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A genomic clone encoding the Drosophila Ul small nuclear ribonucleoprotein particle 70K protein was
isolated by hybridization with a human Ul small nuclear ribonucleoprotein particle 70K protein cDNA.
Southern blot and in situ hybridizations showed that this Ul 70K gene is unique in the Drosophila genome,
residing at cytological position 27D1,2. Polyadenylated transcripts of 1.9 and 3.1 kilobases were observed.
While the 1.9-kilobase mRNA is always more abundant, the ratio of these two transcripts is developmentally
regulated. Analysis of cDNA and genomic sequences indicated that these two RNAs encode an identical protein
with a predicted molecular weight of 52,879. Comparison of the Ul 70K proteins predicted from Drosophila,
human, and Xenopus cDNAs revealed 68% amino acid identity in the most amino-terminal 214 amino acids,
which include a sequence motif common to many proteins which bind RNA. The carboxy-terminal half is less
well conserved but is highly charged and contains distinctive arginine-rich regions in all three species. These
arginine-rich regions contain stretches of arginine-serine dipeptides like those found in transformer, transform-
er-2, and suppressor-of-white-apricot proteins, all of which have been identified as regulators ofmRNA splicing
in Drosophila melanogaster.

Splicing of pre-mRNA occurs in a two-step reaction
requiring the assembly of a large complex (the spliceosome)
which includes several small nuclear ribonucleoprotein par-
ticles (snRNPs) (see references 19, 32, and 52 for reviews).
Each snRNP consists of at least one snRNA bound to
several proteins, some of which are common to all the
spliceosomal snRNPs. The human Ul snRNP is composed
of a 164-nucleotide (nt) Ul snRNA molecule complexed to at
least 10 proteins (30). It binds to 5' splice site sequences by
base pairs involving the 5' end of Ul RNA (12, 24, 35, 62).
There is also evidence that the Ul snRNP interacts with the
U2 snRNP during splicing (8, 12), and that this interaction
occurs early and is required for further stages of splicing (25,
48, 50). Three of the human Ul snRNP proteins, 70K, A, and
C, are unique to the Ul snRNP (21, 43); the other Ul snRNP
proteins are common to the U2, U5, and U4/U6 snRNPs.

Patients with autoimmune disorders produce antibodies
which specifically immunoprecipitate the Ul snRNP (28),
and many of these are directed against epitopes on the 70K
protein (43, 60). Anti-RNP antisera have been shown to
block in vitro splicing when they are added to splicing
reactions (40). Such sera, as well as a mouse monoclonal
antibody to the mouse Ul snRNP 70K protein (6), have
enabled researchers to clone cDNAs encoding the Ul 70K
protein from expression libraries (47, 59).
Sequence data from these cDNAs have provided informa-

tion regarding the primary structure of the Ul 70K protein.
First, it appears that this protein is actually 52 kilodaltons in
size (45, 53). We have followed others (15, 46) in using Ul
70K or 70K as a name for this protein, although this name
says nothing about the size of the protein. A conserved
region of amino acid sequence found in a number of RNA-
binding proteins (1, 3, 33, 57) occurs in the amino-terminal
half of the human Ul 70K protein at amino acids 104 to 183,
and this region of the protein together with a minimum of
flanking amino acids (amino acids 92 to 202) is capable of
binding Ul snRNA specifically (45). The human Ul 70K
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protein makes contacts with Ul snRNA at the first stem-loop
(20, 41) in a sequence-specific manner (46, 56). The carboxy-
terminal portion of the protein is particularly rich in arginine
residues and contains repetitions of arginine-glutamic acid,
arginine-aspartic acid, and arginine-serine. It appears that
this region is responsible for the altered mobility of the 70K
protein on sodium dodecyl sulfate-polyacrylamide gels (45).
Similar charged regions have been found in the predicted
protein products of the Drosophila suppressor-of-white-
apricot [SU(Wa)] (13), transformer (tra) (9), and transformer-2
(tra-2) (18) loci, as well as in a mouse major histocompati-
bility complex gene of unknown function (29). All these
genes with the exception of the last have recently been
shown to be regulators of RNA splicing (2, 61).
The Ul 70K protein is ideally suited among spliceosomal

components for a detailed functional investigation for sev-
eral reasons. Among them are the availability of monospe-
cific antisera, the presence of the 70K protein in a complex
(the Ul snRNP) having a known and important function in
splicing, and the existence of a sequence motif found in
proteins which act to regulate splicing. The precise role of
the Ul 70K protein in splicing is unknown. Specific regions
of this protein could participate in (i) the recognition of the 5'
splice site by the Ul snRNP; (ii) interactions between Ul
and U2 snRNPs; (iii) interactions between Ul snRNPs and
other proteins required for splicing; (iv) interactions between
Ul snRNPs and other RNAs. We have chosen Drosophila
melanogaster as a system in which to analyze Ul 70K
protein function using genetic and biochemical techniques.
In this communication, we report on the structure and
expression of the Drosophila Ul 70K protein gene. Of
particular interest is the pattern of conservation of sequence
elements within the protein-coding region.

MATERIALS AND METHODS
Screening of genomic and cDNA libraries. To isolate

Drosophila Ul 70K genomic clones, we screened a XEMBL4
genomic library (Oregon R strain; prepared by Mike Gold-
berg) with the human 70K cDNA clone (provided by C. C.
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FIG. 1. Structure of the cDNA and genomic clone inserts. The bold and thin wavy lines depict the major and minor Ul 70K gene
transcripts, respectively, and their direction of transcription. ORF is the 448-amino-acid ORF determined by conceptual translation of the
2.9-kb insert within pBS9.1, a cDNA clone. A 79-bp intron lines 48 bp upstream of the ORF in pBS9.1. XR3-2.1 has a 1.4-kb cDNA insert
extending to a natural polyadenylation site. The position of the subclone used to isolate pBS9.1 is shown beneath the map of XR3-2.1. The
jagged end of m13-73 indicates that this end has not been mapped. The bottom line shows a restriction map of the entire 14.5-kb genomic insert
of XD331.1. Above it is an enlargement of the XD331.1 region from which the cDNAs are derived. The arrow below this enlargement indicates
again the start and direction of transcription of the Ul 70K gene. pRM1 is a 620-bp BamHI-SalI genomic fragment in pUC19. Enzyme sites
are as follows: E, EcoRI, B, BamHI; S, Sall. The star denotes one of two possible positions for this Sall site.

Query and J. D. Keene) by the method of Maniatis et al. (31).
The probe was labeled as described by Feinberg and Vo-
gelstein (17).
For cDNA cloning, a total of approximately 100,000

plaques from 12- to 24-h-old embryonic, late-third-instar
larva, and adult male libraries in XgtlO (44) were screened
with a subclone of XD331.1 in M13 (the 620-nt Bam-Sal
fragment of pRM1; Fig. 1) by the method of Maniatis et al.
(31). From an adult head cDNA library prepared by selecting
fragments larger than 2.3 kilobases (kb) in the Lambda Zap
vector (Stratagene, La Jolla, Calif.), 270,000 plaques were
screened with m13-73 (Fig. 1) as a probe. The probe was
labeled as described by Feinberg and Vogelstein (17).

Southern and Northern (RNA) blots. Southern blots were
done by the method of Maniatis et al. (31) by loading 5 ,g of
Oregon R genomic DNA digested with BamHI, EcoRI,
HindIll, PstI, or SalI onto a 0.8% agarose gel. The radioac-
tive probe (pBS9.1; Fig. 1) was synthesized as described by
Feinberg and Vogelstein (17).
For Northern blots, 5 ,.g of poly(A)+ mRNA from the

indicated stages of development was electrophoretically
separated on a 1.2% agarose-formaldehyde gel, soaked in
20x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) for 30 min, and transferred to a GeneScreen Plus
(Dupont, NEN Research Products, Boston, Mass.) mem-
brane for 16 to 20 h. A single-stranded radioactive probe was
synthesized by annealing a synthesized 17-mer to clone

m13-73 (Fig. 1) and incorporating [a-32P]dCTP with the
Klenow fragment. The probe was heat denatured and sepa-
rated on a low-melting-temperature agarose gel (see refer-
ence 39).

In situ hybridizations. In situ hybridizations were done by
the method of Laverty and Rubin (personal communication
and unpublished data).

Isolation of poly(A)+ RNA. Poly(A)+ RNA was isolated
from embryonic, larval, pupal, and adult stages of Oregon R
flies as described previously (39), using a Brinkmann Poly-
tron homogenizer.
DNA sequencing. Random subfragments of the pBS9.1 and

XR3-2.1 inserts were generated by sonication, subcloned into
M13mpl8, and sequenced by the dideoxynucleotide-chain
termination method (49) with the modified T7 DNA polymer-
ase Sequenase (U.S. Biochemical Corp., Cleveland, Ohio)
(58). Underrepresented cDNA regions and genomic se-
quence were directly cloned into the Bluescript SK (M13-)
vector (Stratagene) and sequenced.
The Ul 70K cDNA sequences were analyzed with the

Beckman Microgenie sequence analysis software. Protein
comparisons were done with the FASTA program (42) to
search sequences translated from an updated GenBank
database (version 61) with the derived Drosophila Ul 70K
protein sequence.

Nuclease Si analysis. To make an antisense probe, a
standard 17-mer (1211; New England BioLabs, Inc., Bev-
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erly, Mass.) was annealed to a clone (ml3RM1) which
contains a 166-nt BamHI-ScaI Ul 70K fragment cloned into
a BamHI-HincII-cut M13mp18 vector and the nontran-
scribed strand was extended with the Klenow fragment in
the presence of 70 ,uM each cold deoxynucleoside triphos-
phate. The reaction was stopped, and the double-stranded
DNA was then cut with BamHI. The BamHI 5' overhang
was end filled in the presence of 5.5 ,uM each [a-32P]dGTP
and [o-32P]dATP and 500 ,uM each ddTTP and ddCTP with
the Klenow fragment. The probe was heat denatured and
isolated on a 6% polyacrylamide-8.3 M urea gel. A total of
12,000 cpm were recovered after eluting the probe from the
gel and were divided among four separate reactions. Hybrid-
izations to 12 to 30 ,ug of poly(A)+ RNA were done in 80%
formamide at 30°C for 16 to 20 h. The hybridizations were
combined into a single tube and digested with Si nuclease at
a concentration of 15 U of enzyme per jig of RNA for 2, 10,
and 50 min at 37°C. Reactions were stopped with 4 M
ammonium acetate-20 mM EDTA and the mixtures were
extracted with phenol-chloroform before loading onto a 6%
polyacrylamide-8.3 M urea gel. The dried gel was exposed
with Kodak XOmat-AR with a Quanta III screen at -80°C
for 5 days.
Enzymes, nucleotides, and primers. Bacterial restriction

enzymes, the Klenow fragment, T4 DNA ligase, and T4
polynucleotide kinase were purchased from New England
BioLabs. Sequenase and T4 DNA polymerase were pur-
chased from U.S. Biochemical Corp. S1 nuclease and re-
verse transcriptase were purchased from Boehringer Mann-
heim Biochemicals (Indianapolis, Ind.). Radioactive
nucleotide triphosphates [a-35S]dATP and [a-32P]dCTP were
purchased from Dupont, NEN Research Products. [a-32P]
dGTP and [(a-32P]dATP were purchased from ICN Radio-
chemicals. [_y-32P]dATP and nucleotide triphosphates were
purchased from Amersham Corp. (Arlington Heights, Ill.)
and Pharmacia, Inc. (Piscataway, N.J.), respectively. Prim-
ers were purchased from Pharmacia and U.S. Biochemical
Corp.

RESULTS

Isolation of Drosophila Ul 70K genomic and cDNA clones.
Because human anti-(U1) RNP antisera specifically recog-
nize the Drosophila Ul snRNP (36), we expected the Ul
70K protein to be highly conserved. Therefore, we at-
tempted to isolate the Drosophila Ul 70K protein gene by
hybridization to a human Ul 70K cDNA clone. A genomic
library ofDrosophila DNA in XEMBL4 was screened with a
human Ul 70K cDNA clone (45) as a probe. These hybrid-
izations were done under standard conditions. However,
from approximately 120,000 plaques (10 genome equiva-
lents) screened, only one clone showed strong hybridization
to the human probe. The restriction map of this clone,
designated XD331.1, is shown in Fig. 1. A 620-base-pair (bp)
BamHI-Sall fragment which hybridized strongly to the hu-
man probe was subcloned, and preliminary sequencing con-
firmed that this Drosophila clone contained sequences re-
lated to the gene for the human Ul 70K protein.
Four different cDNA libraries were screened to isolate

Drosophila Ul 70K cDNA clones. In the first screen, a
subclone of XD331.1 in M13 (the 620-nt Bam-Sal fragment of
pRM1; Fig. 1) was used to screen adult male, late-third-
instar larva, and 12- to 24-hour-old embryonic cDNA librar-
ies (44). One clone (XR3-2.1) with a 1.4-kb insert was isolated
from the adult male library, and a second clone (XI4-2.9) with
a 1.1-kb insert was isolated from the late-third-instar larva
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FIG. 2. Southern analysis of the Drosophila Ul 70K gene. A
nitrocellulose filter blot containing 5 ,ug of Oregon R DNA per lane
was hybridized with 32P-labeled pBS9.1. The restriction enzymes
used for each digest are indicated. Note that lanes 2, 3, and 4 show
only a single hybridizing fragment.

library. Because a larger transcript had also been seen in
Northern blots (see below), we sought to obtain clones
corresponding to that RNA. For this purpose, we used an
M13 subclone of XR3-2.1 (m13-73; Fig. 1) to screen a library
made from poly(A)+ RNA selected to be larger than 2.3 kb.
Five cDNA clones with inserts between 2.4 and 2.9 kb were
isolated. The largest of these, pBS9.1, was used in most of
the subsequent analyses. In these screenings, we consis-
tently obtained about one Ul 70K cDNA per 50,000 plaques.

Drosophila genome contains only a single Ul 70K gene. To
determine the copy number of the Drosophila Ul 70K
protein gene, Oregon R adult DNA was digested with the
indicated enzymes (Fig. 2) and probed with our largest
cDNA (pBS9.1). A single hybridizing band is seen in lanes 2,
3, and 4. The size of the EcoRI fragment of 3.0 kb is as
expected from the restriction map of the XD331.1 genomic
clone. Digestion with Sall also generated a strongly hybrid-
izing band of the expected size (3.9 kb). For BamHI, the
expected number of bands (four) is seen, and those whose
size is precisely as in the bacteriophage clone are indicated.
However, an unexpected band of approximately 2.6 kb is
present and is probably due to polymorphism in a region
either upstream or downstream of the 70K gene. Otherwise,
all the fragments seen in Fig. 2 are precisely as expected
from the structure of the genomic clone. The use of XD331.1
as a probe on an identical blot (data not shown) revealed
hybridization to all the bands detected with pBS9.1 and a
large number of additional bands, presumably due to the
presence of repeated sequences within the insert but outside
of the region of the cDNA. These results show that the Ul
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FIG. 4. Expression of poly(A)+ Ul 70K RNAs through develop-
ment. Poly(A)+ RNA was isolated from the designated stages, and
5 ,ug per lane was electrophoresed on a 1.2% agarose-formaldehyde
gel, blotted, and hybridized to a single-stranded cDNA probe
(m13-73).

FIG. 3. Cytological localization of the Drosophila Ul 70K gene.
Polytene chromosomes were hybridized to biotin-labeled pRM1. A
single band of hybridization was seen at position 27D1,2 on the left
arm of chromosome 2 (thin arrow). The position of hybridization is
obvious on the original slide owing to a color difference between the
chromosomes and the reaction product which does not reproduce
well in black and white.

70K protein gene is present in only a single copy in the
Drosophila genome. This result was confirmed, and the
cytological position of the Ul 70K genes was established, by
hybridization to polytene chromosomes isolated from third-
instar Oregon R larvae. Using pRM1 as a probe, a single
band of hybridization was observed at 27D1,2, on the left
arm of chromosome 2 (Fig. 3).
Two poly(A)+ RNAs of 3.1 and 1.9 kb vary in abundance

through development. To determine the structure and tem-
poral pattern of expression of the Ul 70K gene, poly(A)+
RNA from different stages of the Drosophila life cycle was
fractionated on formaldehyde-agarose gels, transferred to
filters, and hybridized to the single-stranded probe m13-73
(Fig. 1). Two bands of approximately 3.1 and 1.9 kb were
observed (Fig. 4). The smaller RNA was much more abun-
dant at all stages. However, the ratio of the 3.1-kb mRNA to
the 1.9-kb mRNA varied through development. The greatest
amount of the large species was observed in RNA from
pupal stages, and the least was observed in 0- to 2-h-old
embryos and adult females. Densitometer readings (see
Materials and Methods) indicated that the ratio of the 3.1-kb
to the 1.9-kb mRNA in larval stages (Fig. 4, lanes 3, 4 and 5)
is between 1:10 and 1:5. In pupae (lanes 6 and 7), the ratio
increased about twofold. However, in newly eclosed adults,
the ratio was similar to that found in larvae (lane 8).
Considerably less of the larger RNA was seen in adult
females of egg-laying age (lanes 1 and 9), while identically
aged adult males (lane 10) had a ratio like that seen in larvae
and recently eclosed adults. This difference is most likely
due to maternal deposition of predominantly (or exclusively)
the smaller RNA in oocytes. Our observation (lane 2) that
the 3.1-kb RNA was nearly undetectable in early embryos is
consistent with this.
Gene structure. The 1.4- and 2.9-kb cDNA clone inserts

were sequenced by the method of Sanger et al. (49). The

sequence of the 1.4-kb insert in XR3-2.1 was identical to the
corresponding region in the larger pBS9.1 clone, except for
the presence of a short polyadenine tract at the 3' end,
beginning at nt 1932 (see dot in Fig. 5) and 11 nt downstream
of an AATAAA stretch. Thus, the XR3-2.1 insert extends
from position 547 to a polyadenylation site at position 1932.
In contrast, the pBS9.1 insert extends from position 37 to
include sequences well beyond position 1932. All the five
cDNA clones isolated from the size-selected library were
truncated at a natural EcoRI site well downstream of the first
polyadenylation site (position 3022, Fig. 5). Because the size
of the larger RNA seen on Northern blots closely matches
the size of this insert in pBS9.1, and the EcoRI site occurs 5
nt downstream of the polyadenylation signal sequence
AATAAA, we suspected that the polyadenylation site of the
larger RNA would lie immediately downstream of the EcoRI
site.
To map the 3' end of the larger RNA precisely, we did Si

nuclease protection analysis using a 3'-end-labeled single-
stranded fragment derived from an M13 subclone. This
fragment contains 41 nt of M13 polylinker at the 5' end and
166 nt corresponding to a BamHI-ScaI fragment at positions
2880 to 3045 (Fig. 5). When this probe was hybridized to
poly(A)+ RNA from second-instar larvae and digested with
Si nuclease for different times, the clearest Si protection
product (seen in lane 10' of Fig. 6) was 160 nt, indicating a

polyadenylation site at position 3040, 13 bases downstream
of the EcoRI site and 24 bases downstream of AATAAA.
Because this polyadenylation site falls close to the end of
sequence identity between the probe and the gene, a second
Si protection analysis was done with a second probe that
extended from the BamHI site at position 2880 to position
3242 (Fig. 5) and contained an additional 57 bases of poly-
linker sequence at the 5' end. This second analysis con-

firmed the results of the first analysis (unpublished data).
The numbering of nucleotides in Fig. 5 is based on a

putative start site which lies 30 nt downstream of the
sequence TATATTTA and matches the Drosophila cap site
consensus (22). This start site was indicated by a primer
extension product generated with a primer in exon 1 (unpub-
lished data). A second primer gave inconclusive results. We
are investigating the structure of the 5' end of the mRNA
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FIG. 5. Nucleotide sequence of the Drosophila Ul 70K genomic and cDNA clones. Sequences from positions 327 to 435 and positions
2880 to 3242 are from XD331.1 insert genomic DNA. Sequences from positions 430 to 2885 are from cDNA clones pBS9.1 and XR3-2.1. See
text for a full discussion of what sequences were determined in which clones. The horizontal arrow denotes a possible transcription start site
at nucleotide 1 (see Discussion). The overline brackets the single 79-bp intron. The polyadenylation site for the 1.9-kb mRNA is indicated by
the dot at position 1932. The derived Ul 70K protein sequence is indicated above the nucleotide sequence, starting with the methionine at
position 287. This sequence has been assigned the GenBank accession number M31162.

further. Assuming that the 1.4-kb cDNA clone is truncated
at the 5' end and that the two classes of RNA have identical
or similar 5' termini, an identical Ul 70K protein would be
encoded by the 3.1- and 1.9-kb mRNAs (see below).

Careful restriction mapping of the XD331.1 genomic clone
and the XR3-2.1 and pBS9.1 cDNA clones revealed that
there are no introns larger than the resolution of our agarose
gels (about 20 bp for the small fragments used) within the
two BamHI fragments (nt 430 to 2885 of Fig. 5). We
concluded that there are no introns present in this region. A
single 79-bp intron was observed extending from position
161 to position 239 (designated by the overline in Fig. 5). The
splice site sequences at both ends of this intron match their
respective consensus sequences extremely well (34, 51), and
two potential branch site consensus sequences (23, 38) are

positioned 26 and 31 nt upstream of the 3' end of the intron.
The sequence shown in Fig. 5 in the regions -327 to 435

and 2880 to 3242 was derived from genomic DNA, and the

remaining sequence was derived from cDNA cloned inserts.
Within those regions for which sequence was obtained from
both genomic and cDNA clones (37 to 435, 645 to 965, and
2880 to 3242), three polymorphisms were observed. Two
polymorphisms (positions 424 and 790, Fig. 5) were T-to-C
changes in the cDNA sequence. Both of these were third-
position changes that would not affect the predicted protein
sequence. The third polymorphism (position 2932) was a

C-to-T change in the 3' untranslated portion of the cDNA
sequence.

Predicted Ul 70K protein sequence. The amino acid se-

quence of the Drosophila Ul snRNP 70K protein (Fig. 5 and
7A) was derived by conceptual translation of the Drosophila
Ul 70K cDNA. The start of translation is proposed to be at
an ATG at position 287 which occurs in the context
CAAAATGACC, a perfect match to the consensus sequence
for Drosophila translational starts [(C/A)AA(A/C)ATG(a)
(c)(c) (11)]. An ATG which occurs earlier in the sequence (at

-178

-28

123

, 273

423

573

723

; 873

;1023

E R R K R R A G S R
;CACAAAGA 1173
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FIG. 6. Si nuclease analysis of the downstream polyadenylation
site. Nuclease Si digests were done for the indicated times as

described in Materials and Methods. The products were electro-

phoresed on a 6% polyacrylamide denaturing gel. Lanes: Probe,

undigested 207-nt probe; 2', 24 p.g of poly(A)' RNA digested for 2

mmn with 360 U of nuclease Si; 10', 24 p.g of poly(A)' RNA digested
for 10 min with 360 U of nuclease Si; 50', 24 p.g of poly(A)' RNA
digested for 50 mmn with 360 U of nuclease Si; T, G, C, and A, size

markers; T, G, C, and A reactions derived from an unrelated clone

of known sequence.

position 148) does not match this consensus, and initiation

there would lead to the synthesis of only a tripeptide.

Furthermore, the predicted amino acid sequence based on

initiation at position 287 is extremely similar to those pre-

dicte'd from human and Xenopus cDNAs (see below), while

there is no sequence similarity among conceptual translation

products derived by using sequence 5' of this position in the

three cDNAs (unpublished data). This starting position

predicts a protein that contains 448 amino acids and that has

a molecular weight of 52,879.

A comparison of the predicted sequences of the Ul

snRNP 70K proteins from humans, Xenopus laevis, and D.

melanogaster is shown in Fig. 7A. The Ul 70K protein can

be broken down into regions showing different patterns of

conservation. The amino-terminal 214 amino acids are highly
conserved among the three proteins, with 145 (68%) of these

amino acids being identical in all three sequences. However,

the pattern of conservation in the carboxy-terminal portion
of the Ul 70K protein is different. There is a distinct pattern

of conserved arginine-rich regions in all three proteins.

Although less conserved in sequence, the arginine-rich re-

gion has long stretches rich in arginine-glutamic acid, argi-

nine-aspartic acid, and arginine-serine dipeptides in all three

proteins. This difference is clearly shown in Fig. 7B, a matrix

plot in which the strong identity between the Drosophila and
human sequences in the amino-terminal portion of the pro-
tein is clearly depicted by a diagonal line which stands in
clear contrast to the multiply repeated pattern of identity in
the arginine-rich regions of the carboxy-terminal portion of
the protein.

DISCUSSION

The central role of snRNPs in splicing (54) implies that an
understanding of regulated splicing must depend on knowl-
edge of the structure and function of snRNPs. Recently,
several examples of regulated splicing have been described
in D. melanogaster (see, for examples, references 2, 5, 16,
27, and 61), and it is likely that a combined genetic and
biochemical approach will continue to make analysis of
splicing in this organism particularly valuable. For these
reasons, we undertook a study of the gene for the Ul snRNP
70K protein in D. melanogaster.

It has been noted previously that human autoimmune sera
which recognize epitopes on Ul snRNP-specific proteins
(43) will specifically immunoprecipitate Ul RNA from
Drosophila cells (36). Thus, we expected that snRNP pro-
teins in D. melanogaster, including Ul 70K, would be highly
conserved. This has proved to be true. Here, we identified a
Drosophila gene which is clearly homologous to vertebrate
genes encoding the Ul 70K protein. To our knowledge, this
is the first report of the cloning of a Drosophila gene for an
snRNP protein. It appears from this one example that, like U
snRNAs (reviewed by Guthrie and Patterson [19]), U snRNP
proteins are highly conserved.

Expression of gene for Drosophila Ul 70K protein. A
number of results have indicated the possibility of develop-
mental regulation of Ul 70K gene expression in vertebrates.
In X. laevis, a maternally deposited 2.0-kb Ul 70K mRNA
accumulates early in oogenesis and is stable for the remain-
der of oogenesis (15). Also, a 3.2-kb Ul 70K mRNA is seen
from the reactivation of Ul 70K gene expression at the
midblastula transition until late embryogenesis, and a 5.5-kb
Ul 70K mRNA is seen in swimming tadpoles. The structural
differences among these developmentally regulated RNAs
remain to be determined. Unlike D. melanogaster, the
Xenopus coding region is interrupted by several introns and
the Xenopus Ul 70K protein is encoded by at least two
genes. Thus, it is unclear what regulatory steps account for
this pattern of expression of RNA products and what signif-
icance it might have for RNP structure. Similarly, in cultured
human cell lines, an abundant Ul 70K mRNA of 1.7 kb and
a minor Ul 70K mRNA of 3.9 kb are seen. Analysis of
cDNAs indicates that there is at least some alternative
splicing within the coding region which may give rise to
different 70K proteins. In particular, there is an included or
excluded exon that contains an in-frame termination codon
and would give rise to a protein truncated 7 amino acids
downstream of amino acid 159 (Fig. 7) if not removed (53).
We found no evidence of alternative splicing in the Droso-

phila gene. Although expression of the 3.1- and 1.9-kb
transcripts appears to be developmentally regulated (Fig. 4),
there is no difference between these two RNAs with regard
to the expected protein product. The two mRNAs contain a
single coding region uninterrupted by introns and differ only
in their 3' untranslated regions. Furthermore, the single
intron observed occurs within the 5' untranslated portion of
the RNA. Finally, comparisons among the Drosophila,
human, and Xenopus 5' untranslated sequences show little
homology (15, 53, 59), which supports the positioning of the
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FIG. 7. Alignment of the human, Xenopus, and Drosophila Ul
70K derived amino acid sequences. (A) The Drosophila Ul 70KB ~~~~~~~~~~~~~ORF(D.m.) aligned with the human FL 70K ORF (H.s.) from
position 178 (nt 1212 in the FL 70K sequence [59]) and the Xenopus
Ul 70K (X.l.) (from positions 99 to 1512 in the Xc Ul 70A cDNA
clone [15]). The entirety of each sequence is shown, but the

CD ~~~~~~~~~~~~~~~alignmentis broken into the following regions for clarity. N-
o ~~~~~~~~~~~~~~~terminus,The N-terminal 102 amino acids in the Drosophila 70K

protein. RRM, RNA recognition motif (46) is the region of the RNP
consensus, originally described by Adam et al. (1) and conserved

__ ~~~~~~~~~~~~~~~amongRNA-binding proteins. Glycine-rich, The region between the
RRM and the breakdown in alignment is rich in glycine residues.

0- ~~~~~~~~~~~~~~~~Arginine-rich, Regions rich in arginine (see text for a full discus-
o sion). Carboxy terminus, The C-terminal 96 amino acids in the
LO) Drosophila 70K protein. (B) The matrix plot of a comparison

between Drosophila 70K protein and the human 70K protein.
Regions of at least 50% amino acid identity including at least seven
amino acids are denoted by a diagonal line. Note the contrast
between the amino-terminal and carboxy-terminal portions.

initiating methionine determined in the human 70K proteins
(45). In summary, the colinearity of cDNA and genomic
sequences throughout the open reading frame (ORF) indi-

HLman 70 cates that mRNAs with altered protein-coding potential are
Hi ~~~~~~~~notproduced from this gene.

Ul RNA recognition motif is highly conserved. Many pro-
teins which are found associated with RNA, including
poly(A)-binding proteins, snRNP proteins, and heteroge-
neous nuclear RNP proteins, share a common sequence
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FIG. 8. Arrangement of sequence motifs in arginine-rich proteins. The derived amino acid sequences of the indicated proteins were
searched by computer analysis for short stretches rich in arginine and glutamic acid, aspartic acid, or serine. A cluster was selected (denoted
by a shaded box) whenever these 2 amino acids accounted for a minimum of 8 amino acids in a 10-residue stretch and both amino acids were
present. Glycine hinge, Four of six residues are glycine. RRM, RNA recognition motif (46) is a conserved region encompassing the RNP
consensus originally described by Adam et al. (1) that is most conserved among RNA-binding proteins. Arginine-rich, Regions rich in argininie
that also contain aspartic acid, glutamic acid, or serine in at least 80%o of the residues in a given stretch. D.m. 70K, Drosophila Ul 70K protein
(this report), H.s. 70K, the human FL 70K ORF from position 178 (nt 1212 in the FL 70K sequence [59]); RD, a mouse cDNA (29); tra-2,
Drosophila transformer-2 protein (18); tra, Drosophila transformer protein (9); su(wa), Drosophila suppressor-of-white-apricot protein (13).
RE, RD, and RS refer to the dipeptides arginine-glutamic acid, arginine-aspartic acid, and arginine-serine, respectively.

element. First recognized as an 8-amino-acid consensus
shared among yeast poly(A)-binding protein, several heter-
ogeneous nuclear proteins, and the nucleolar protein nucle-
olin (57), this region of sequence similarity is now recognized
as an 80- to 90-amino-acid stretch within which there are

typically 15 to 20 amino acid identities when two unrelated
family members are compared (see references 3 and 33 for
recent reviews). Significantly, a slightly larger segment of
the human Ul 70K protein (amino acids 92 to 202 versus 104
to 183) has recently been shown to be capable of specific

binding to Ul snRNA (46). We follow those authors in
referring to this region as an RRM (RNA recognition motif).
The coconservation of the first loop of Ul snRNAs (10 of 10
identity [36]) and the RRM of the 70K protein (28 of 30 amino
acids in a region which includes the core consensus se-
quence [Fig. 7A]) strongly suggests that the binding interac-
tion between Ul RNA and the Ul 70K protein is identical in
D. melanogaster and humans. Altogether, a relatively uni-
form 68% amino acid identity is observed in the first 214
amino acids. Note that this similarity extends from the

im MAPO
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initiating methionine, upstream of what has been identified
as essential for binding to Ul RNA. In addition, this amino
acid identity extends 12 amino acids downstream of what has
been defined as minimal for specific binding to Ul RNA.

Conservation of Arg-Ser, Arg-Glu, and Arg-Asp motifs but
not primary sequence or overall structure. The conceptually
translated sequence from the 2.9-kb cDNA was compared
with translated sequences from the GenBank library by
using the program FASTA (42). Two classes of proteins
were found: proteins with an RRM and proteins rich in
arginine. Among the seven highest scores obtained are the
heterogeneous nuclear RNP protein Al (10), the rat helix-
destabilizing protein (14), and hamster nucleolin (26), all
proteins with previously identified RRMs (46). The most
related gene in the data base (other than Ul 70K genes from
other species) is the Drosophila gene tra-2. In the absence of
tra-2 wild-type product, male-specific dsx mRNA is pro-
duced, leading to masculinization of chromosomally female
flies (37). The similarity recognized by the computer was
primarily within the RRM. However, tra-2 also contains an
arginine-rich region which contains alternating arginine and
serine residues (18).
The second most related gene in the data base is the RD

gene (29), a gene of unknown function which resides in the
mouse major histocompatibility complex adjacent to the Slp
gene, near the genes for the fourth component of comple-
ment and 21-hydroxylase. Although this gene has an RRM as
well (R. Spritz, personal communication) (Fig. 8), the simi-
larity recognized by the computer was stretches of alternat-
ing arginine and aspartic acid residues. Another protein that
was identified as related by virtue of an arginine-rich region
is the product of the Drosophila transformer gene. A muta-
tion in this gene was identified in 1944 as transforming XX
Drosophila flies from females to sterile males (55). More
recently, it has also been shown to be required for the
correct sex-specific splicing of the doublesex gene along with
tra-2 (37). Another gene which functions in splicing regula-
tion in D. melanogaster and has an arginine-rich region is
suppressor-of-white-apricot [SU(Wa)] (13, 61). The su(wa)
gene has been shown to repress the splicing of its own
mRNA (61). Bingham et al. (7) have suggested that these
arginine-rich regions are diagnostic of a class of proteins that
regulate RNA processing.
To examine and compare the arginine-rich regions of

tra-2, tra, and SU(Wa) proteins, we performed a computer
search for short stretches rich in arginine and glutamic acid,
aspartic acid, or serine. A cluster was selected whenever a
minimum of 8 amino acids in a 10-residue stretch corre-
sponded to the 2 amino acids in question and at least one of
each corresponding amino acid was present. Using these
criteria, it was clear that tra-2, tra, and SU(Wa) contained
exclusively arginine-serine stretches in their arginine-rich
regions (Fig. 8). tra-2 also has an RRM, which has led to the
idea that this protein plays a direct role in splicing (18).
Comparisons of these regulatory proteins with the Droso-
phila and human 70K proteins showed that the only common
protein sequences among all the proteins are the arginine-
serine stretches. Therefore, it is tempting to speculate that
the arginine-serine stretches within the arginine-rich regions
of these five proteins play a role in the regulation of splicing.
The Drosophila and human 70K proteins also have argi-

nine-glutamic acid and arginine-aspartic acid stretches in
addition to arginine-serine, and regions containing these
tracts are separated by short glycine-rich regions in the 70K
genes of both species. These glycine "hinges" are defined in
Fig. 8 as stretches of amino acids where at least four of every

TABLE 1. Percentage of amino acids or dipeptides in
arginine-rich regions

Protein Region ER DR SR
R E D S + + +

RE RD RS

Drosophila 70K 62-72 55 27 0 0 27 0 0
212-232 38 38 18 0 52 5 0
254-350 44 16 9 12 28 15 14
394-402 11 44 33 0 11 0 0

Human 70K 63-73 45 36 0 0 36 0 0
211-310 42 15 12 13 20 14 18
344-393 42 18 16 6 16 30 4

RD 193-246 43 7 43 2 9 72 4

tra-2 39-59 38 5 0 48 0 0 38
237-246 40 0 0 40 0 0 50

tra 13-26 50 14 7 29 21 7 43
67-125 46 5 0 31 5 0 36

sU(wa) 850-871 32 5 5 45 5 0 18
898-915 44 0 0 38 0 0 44
923-933 45 0 0 36 0 0 45
957-963 57 0 0 43 0 0 14

six residues are glycine. As illustrated in Fig. 8, the entire
arginine-rich region of the RD gene is composed solely of an
arginine-aspartic acid stretch under the criteria set out
above. It will be of interest to learn what the function of the
RD gene is and whether it plays any role in splicing.

Table 1 summarizes the data of the computer search for
single-amino-acid- and dipeptide-rich stretches. Regions in
which at least 80% of the amino acids are R, E, D, or S are
listed, along with their composition of RS, RD, or RE
dipeptides. tra-2, tra, and su(Wa) have either all or almost all
their dipeptides in RS tracts. For the RD gene, RD dipep-
tides compose almost all its arginine-rich region. Finally, for
the Drosophila and human 70K proteins, most of the argi-
nine-rich regions are made up of RE dipeptides; however,
RD and RS dipeptides do account for a significant proportion
of dipeptides in both proteins.
The occurrence of glycine-rich regions in the Drosophila

and human 70K proteins may allow different regions within
these proteins to function independently without imposing
any steric hindrance. Once an snRNP has been assembled by
specific interactions between the Ul snRNA and the RRM,
the arginine-rich regions may be free to participate in other
protein-RNA or protein-protein interactions. Although sim-
ilar glycine-rich regions are not seen in the Xenopus 70K
protein, other amino acids may play a similar role. Assuming
that the arginine-rich region can function as an independent
domain, what role might it have? It has been observed that
light proteolysis destroys the ability of Ul snRNPs to bind 5'
splice site sequences in vitro (35). We think that the Ul 70K
arginine-rich region is an excellent candidate for the protein
necessary for this binding. Additional possibilities include
facilitation of Ul snRNP-U2 snRNP interactions or other
aspects of spliceosome assembly and function.
What the data in Fig. 8 and Table 1 make clear is that the

precise location of Arg-Ser, Arg-Asp, Arg-Glu, or Gly-rich
segments is not conserved as well as is the overall compo-
sition within the carboxy-terminal region. Furthermore, it is
clear that neither the RD gene nor the Drosophila splicing
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regulators have the variety of arginine-rich regions that the
Ul 70K protein does. Nevertheless, the presence of such
similar regions in three of four genetically identified splicing
regulators (the fourth being Sex-lethal, which has two RRMs
but no arginine-rich segments [4]) makes it of considerable
interest to determine the in vivo role played by these
regions. To this end, we hope to use the cloned Ul 70K gene
to carry out an in vivo mutational analysis via P element-
mediated transformation.
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