaatttecsttattttaatatatatgttcactagCACTCCTCCTTCAAAGCGGGAAACGGAGGCCAACA
620 630 640

S N S K S N G L I M V D Y T Q Y L K D A H V S F S G N D P L
ATAGTAACTCGAAGAGCAACGGACTCATCATGGTGGACTACACGCAGTACCTCAAGGATGCACATGTCAGCTTTTCGGGTAACGATCCGCgtgagtagatggcaccatt tgaacttaatc

650 660
D D D R D D D E Q L I I D D G N D S

tatttctttt cattctcttcacggcgttat gaataattttattaacttgcgaat tteattccagTGGACGACGATCGGGATGACGACGAACAACTGATCATAGACGATGGCAACGATTCC
670 680 690 700

T A E E D QQ P K K A K A P P A A T H E S S T E E A P L P S V F D L P S F M N N
ACCGCCGAAGAGGACCAGCAACCTAAGAAAGCCAAGGCACCGCCAGCCGCCACCCATGAATCAAGCACAGAGGAGGCACCCTTGCCTTCTGTTTTCGACTTGCCGAGCTTCATGAACAAC

710 720 730 740
M L G Q G S S A R Q L L P A S A N Q E N A H L P G G D Q S T H K S A P I G G G T
ATGCTGGGTCAGGGATCCTCAGCGAGGCAGTTGCTGCCCGCAAGTGCCAATCAGGAGAATGCGCATTGCCTGGAGGAGATCAATCGACACATAAATCCGCGCCCATCGGCGGAGGCACC

750 760 770 780
S T N V L G R I L F G D K Q S D P E A R A A F Y R D I I R N P F K A H S G D G D
TCAACCAACGTGCTTGGCCGGATTCTGTTCGGCGACAAACAATCTGACCCCGAGGCTAGAGCAGCTTCTATCGCGACATAATACGCAATCCCTTCAAGGCTCACAGTGGCGATGGCGAC

790 800 810 820
V D S S N E N S N S N S H S L T P T P T P }; P G S Q S P X P E D H D Q D N P E L
GTGGACTCCAGCAATGAGAACTCAAATTCCAATTCGCATTCCCTGACGCCAACTCCCACGCCAGAGCCGGGATCCCAATCCCCCAAGCCGGAGGACCACGATCAGGATATGCCGGAATTG

830 840 850 860
P V I A P A L P P T T P S L Y V R R S M Y D F D P V K E Q E H G R Q E L L T E E
CCTGTCATTGCACCAGCGTTGCCGCCGACAACTCCTTCGCTCTATGTACGTCGTTCCATGTATGACTTCGATCCCGTCAAAGAGCAAGAGCACGGGCGACAGGAGCTTCTTACGGAGGAG

870 880 890 900
K E Q Y Q R D T D M R L P F E P M K H Y M P A T E I D A A I F S H T P I R V Q L
AAGGAACAGTACCAGCGTGATACCGACATGCGACTGCCGTTCGAGCCGATGAAACACTATATGCCTGCCACCGAGATCGACGCGGCGATCTTCTCGCACACTCCGATACGCTGGCAGCTG

910 920 930 940
H E V T I E E S S Y A Q I R A S A L H K E Q R E L R D P R MG R R I L G L P E T P
CATGAAGTAACCATAGAGGAGAGCAGCTATGCTCAGATTAGGGCCAGTGCTCTGCACAAGGAGCAGCGGGAGCTACGCGATCCTCGAATGCGTCGGATTCTCGGCCTTCCGGAACGCCT

950 960 970 980
D N S G P L G S V P I M G P S S F S V D N I A R C A T T I A S P D L E T A V R D
GATAACAGTGGACCCTTGGGCTCCGTGCCCATTATGGGCCCAAGCTCCTTTTCGGTCGACAACATTGCGCGTTGCGCTACGACCATCGCTTCCCCAGATTGGAGACCGCCGTTCGTGAT

990 1000 1010 1020
S T P S S P P P S V V N L P S M S V P P P S M R V P P P N I Q V E K P T V R T D
TCCACCCCCAGTTCACCGCCCCCGTCCGTGGTAAACCTACCGTCAATGAGTGTGCCACCGCCGTCGATGAGGGTACCACCTCCGAACATACAGGTGGAAAAGCCAACTGTGCGGACAGAT

1030 1040 1050 1060
P R R D P R R A V L QA P T K G A S T A N T T A P N A S G G S K Q I S E I R S L
CCACGTCGCGATCCCAGGAGAGCCGTTCTGCAGGCTCCAACTAAAGGTGCTAGTACGGCAAACACCACAGCACCCAATGCCTCTGGTGGCAGCAAGCAAATCTCGGAAATCCGAAGCCTG

1070 1080 1090 1100
L Q V S N W Y N N L G T N N K I N V N Q Q L A L V F T r. _K K F I OL P N n A P

CTGCAGGTTTCCAACTGGTACAACAATCTCGGCACCAACAATAAGATTATGGTGAACCAACAGCTCGCCCTGGTCTTTACCGAGCTCAAGAAGTTCCATCAGCTGCCGAATGATGCTCCG
1110 1120 1130 1140

K T F f v s F T V N NT T L O O T F A LT. F T F V Dn N G F V V O T P F F P N c

AAAATTrTTCGATGTCAGCTTTATAGTGAACAACACAACGTTGCAGCAGATCTTTGCCAAGCTCTTTATCTTGTAGATGACAATGGCGAGGTGGTGCAGATTCCCGAGGAGCCCAACGGT
1150 1160 1170 1180

N G_ A A r. a G n S G G G V G GGGG G G G V V L P N L S Q P P P N L S Q M L
AATGGTGCTGCTCTTGGTGGCGGCGGAGATTCTGGAGGCGGAGTAGGAGGAGGAGGAGGAGGAGGAGGAGTAGTGCTTCCCAATCTATCGCAACCCCCACCAAATCTGAGCCAAATGTTA

1190 1200 1210 1220
R L P P P N I R M L R M S G NM M Q M G N V G P P F N Q P P P R G G L M G M P P
AGGCTACCGCCACCGAACATACGAATGCTTCGCATGTCGGGAATGATGATGCAAATGGGCAACGTGGGACCCCCTTTCAATCAGCCACCGCCACGCGGAGGATTGATGGGAATGCCTCCG

1230 1240 1250 1260
N G N G L N QG V G N L G G L G Q L G I N Q G G G P V P N G N P F N P F G G N N
AATGGCAATGGATTAAACCAGGGCGTTGGCAATCTGGGAGGACTTGGCCAGTTGGNAGGGN GAGGAGGACCTGTGCCCAATGGCAATCCCTTCAACCCAVNGGTGGGAACAAT

1270 1280 1290 1300
G G G A G V M N N M N S M G N N G M G F N N F N N N G G R G G H F P G G G S G G
GGGGGAGGAGCTGGCGTCATGAACAACATGAATTCAATGGGCAACATGGGCATGGGCTTCAATAACTTCAACAATAATGGCGGCAGAGGAGGGCACTTTCCGGGCGGAGGATCAGGCGGA

1310 1320
N G N G N N R N Q R G G N H R N R N I
AACGGCAACGGAAACAATCGCAACCAGCGAGGCGGCAACCACCGAAACCGCAACATT AAAGGCCCATGCGTTGCGAAAACACAAACGCAAAGGCCCTTTGCCCCAATGATCTTAA
AGCGATGCTATGCCACATGACCCTTTCCCCCAACCATACCATACGTCGTGGAAAACTCGTGGTTTCCGCGCACCTTCCCCGAAAATCCAGGCATGACTCCTTGTAAATGTATTTATTC
CCGAATCCCCATTATTGTCACTATTTTTTmCGCTAGGTGTAAGGATCTTATTAGCTATACGAGTAGTAA,AGAGTAAATAACAAAACAATCCGGAGTAAGAACGAAGTGAAGCAGAATG

Poly a aignal
GTATGCGCAGCCCTTTTAACAAACTTTTTTAAATTATATAGGATAATTGTTCAATAGCGCGAGTACTACATTGATTAACTAGACGTACGAACTCAAAATAAATGACATCTTTTAAGTA

Rintd XXX
atgtgccatgcttaggttgctgggccgtcccggaggagcagaaagaaatgaatagettttgaaagcgcgcgaaactacacctaaacttttaagattgcgtacttatcgatgcta
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5760

5880

6000

6120

6240

6360

6480

6600

6720

6840

6960

7080

7200

7320

7440

7560

7680

7800

7920
8040
8160

8280

8400
8401 aattctgaattggcttctcgaccatttttaatttagttcctacaaggtatatgtttacgtttacgtttaaattatgacatcttctgcgaattc 8493

FIG. 2. Nucleotide sequence of genomic su(s) region, the -8.5-kb genomic fragment shown in Fig. 1A. Capital letters in the nucleotide
sequence indicate exons, while lowercase letters indicate nontranscribed or intron sequences. The italicized nucleotide A-415 (indicated by
the arrowhead) denotes the transcription start site, and the aaaaatat at a-379 is the TATA-like box. a and b above the lines indicate
oligonucleotide primers used to localize the transcription start site. The poly(A) signal is at 8259 to 8264. Single-letter amino acid designations
denote the putative protein with translation initiating at the first ATG in the large ORF. The underlined amino acids (138 to 327 and 1087 to
1162) show similarity to several poly(A)+ RNA-processing proteins. The italicized amino acids (446 to 474) denote the opa-like sequence.

140 and 80 nucleotides from the 5' end of the mRNA (Fig. 2).
The oligonucleotides were end labeled with T4 polynucleo-
tide kinase (Promega) and [y-32P]dATP (NEN; 6,000 Ci/
mmol) as described previously (8). Poly(A)+ adult male or
embryonic RNA (10 ,ug) was used as a template according to
published procedures (4). The primer extension products
were analyzed on 8 M urea-6% acrylamide gels and subse-

quently autoradiographed. Sequencing reactions using the

same end-labeled oligonucleotide used for the primer exten-
sion were done with the appropriate DNA templates and run

to provide size markers.
Si nuclease analysis. Initial S1 protection mapping exper-

iments were carried out (25) with few modifications. Single-
stranded DNA recovered from subclones appropriately sub-
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cloned into M13mpl8 or M13mpl9 was used as protector
DNA. y2 Wbf [=su(s)+] embryonic poly(A)+ RNA (5 to 10
pug) was incubated with 30 ng of single-stranded phage DNA
for several hours to allow annealing. After Si digestion, the
samples were phenol extracted, ethanol precipitated, and
suspended in loading dye. Electrophoresis was performed on
alkaline denaturing gels, and the DNA was blotted to nitro-
cellulose filters. Probes were 32P labeled by nick translation.
To localize the transcription start site by Si mapping, an

EcoRI-Apal fragment from the 5' end of su(s) (nucleotides
[nT] 1 to 583 of Fig. 2; the EcoRI site is derived from the
linker of the XEMBL vector in which the clone was recov-
ered) was subcloned into the EcoRI-ApaI sites of pBlue-
Script SK- (Stratagene). Template DNA was prepared by a
modified alkaline lysis procedure (2) as described in the
Promega 1988-1989 catalog and applications guide. Syn-
thetic transcripts were synthesized using T7 polymerase
(Stratagene) as described by the supplier's specifications in
the presence of [a-32P]CTP (Amersham; 400 Ci/mmol). S1
nuclease analysis was performed as described elsewhere (6)
with 10 ,ug of y2 wbf [=su(s)+] poly(A)+ adult male or
embryonic RNA. S1-resistant fragments were analyzed on 8
M urea-6% acrylamide gels by autoradiography. Sequencing
reactions performed as described above were run to provide
size markers.

Analysis of RNA expression. RNA for determination of
su(s) expression throughout the life cycle was prepared
according to previously described procedures (5). Embryos
were collected from overnight egg depositions of y2 wbf
females, and aliquots were placed in half-pint milk bottles
containing cornmeal-molasses-agar medium. At 24-h inter-
vals through day 14, the contents of each bottle were
harvested and total nucleic acid was prepared. Poly(A)+
RNA was prepared from this total nucleic acid according to
described procedures (5). Northern (RNA) blots were run
with 10 ptg of poly(A)+ RNA per lane. The Drosophila ras
gene, which is expressed nearly constantly throughout the
life cycle (27), was used as a loading standard. Then an
identical Northern blot was run and probed with a probe
from within su(s) that hybridized only with the su(s) mes-
sage.

Preparation and immunoblotting of su(s) protein. Antisera
were produced against three separate regions of the open
reading frame (ORF). In the preparative and analytic proce-
dures, proteins were separated on 7.5% acrylamide-sodium
dodecyl sulfate (SDS) denaturing gels. Blotting to nitrocel-
lulose or Immobilon (Millipore) membranes was carried out
by using a BioRad Trans-Blot Cell. Secondary antibody
detections utilized the Vectastain ABC kits with either
horseradish peroxidase- or alkaline phosphatase-based color
indicator systems. Fusion protein 1 was prepared prior to
knowledge of the translation reading frame. The SmaI-
HincIl fragment (nt 4526 to 5452; amino acids -262 to 578 of
Fig. 2) was gel purified, and its ends were randomized by
treatment with Bal 31S (IBI) and blunted with T4 DNA
polymerase (New England BioLabs). It was subcloned into
pJG200 (16) into which a BamHI-Smal adaptor had been
introduced, and a subclone that exhibited readthrough of the
entire insert was selected. The insert was cut out with
BamHI and ligated into pWR590 (19), a P-galactosidase
fusion protein expression vector. For fusion proteins 2 and
3, the BamHI-SalI (nt 6310 to 6775; amino acids 807 to 963)
and SalI-BglII (nt 6775 to 7247; amino acids 962 to 1121)
fragments, respectively, were subcloned into pWR590-1.
Fusion proteins of these constructs were expressed and
recovered (23). Approximately 400 ,ug was recovered by

cutting out the band from an acrylamide gel that had been
stained with 0.25 M KCl. The fusion protein-acrylamide
mixture was cut into small pieces and further pulverized by
passage back and forth 5 to 10 times between two syringes
that were connected by a 13-gauge steel needle. One millili-
ter of Freund's complete adjuvant (initial immunization) or
Freund's incomplete adjuvant (booster injections) was
added, and the mixture was passed 10 to 15 times between
two syringes connected by a 20-gauge needle. Female New
Zealand White rabbits were then immunized by intramuscu-
lar injections of 0.5 ml into each hip and an interscapular
injection of 1.0 ml. Booster shots were given at approxi-
mately 3-week intervals. Blood was drawn and serum was
cleared by standard procedures.
To determine whether the antisera contained antibodies

directed against the su(s) portion of the fusion protein, the
DNA inserts from the vectors described above were inserted
into pATH vectors (9) with appropriate reading frames. The
antisera against fusion proteins 1 and 3 recognized the
respective trpE-su(s) fusions but not the TrpE protein with-
out an su(s) insertion. The antiserum against fusion protein 2
recognized the TrpE protein alone as well as its respective
trpE-su(s) fusion protein.

In vitro translation of synthetic RNAs made from cDNAs.
From cDNA and genomic sequence analysis, the putative
translation start was deduced to be the ATG at 2975, which
is 7 nt downstream from the ClaI site (ATCGAT) at nt 2968.
A complete cDNA was assembled and cloned into the ClaI
site of BlueScript SK- (Stratagene). Synthetic RNAs were
produced from both strands according to recommended
specifications (Stratagene) and in vitro translated in a rabbit
reticulocyte system (Promega) according to recommended
procedures, with 35S (Amersham) as the radioactive label.
Proteins were analyzed on denaturing SDS-polyacrylamide
gels.

Nucleotide sequence accession number. The EMBL, Gen-
Bank, and DDBJ accession number for the nucleotide se-
quence discussed here is M57889.

RESULTS

Sequence of genomic su(s) gene. Genetic transformation
experiments have demonstrated that an -8-kb HindIll frag-
ment (0 to +8.0 in Fig. 1A) is sufficient to complement the
suppression, cold-sensitive male sterility, and reduced via-
bility associated with su(s) mutations (37). The nucleotide
sequence of this fragment plus several hundred base pairs on
either side has been determined (Fig. 1B), and the results are
shown in Fig. 2. The insertion point of W20, the P-element
insertion mutation that was used to clone the gene by
transposon tagging, was arbitrarily set as the origin for
genomic reference (5); that site is 3' to nt 446 in the DNA
sequence shown in Fig. 2 (36).

Location of introns and exons by S1 protection mapping.
The direction of transcription of the su(s) message is from
left to right, as shown in Fig. 1A (5). S1 protection mapping
was used to determine the general features of how the 0 to
+8.0 genomic region gives rise to the -5-kb mature mes-
sage. The 8-kb HindlIl fragment and various of its subre-
gions were used as probes for S1 analysis (Materials and
Methods). The results of those studies are summarized in
Fig. 1D. First, when the entire -8.0-kb HindIII fragment
was used as a probe, four protected fragments (exons) of
approximately 2.5, 1.35, 0.4, and 0.4 kb were observed (top
line of Fig. 1D). Probing with subfragments (Fig. 1C) of the
8-kb region allowed the positioning of the ends of the two
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Intron Size 2053 60 703 60 94

IA TAA AATAAA

Exon Sie 393 388 236 1298 125 2455

FIG. 3. Structure of mature su(s) mRNA. The sizes (in nucleotides) of the introns and exons are as indicated. Symbols: [1, 5' untranslated
leader and 3' untranslated trailer; 1, translated region; U, RRM; *, highly charged region; and U, opa sequence.

largest exons as shown (second to fifth lines of Fig. 1D).
Those results indicated that the -2.5-kb exon was 3'-most
and that the -1.35-kb exon was separated from it by several
hundred nucleotides. The use of subfragments of the 0 to +4
interval as probes (Fig. 1C) indicated that the smaller exons
arise' from that interval, but the determination of the precise
origins of the smaller exons came from cDNA sequencing
results presented below.

In summary, the Si protection results indicated the sizes
and approximate placement of the ends of the two largest
exons. This information allowed determination of the spe-
cific locations of the splice junctions by sequencing the ends
of these large exons in the cDNAs. In addition, these results
indicated that the 0 to +4 genomic interval consists mostly of
introns but contains a few exons <400 nt long.

Poly(A) addition and splicing pattern as determined from
cDNA sequence information. The manner in which the pri-
mary transcript is processed to give rise to the mature
message is shown in Fig. 1E and 3. Transcription starts at
A-415 (Fig. 2; see below also) and produces a primary
transcript -7,860 nt long. Poly(A) addition occurs following
the AATAAA signal at nt 8259. The six cDNAs that con-
tained oligo(dT)-primed 3' ends were polyadenylated follow-
ing either nt 8277 (four clones) or nt 8279 (two clones).
cDNAs were sequenced completely in the 5' region of the

gene, because S1 mapping data had yielded little information
about the origin of the two -400-nt exons (Fig. 1D and E).
The number of different clones that were sequenced across
each of the splice junctions are as follows: nt 807 to 2861,
four clones; nt 3248 to 3309, five clones; and nt 3544 to 4248,
seven clones. Thirteen different cDNA clones were se-
quenced across the splice between the two largest exons;
they indicated the presence of a small 125-nt exon between
the two large exons that had not been detected in Si
mapping. For all five splice junctions, all cDNA sequences
were identical, indicating that there is probably no alterna-

tive splicing involved in the processing of the su(s) tran-
script. Thus, the cDNA sequence results defined six exons
(5' to 3') of lengths 393, 388, 236, 1,298, 125, and 2,455 nt,
separated, respectively, by five introns of lengths 2,053, 60,
703, 60, and 94 nt (Fig. 3 and Table 1). All introns are
bounded by 5' GT donor and 3' AG acceptor consensus
splice junction signals (Table 1). The 507-nt nontranslated
leader arises from the splicing of the 2,053-nt intron 114 nt
upstream from the probable translation start site (Fig. 2 and
3). The large ORF includes parts of five exons and is
followed by an -420-nt noncoding trailer (Fig. 2 and 3).

Locaization of transcription start site. The location of the
transcription start site could be bracketed between nt 284
and 459 by two pieces of information. First, the rescue of
su(s) mutations by the nt 284 to 8375 HindIII fragment (37)
led us to expect the transcription start site to lie downstream
of the nt 284 HindIII site (Fig. 2). Second, the farthest 5'
extension of any cDNA was nt 459. However, because the
method ofcDNA library construction that creates blunt ends
with S1 nuclease results in the loss of 5' information, it was
expected that the transcription start site would lie upstream
of nt 459.

Results of S1 protection experiments (not shown) using
three different fragments as protectors (nt 1 to 584, 387 to
584, and 1 to 794 in Fig. 2) indicated that the transcription
start site lies between nt 415 and 430, although no experi-
ment consistently gave a single distinct protected fragment.
We suspect that this lack of a distinct protected fragment is
because the region just downstream of the transcription start
site (nt 467 to 522) is composed of 85% AT base pairs, and
such AT-rich regions are susceptible to S1 nuclease diges-
tion (4).

Primer extension experiments to precisely localize the
transcription start site were performed by using two primers
(shown in Fig. 2). The results are shown in Fig. 4. Many
extensions ofprimer a (left panel) stopped at A-421 and some

TABLE 1. Intron and exon sizes and splice junctions of su(s) transcript

Exon Exon 5' Splie junction' Intron Intron 3' Splice junction'
no. size 5Spieunioano.b 3'Spiczuntin

1 393 TAAGTCAGAT.gtatgtcaaa
1 2,053 ttatcaacag.CTTTTCCAAA

2 388 CCATTAGAAG.gtgaaagctc
2 60 tattccctag.ATGACCATGC

3 236 GGAGCAGCAG.gtgaggccat
3 703 tcctttccag.AACCGTTCCC

4 1,298 GGAAAAGCAG.gtgagctaat
4 60 tgttcactag.CACTCCTCCT

5 125 AACGATCCGC.gtgagtagat
5 94 ttcattccag.TGGACGACGA

6 2,455
a Italics indicate consensus splicing donor signal.
b Intron 1 separates exons 1 and 2, etc.
c Italics indicate consensus splicing acceptor signal.
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FIG. 4. Localization of transcription start site by primer exten-
sion. In both experiments the same primer was used to generate the
DNA sequence size standard and to prime the mRNA. Appropriate
controls lacking RNA were run (results not shown). (A) Extension
of primer a (Fig. 2) yielded an apparent strong stop at A-421,
although many molecules extended to A-415 and none extended
beyond that point. Identical results were obtained with and without
methyl mercuric hydroxide. (B) Extension of primer b (Fig. 2)
exhibited a single strong extension stop at A-415, and there was no
extension beyond that point. The very faint signals in the T lane of
the DNA sequencing ladder are indicated by the hand-drawn hatch
marks. That no extension occurred beyond A-415 indicates that it is
the transcription start site.

extended to A-415, but none extended beyond that. Primer b
(right panel) gave a single strong signal suggesting A-415 as
the start site. Experiments with each primer were carried out
at least twice, and the results were consistent. Moreover, the
experiments with primer a were done both with and without
methyl mercuric hydroxide, which relaxes mRNA second-
ary structure, and the results were identical.
Thus, the primer extension results suggest that the tran-

scription start is close to A-415. The heptanucleotide start
A-415 CCTCTA contains only three matches to the ATCAG/
TTC/T Drosophila consensus transcription start site (20).
However, a better match of the consensus can be produced
by beginning at C-417 and deleting T-420, giving C-417TC
AGTT, in which case six of the seven nucleotides match.
The tetranucleotide AGTT has been observed as a transcrip-
tion start signal in other Drosophila genes: two of the
Drosophila heat shock genes and the Drosophila E74 gene
(35) begin transcription with AGTT, and a number of Droso-

* :ip ...u"go
. F wlb.

1.7 kb >S3..ja.#555
FIG. 5. Profile of wild-type su(s) mRNA expression. Poly(A)+

RNAs were prepared from y2 wbf[=su(s)±], as previously described
(5). Overnight collections were made and reared at 25°C, and RNA
preparations were made at 24-h intervals thereafter until day 14. The
collections represent stages of the life cycle as follows: day 0,
embryos; days 1 to 5, larvae; days 6 and 7, larvae and pupae; days
8 to 12, pupae; days 13 and 14, adults. Poly(A)+ RNA (5 ,ug per lane)
was loaded on formaldehyde denaturing gels. An identical filter
(bottom) was probed with Drosophila ras DNA (27) to ensure that
comparable amounts of RNA were loaded. Probe 5 (Fig. 1C) was
used for the filter shown; identical results were obtained when
probes 1, 2, and 3 were used. The faint band at -1.7 kb is probably
residual rRNA in the poly(A)+ RNA.

phila genes contain AGTT as the last 4 nt of the consensus
heptanucleotide signal (20).
While no TATA box per se is found -30 nt upstream of

the putative transcription start site, the sequence AAAA
ATAT is found 34 nt (nt 379) upstream of the transcription
start site; it is preceded and followed, respectively, by three
and two GC base pairs. A similar AT-rich sequence nested in
a GC-rich region has been identified as the functional TATA
equivalent for the Drosophila E74 gene (35).
Temporal profile of su(s) transcription. Northern analysis

indicated that the su(s) message is produced at all stages of
development (Fig. 5). The presence of a single 5-kb message
is consistent with the identical splicing pattern observed in
all cDNAs. As a loading control, an identically prepared
filter was probed with the Drosophila ras gene (bottom
panel), because ras is expressed at nearly constant levels
throughout the life cycle (27). Examination of the ras panel
indicates that the amounts of poly(A)+ RNA loaded varied
somewhat from stage to stage. In general, the darker bands
in the su(s) panel parallel the darker bands in the ras panel.
Thus the su(s) message may be expressed at a nearly
constant level throughout the life cycle.

Size and cellular location of su(s) protein. The su(s) mRNA
(Fig. 3) contains an ORF that could encode a protein of 1,322
amino acids (molecular mass of -145 kDa; pl of 5.30),
assuming that translation starts at the first AUG in the ORF
(nt 2975 in Fig. 2).

In order to study the su(s) protein by immunodetection
procedures, polyclonal antisera were produced in rabbits
against ,B-galactosidase fusion proteins containing three dif-
ferent portions of the su(s) protein (Fig. 2): protein 1, amino
acids 262 to 578; protein 2, amino acids 807 to 963; and
protein 3, amino acids 962 to 1121. The abilities of the three
antisera to detect the su(s) portions of the fusion proteins
were verified as described in Materials and Methods.

Synthetic RNA from a cDNA containing the complete
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FIG. 6. Identification and localization of su(s) protein. (A) In
vitro translation and immunodetection of su(s) protein. A riboprobe
runoff RNA from a complete su(s) cDNA was translated in vitro in
a rabbit reticulocyte translation system with [35S]methionine as the
label. The product was electrophoresed on a denaturing SDS-
polyacrylamide gel and blotted to nitrocellulose. The left two lanes
show the autoradiogram. The -su(s) RNA lane contains no signal.
The +su(s) RNA lane shows a prominent band of molecular weight
-150,000, although several fainter, smaller bands are also visible. A
similarly prepared filter was probed with anti-su(s) antiserum. The
-su(s) RNA control lane again contains no detectable signal. The
+su(s) RNA lane exhibits the same array of bands seen in the
autoradiogram. These results indicate that the in vitro translation
product is in the size range predicted by the ORF and that the
translation product is detectable by antisera made against a portion
of the su(s) ORF. (B) Cellular localization of in vivo-translated su(s)
protein. Nuclear and cytoplasmic fractions were prepared from
S2/M3 cells and from su(s)+ embryos, electrophoresed on SDS-
denaturing polyacrylamide gels, blotted to nitrocellulose, and
probed with the same anti-su(s) antiserum used in the experiments
of panel A. The nuclear fraction of the S2/M3 cells contains a band
of the same size as detected in the in vitro translation experiments of
panel A, but the cytoplasmic fraction does not. The su(s)+ embryo
nuclear fraction also contains a prominent band of the same size as

the in vitro translation product, and the protein is also present to a

lesser extent in the cytoplasmic fraction. Whether the doublet band
indicates two different primary translation products or posttransla-
tional modification or degradation is not known.

ORF was translated, and the product was analyzed on a

denaturing SDS-polyacrylamide gel. The +su(s) RNA lane
of the autoradiogram (Fig. 6A) shows a strong band at -150
kDa and several smaller bands in the 100- to 120-kDa range.

When antiserum 1 was used to probe a protein immunoblot
of the same in vitro-translated su(s) polypeptide (Fig. 6A), a

parallel pattern was observed. Several smaller bands, per-

haps resulting from incomplete translation or degradation,
were also observed. Antisera 2 and 3 gave similar results
(data not shown). The observed size of the protein agrees

with the predicted size of -145 kDa, if translation of the
su(s) mRNA begins with the first AUG in the ORF.

Cells of the S2/M3 Drosophila cell line were fractionated
into nuclear and cytoplasmic components (10), and the
proteins were separated on a denaturing SDS-polyacryl-
amide gel and analyzed by protein immunoblotting. Antise-
rum 1 detected a protein of the same size as the largest in
vitro translation product, and that protein was localized
primarily in the nuclear fraction (Fig. 6B).
The same apparent -150-kDa protein was abundantly

detected in a nuclear extract prepared from embryos (0 to 24
h), and traces were also detected in the cytoplasmic fraction
(Fig. 6B). The slightly smaller of the -150-kDa doublet
bands in the nuclear fraction is frequently observed, but its
origin is unknown. The presence of su(s) protein in embryos
is consistent with the presence of su(s) mRNA during the 0-
to 24-h embryo stage.
Thus, polyclonal antisera made against three different

regions of the ORF all apparently detect the same -150-kDa
protein, whether synthesized in vitro or recovered from
Drosophila embryos or tissue culture cells. In vivo, the
protein is primarily located in the nucleus.

su(s) protein has regions structurally similar to RNA-bind-
ing proteins. The most interesting features of the su(s)
protein structure are two regions of similarity to proteins
that are involved in mRNA processing. One similarity in-
volves an 80- to 90-amino-acid motif known as the ribonu-
cleoprotein particle consensus sequence-type (RNP-CS)
RNA-binding domain (1, 11), or RNA recognition motif
(RRM) (29), that has been identified in some RNA or
single-stranded nucleic acid-binding proteins. In Fig. 7,
amino acid residues 1087 to 1162 of the su(s) protein are
compared with residues in 10 other Drosophila RRM-contain-
ing proteins and with a consensus RRM that has been derived
from a comparison of nearly 40 RRMs (22a, 24, 29, 30).

Qualitatively, the su(s) protein contains specific amino
acids at strategic locations which implicate this region as
some type of RRM. In the consensus octamer, the most
highly conserved region of the RRM, the su(s) sequence fits
the consensus at five of the eight amino acids, and the
leucine and isoleucine residues are found at least once in the
same respective positions of other octamers. Two highly
conserved phenylalanine residues (F-3 and F-45) that have
been shown to cross-link to oligodeoxynucleotides (26) when
UV irradiated are both present in the su(s) protein, as are all
the other aromatic residues except at position 48 in the
octamer. In general, the fit of the su(s) protein to the
consensus sequence appears best from the amino-terminal
end to the octamer, while the fit to the consensus sequence
is poorest at the carboxyl end of the su(s) RRM; because the
carboxyl end of the su(s) RRM is very glycine rich, it is
possible that the glycines that fit the consensus sequence are
fortuitous.

Because of the great diversity in RRMs, it is difficult to
quantitatively assess significant similarity between them. In
Table 2 we have attempted to quantify the similarities
between the various Drosophila RRMs and the consensus
RRM by showing the number of identities and conservative
amino acid replacements (34). Most RRMs have between 36
and 53 total matches with the consensus sequence. Only the
su(s) and bicoid proteins, with 28 total matches each, have
poorer fits. The su(s) protein fits the consensus sequence at
17 of the 32 conserved residues, whereas the bicoid protein
fits the consensus sequence at only 14 conserved residues.
On the other hand, the bicoid protein has matches at 10 of
the 16 residues occupied by specific amino acids compared
with only four matches for the su(s) protein. Additionally,
there are 22 cases in which the amino acid occupying a
specific position of the su(s) protein is a non-consensus
sequence residue but is found at the same position in at least
one other RRM (22a, 24, 29). Thus, while the RRM of the
su(s) protein does not fit the consensus sequence as well as
do the RRMs of most other Drosophila proteins, it appears
to contain similarities at enough critical positions within the
motif to include it as a member of the RRM-containing
protein family.
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TABLE 2. Comparison of Drosophila RRMs with
consensus RRM

No. of No. of consensus matches
Drosophila protein consensus Total

identities Conserved Nonconserved different

Suppressor of 4 17 10 28
sable

Bicoid (2.6 kb) 10 14 11 28
70KU1 snRNP 9 28 17 47
Sex-lethal 1 14 25 17 47
Sex-lethal 2 12 26 15 45
Transformer-2 9 17 17 38
Helix-destabi- 12 28 16 48

lizing protein
(P9) 1

Helix-destabi- 9 30 21 53
lizing protein
(P9) 2

Elava 1 7 19 16 36
Elav 2 9 22 16 40
Elav 3 12 26 11 43

a Elav, Embryonic lethal, abnormal visual system.

A second region of the su(s) protein is similar to highly
charged regions of the human, Xenopus, and Drosophila
70,000-molecular-weight (70K) Ul small nuclear RNPs
(snRNPs) (12, 24, 29), to the Drosophila suppressor of white-
apricot protein (6), and to the Drosophila transformer and
transformer-2 proteins (3, 18). To illustrate, the alignment to
maximize homology (TFASTA; 28) of the regions of the
su(s) and human 70K Ul snRNPs is shown in Fig. 8. While
only occasionally is there colinearity of identical amino
acids, the overall contents of the similar regions are compa-
rable. As seen in Table 3, the identity between the su(s)
protein and the other proteins ranges between 15.6 and
28.6%. However, when the conservative replacements are
added, the total similarity in the regions of comparison
ranges between 69 and 77%. The regions of similarity are
rich in arginine, lysine, serine, aspartic acid, and glutamic
acid. This regional similarity of amino acid content without
colinear identity suggests that the regions of similarity might
comprise hydrophilic domains of the respective proteins that
have generally similar functions.
Because the putative su(s) protein is primarily located in

the nucleus, its amino acid sequence was examined also for
the presence of structural features found in other nuclear
proteins. It does not contain regions associated with DNA
binding such as a homeobox (15) or zinc fingers (13). Amino
acids 446 to 474 appear to comprise an opa or opa-like
sequence. The opa sequence, first reported from the Droso-
phila Notch locus (39), consists of a run of -30 glutamines
interspersed with other amino acids. In the su(s) protein, a
run of 29 amino acids consists of glutamines interspersed
with 8 other amino acids (2 each of histidine and leucine and
1 each of aspartic acid, glutamic acid, methionine, and
threonine). The functional role of opa remains unknown.

DISCUSSION
The results of this investigation indicate that the Droso-

phila suppressor of sable gene produces a protein of -150
kDa that is located primarily in the nucleus. The apparent
molecular weight of the protein on SDS-polyacrylamide
denaturing gels is consistent with the predicted size if
translation initiates at the first AUG in the ORF. However,
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FIG. 8. Similarity of highly charged regions of su(s) protein and human 70K Ul snRNP. Comparison of proteins by the FASTP program
(28) identified the similarity illustrated. Vertical lines between amino acids indicate identities, and single dots indicate conservative
replacements. Within a 190-amino-acid region there is 21.6% identity and 50% conservative substitutions.

it should be noted that the apparent size judged by migration
might be distorted, because the highly charged region [i.e.,
the region of similarity between the su(s) and 70K proteins]
causes the 70K protein to have a larger apparent molecular
weight (70,000) than the molecular weight predicted from the
cDNA ORF (54,000) (29).
The su(s) protein was detected only in the nuclear fraction

of Drosophila tissue culture cells. In 0- to 24-h embryos, the
protein was abundant in the nuclear fraction, but traces were
also observed in the cytoplasmic fraction. Whether this trace
in the cytoplasmic fraction is really of cytoplasmic origin or
resulted from leakage from the nuclei into the syncytium
present in early embryonic stages remains unknown. How-
ever, preliminary experiments suggest that the su(s) message
but not the protein may be present in unfertilized eggs. If this
observation is confirmed, it suggests that the cytoplasmic
traces could be early translation products that are destined
for but have not yet been sequestered in the nuclei.
How is the su(s) protein involved in suppression? The

present study has shown that the putative su(s) protein has
two regions of similarity to RNA-binding and -processing
proteins: an RRM and a highly charged region. While RRMs
have been found in about 40 proteins (22a, 29), the presence
of both an RRM and a highly charged region within the same
protein has been reported only in human, Xenopus, and

TABLE 3. Comparison of su(s) protein with other
RNA-processing proteins

Region of
comparison 7 %

Protein (no: of IdentitY Conservative SimilafitYamino replacements
acids)

Human 70K 190 21.6 50.0 71.6
Xenopus 70K 285 17.9 51.2 69.1
Drosophila 70K 77 28.6 42.8 71.4
Drosophila transformer 66 18.2 59.1 77.3
Drosophila suppressor 109 15.6 56.0 71.6

of white-apricot

Drosophila 70K Ul snRNPs (24, 29) and in the Drosophila
transformer-2 protein (18). The 70K Ul snRNP is part of the
RNP complex (splicesosome) which splices introns from
primary transcripts during transcript processing, and the
transformer-2 protein regulates the splicing of transcripts
involved in Drosophila sex determination. While it has been
shown that the RRM of the 70K protein is essential for
binding to Ul RNA (29), the substrates of RRMs found in
many other proteins remain unknown. The function of the
highly charged -190-amino-acid region is not yet known. It
may bind directly to RNA, interact with other proteins, or be
a part of a ribonucleoprotein complex. Nevertheless, the
existence of these regions of similarity between the su(s)
protein and other known RNA-processing proteins suggests
that the su(s) product is involved in some aspect of mRNA
metabolism.

It might be argued that the similarity between the two
regions of the su(s) protein and their counterparts in other
proteins is insufficient evidence of similarity of function.
Two other members of the RRM-containing family of pro-
teins contain divergent forms: the human UP2 protein com-
pletely lacks the portion of the RRM carboxyl to the con-
sensus octamer (29), and the Drosophila bicoid protein
contains a variant form of the RRM and octamer (30). The
variation in form of the highly charged region in the different
proteins is extensive enough that it is difficult to define a
prototype. Until the diverse forms of the RRM and the
highly charged region are completely known, it appears
reasonable to include the su(s) protein as a potential member
of the group of proteins containing these domains.
How is suppression effected? Several other observations

also implicate the su(s) protein in some aspect of mRNA
processing or stability. su(s) mutations suppress some mo-
bile-element-caused mutations at the following loci: vermil-
ion (v), purple (pr), speck (sp), yellow (y), and singed (sn).
The suppressible v alleles are caused by insertions of the
retrotransposon 412 (32, 38), and it is probable that the
suppressible pr and sp alleles are also caused by 412 inser-
tions (32). The suppressible alleles at the y (16a, 17) and sn
(32a) loci are caused by P-element insertions. Irrespective of

GSGSKRNRRDSGEGGGGGOEKMGGSNRVEPRKLELCKFYLMDCCAKRDKCSYM
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the mobile-element inserted, the common feature of su(s)-
suppressible alleles is that the mobile-element insertion
occurs in 5' transcribed but nontranslated regions. For both
v and y, pseudo-wild-type, presumably translatable, mes-

sages are produced by splicing the mobile-element se-

quences from the mutant primary transcripts by using cryp-
tic splice sites within 412 (14) or by using a donor site within
the P element and an acceptor site within the P element or
just 3' to the P-element insertion site but still in the 5'
nontranslated exon (16a). Analyses of cDNAs from both the
v and y loci indicate that this splicing occurs in both
nonsuppressed [su(s)+] and suppressed [su(s) mutant] geno-

types. However, in su(s) mutant flies, higher levels of the
pseudo-wild-type message are found. At y the levels of both
mutant (P-element-containing) and pseudo-wild-type mes-

sages coordinately increase in su(s) mutant genotypes (the
ratio between the mutant and pseudo-wild-type messages

does not change) (16a); at v the level of pseudo-wild-type
message increases, but the effect on the level of mutant (e.g.,
412-containing) transcript is unknown (14, 31). At v the
increase in the level of pseudo-wild-type message from
barely detectable levels to 10 to 20% of the wild-type amount
(31) parallels the increase in tryptophan oxygenase (the v

translation product) (33), indicating that the pseudo-wild-
type message is probably translatable.
How does the su(s) protein affect transcript stability? That

su(s)-suppressible alleles contain mobile-element insertions
in their 5' transcribed but nontranslated leader sequences

suggests that the su(s) protein interacts with the transcripts
rather than on the process of transcription. Perhaps one

function of the su(s) protein is to monitor the 5' leaders of
transcripts prior to splicing. If certain leader signals are not
found or are interrupted, the message is marked for degra-
dation and does not enter the splicing pool. The wild-type
level of wild-type su(s) protein accomplishes this monitoring
at an optimal, but less than 100%, efficiency. However, the
reduced efficiency of either a mutant protein or a reduced
amount of wild-type protein allows some of the mutant
(mobile-element-containing) transcript to enter the pool of
transcripts being spliced. Once the mobile-element se-

quences are spliced from the transcript, it is no longer
detectable by the su(s) protein as aberrant and persists to
become a pseudo-wild-type message that is presumably
translatable. In addition to the predicted effects that mutant
su(s) alleles might exhibit, this model predicts that higher-
than-normal levels of wild-type su(s) protein might act to
enhance the mutant effect exhibited by suppressible alleles,
because the mutant transcripts might be even more effi-
ciently detected and subsequently removed. Such effects
have indeed been reported, in that additional doses of su(s)+
act as genetic enhancers of suppressible purple mutations
(22).
The model described above may also explain the pheno-

typic effects of su(s) mutations. Although su(s) is apparently
not lethal mutable, mutations caused by base substitution-
causing mutagens (ethyl nitrosourea, ethyl methanesulfo-
nate, diepoxybutane, and X and -y rays) are more deleterious
than mutations caused by the insertion of mobile elements
into transcribed but non-protein-coding regions (36, 37). If
the role of the su(s) protein is to identify putatively nonfunc-
tional transcription products for degradation, then it might
be expected that a reduction in the amount of qualitatively
wild-type su(s) protein would lead to a decreased efficiency
of the transcript processing and translation processes. While
this decreased efficiency might be somewhat deleterious, it
probably would not be strongly deleterious: a slight reduc-

tion in viability is in fact observed in those mutations caused
by mobile-element insertions into non-protein-coding re-
gions. On the other hand, it might be expected that mutant
su(s) proteins produced by base substitutions in protein-
coding sequences would sometimes function aberrantly,
perhaps even removing some normal transcripts; this could
significantly reduce viability, as has been observed in some
su(s) alleles induced by base substitution-causing mutagens
(21, 37). We are currently examining su(s) mutations induced
by mutagens that cause primarily base substitutions (ethyl
nitrosourea, ethyl methanesulfonate, and irradiation) to
identify domains in which critical amino acid substitutions
occur.

Determining whether the model described above is correct
and whether the su(s) protein has a role in the processing of
at least some of the myriad of primary transcripts that are
not interrupted by mobile-element insertions is the goal of
future investigations.
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