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SR proteins are a family of proteins that have a common epitope recognized by a monoclonal antibody
(MAbD104) that binds active sites of polymerase II transcription. Four of the SR family members have been shown
to restore activity to an otherwise splicing-deficient extract (S100 extract). Here we show that two untested SR
proteins, SRp20 and SRp75, can also complement the splicing-deficient extract. We isolated a cDNA encoding
SRp75 and found that this protein, like other SR proteins, contains an N-terminal RNA recognition motif (RRM),
a glycine-rich region, an internal region homologous to the RRM, and a long (315-amino-acid) C-terminal domain
composed predominantly of alternating serine and arginine residues. The apparent molecular mass of
dephosphorylated SRp75 is 57 kDa, the size predicted from the cDNA clone. We also detected mobility shifts after
dephosphorylating SRp55, SRp40, SRp30a, and SRp30b; the sizes of the shifts are proportional to the length of
the SR domain, suggesting that serines in this domain are phosphorylated.

Primary transcripts of protein-coding genes (precursor
mRNAs) frequently contain introns that are removed during
RNA maturation (6, 9). Many of the macromolecules in-
volved in splicing introns from pre-mRNAs are found in
spliceosomes composed of ribonucleoprotein particles (U-
snRNPs) that contain the uridylic acid-rich small nuclear
RNAs Ul, U2, U4, U5, and U6 complexed with several
proteins (for a review, see reference 22). Ordered binding of
these U-snRNP complexes to the pre-mRNA facilitates the
two sequential transesterification reactions of splicing (for a
review, see reference 16). Many pre-mRNAs contain multi-
ple introns that in some cases, are alternatively spliced (for
a review, see reference 27). It is, therefore, of particular
interest to learn how spliceosomes recognize these splice
junctions. It follows that the initial step in splice site recog-
nition is a likely determinant of splice site specificity.

Recently, a second group of proteins important for pre-
mRNA splicing has been discovered (12, 13, 19, 21, 24, 30).
These proteins, called SR proteins, are required for the first
step of pre-mRNA splicing, yet they do not appear to be part
of the U-snRNPs (24). Initially, SR proteins were identified
as a group of at least five proteins (20-, 30-, 40-, 55-, and
75-kDa proteins) recognized by a monoclonal antibody
(MADb104) that binds active sites of RNA polymerase II
transcription (24). Understanding the structures and func-
tions of SR proteins was accelerated by the development of
a simple two-step salt precipitation procedure that allows SR
proteins to be purified from all other cellular proteins (24,
30). This procedure made it possible to show that the sizes
and numbers of SR proteins have been highly conserved
throughout evolution, suggesting that SR proteins may have
distinct roles in vivo (24).

Structural analysis of SR proteins for which cDNAs have
been isolated suggests that the SR protein family can be
divided into two subgroups (30), the first containing SR
proteins with only one RNA recognition motif (RRM) (3) and
the second containing proteins which have both an RRM and
an additional highly homologous sequence, called the RRM-
homologous sequence (RRMH). SR proteins have a se-
quence of alternating serine (S) and arginine (R) residues in
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the C terminus; it was for this shared characteristic that the
family of SR proteins was named (30).

To date, cDNAs for four of the six SR proteins have been
isolated (2, 8, 11, 13, 19, 24, 28, 30). In this report, we
present the sequence of a cDNA that can encode human
SRp75. SRp75 is the largest SR protein and contains an
RRM, RRMH, and a very long (315-amino-acid) SR domain.
Comparing the SRp75 protein sequence with the sequences
of other SR proteins shows that the presence or absence of
an RRMH domain and the length of the SR domain account
for nearly all of the size differences between SR proteins.
Thus, functional differences between SR proteins may be
attributable to these two regions.

The function of SR proteins has been studied biochemi-
cally; four SR proteins (SRp30a, SRp30b, SRp40, and
SRp55) can each complement the same splicing-deficient
extract (S100) (12, 13, 19, 21, 30). Here we show that SR
proteins are depleted in the S100 splicing-deficient extract
compared with splicing-competent nuclear extract. We also
show that two SR proteins not previously tested (SRp20 and
SRp75) can also complement the splicing-deficient extract.

MATERIALS AND METHODS

Purification and separation of SR proteins from HeLa cells.
SR proteins were purified from 10'° HeLa cells as previously
described (30). The SR proteins were separated from one
another and eluted from a preparative sodium dodecyl
sulfate (SDS)-polyacrylamide gel. The eluted SR proteins
were precipitated in 50% acetone at —20°C for 20 min and
centrifuged in an Eppendorf microcentrifuge at —20°C for 15
min. Sedimented SR proteins were resuspended in 100 pl of
6.0 M guanidine HCl, dialyzed against 5% glycerol buffer D
(10), reprecipitated with 20 mM MgCl,, and resuspended in
5% glycerol buffer D. The purified SR protein preparations
had the following concentrations determined by comparison
of anti-SR protein MAb104 immunoblots (24) of these prep-
arations to known SR protein standards: SRp20, 25 pg/ml; a
mixture of SRp30a and SRp30b (SRp30a/b), 300 pg/ml;
SRp40, 40 pg/ml; SRp5S, 100 wg/ml; and SRp75, 150 pg/ml.

Preparation of splicing extracts and in vitro splicing reac-
tions. HeLa nuclear extracts and cytoplasmic S100 extracts
were prepared by the protocol of Dignam et al. (10), with the
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FIG. 1. (A) SR proteins in HeLa cytoplasmic S100 and nuclear
extract. Anti-SR protein (MAb104) immunoblot of a SDS-10%
polyacrylamide gel. Samples (100 pg) of HeLa cytoplasmic S100
extract alone (lane 1), HeLa cytoplasmic S100 extract to which 450
ng of calf thymus SRp30a/b had been added (lane 2), and HeLa
nuclear extract (lane 3) were used. The positions of SR proteins are
indicated. Asterisks indicate several of the MAb104-immunoreac-
tive proteins which have not been characterized. (B) In vitro splicing
activity of HeLa cytoplasmic S100 and nuclear extract. This panel
shows the products of in vitro splicing reactions with the HBA6
RNA splicing substrate derived from human B-globin gene (26). The
reaction mixtures contain 10 ul (100 pg) of S100 extract (lane 1), 10
nl of S100 extract (100 ug) with 450 ng of calf thymus SRp30a/b (lane
2), and 13 pl (100 pg) of HeLa nuclear extract (lane 4). Spliced
products are indicated with exons, introns, and intron lariats shown
as boxes, lines, and loops, respectively. NE, nuclear extract.

exception that final extracts were dialyzed against buffer D
containing only 5% glycerol. The HeLa nuclear extract used
in these experiments had a protein concentration of 7 mg/ml,
and the HeLa cytoplasmic S100 extract had a protein con-
centration of 10 mg/ml.

In vitro splicing reaction conditions, preparation of 32P-
labeled HBA6 RNA splicing substrate derived from the
human B-globin gene (26), and electrophoretic separation
conditions have been previously described (30). Reaction
mixtures contained 10 pl of cytoplasmic S100 extract or 13
pl of nuclear extract. SR proteins were added in a volume of
4 pl in buffer D.

Isolation of a cDNA encoding SRp75. A cDNA encoding
SRp75 was isolated using information from sequencing eight
tryptic fragments of purified SRp75 (30). Two degenerate
14-base oligonucleotides, corresponding to short stretches of
amino acids on either end of the peptide QAGEVTY
ADAHK not including seven central nucleotides, were used
in a polymerase chain reaction (PCR) to amplify the DNA
sequence encoding this portion of the protein (14). The
reaction mixtures contained the following: 0.1 pg of each
oligonucleotide (one of which was labeled at the 5’ end with
32p); 1 pg of single-stranded DNA synthesized from HeLa
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cell RNA using reverse transcriptase and random hexamer
primers (25); 50 mM KCI; 10 mM Tris (pH 8.3); 1.5 mM
MgCl,; 200 uM (each) dATP, dTTP, dCTP, and dGTP; and
2.5 U of AmpliTaq polymerase (United States Biochemical,
Cleveland, Ohio). The total volume of each PCR was 25 pl.
After initial denaturation at 94°C for 4 min, the reaction was
carried out for 30 cycles, with 1 cycle consisting of at 94°C
for 1 min, 50°C for 2 min, and 70°C for 1 min. The PCR
products were separated on an 18% denaturing polyacryl-
amide gel. The expected 35-nucleotide product was excised
and used in a second round of amplification. The second-
round products yielded sufficient amounts of each strand to
use in chemical DNA sequencing (5). A second round of
PCR amplification using an oligonucleotide derived from the
first amplification and an oligonucleotide derived from an-
other SRp75 peptide sequence yielded a 285-bp DNA frag-
ment that could encode part of SRp75. This 285-bp fragment
was used to screen 1.5 x 10° plaques from a human (manca)
cell poly(A)*, oligo(dT)-primed cDNA library (gift of Brian
McStay). Four positive phages were plaque purified, the
inserts were subcloned into Bluescript, and the sizes were
determined following EcoRI digestion. The largest cDNA
(2,070 bp) was sequenced on both strands with Sequenase
(United States Biochemical), and several deletions were
prepared by exonuclease III and S1 nuclease. Subsequent
analysis of the sequence using the DNA Strider program (20)
revealed an open reading frame that could encode all eight
peptides derived from the intact protein.

Dephosphorylation of HeLa cell SR proteins. Following
precipitation in 20 mM MgCl,, SR proteins purified from
HeLa cells were resuspended in 0.1 M Tris (pH 8.8)-0.5 mM
MgCl,. Approximately 100 ug of SR protein was placed into
each of three tubes, and calf intestinal alkaline phosphatase
(1 U/ul; Boehringer Mannheim) was added to a final concen-
tration of 0, 0.1, or 0.5 U/ul. Each tube was incubated for 2.5
h at 37°C. For analysis by SDS-polyacrylamide gel electro-
phoresis (PAGE), 85% of each reaction mixture was visual-
ized by Coomassie blue staining and 15% was subjected to
immunoblotting with MAb104 (23).

Nucleotide sequence accession number. The nucleotide
sequence for the cDNA encoding SRp75 has been given
GenBank accession number 1.14076.

RESULTS

SR proteins are less abundant in S100 splicing-deficient
extract than in splicing-competent nuclear extract. The initial
characterization of extracts capable of splicing introns from
pre-mRNA substrates led to an effort to fractionate splicing-
competent extracts. It was demonstrated that a splicing-
deficient S100 cell extract could be complemented by the
addition of a nuclear extract that was rendered splicing
deficient by treatment with micrococcal nuclease. This result
suggested that the nuclear extract contains an essential
protein factor not present in the S100 splicing-deficient
extract (18). More recently, it has been shown that S100
extract can be complemented for splicing by the addition of
any one of several different SR proteins (21, 30). Consistent
with this observation, SR proteins have been found to be
insoluble in 4.5 mM magnesium chloride (22a), which is
present in the extract during centrifugation at 100,000 x g.

We used an antibody that binds a conserved phosphory-
lation-dependent epitope on all SR proteins (MAb104) (23) to
detect SR proteins in splicing-competent nuclear extract and
splicing-deficient S100 extract. The results indicate that the
relative concentration of each of the five most prominent SR
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proteins is lower in S100 splicing-deficient extract than in
splicing-competent nuclear extract (Fig. 1A, lanes 1 and 3).
It is possible that dephosphorylated SR proteins are present
in these samples, because MAb104 binds an epitope that
requires a phosphorylated antigen. We believe, however,
that most of the SR proteins are phosphorylated, because we
have not detected dephosphorylated SR proteins in cells
when we use antibodies that bind SR proteins independent of
phosphorylation (21a).

Previous results have shown that the addition of SR
proteins to S100 splicing-deficient extract complements the
extract for pre-mRNA splicing (12, 21, 30). The simplest
explanation for this complementation is that SR proteins are
limiting in the S100 extract. To determine whether this is the
case, we added increasing amounts of SR protein (SRp30a/
b) to the S100 splicing-deficient extract and compared the
amount of SR protein needed to complement the S100
extract with the amount of SR protein in splicing-competent
nuclear extract. Our results are consistent with this expla-
nation. We found comparable amounts of spliced mRNA
product in either S100 or nuclear extract (Fig. 1B, lanes 2
and 3) when comparable amounts of SR proteins are present
(Fig. 1A, lanes 2 and 3).

SRp20 and SRp75 can complement the S100 splicing-defi-
cient extract. It has been shown that any one of several
different SR proteins, including SRp30a, SRp30b, SRp40,
SRp55, and SRp70, can complement the S100 splicing-
deficient extract (12, 13, 19, 21, 30). To determine whether
the two other abundant SR proteins present in HeLa cells,
SRp20 and SRp75, can also complement S100 splicing-
deficient extract for splicing, we purified these two proteins,
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FIG. 2. (A) Purification of SR proteins. An MAb104 immunoblot
of purified SR proteins from HeLa cells separated on a SDS-10%
polyacrylamide gel. Lane 1 contains total SR proteins. Lanes 2
through 6 contain 2 pl of each of the purified SR proteins, SRp20,
SRp30a/b, SRp40, SRp55, and SRp75, respectively. (b) Complemen-
tation of HeLa cell S100 splicing-deficient extract with SR proteins.
Lane 1 shows a control (C) in vitro splicing reaction mixture
containing 10 ul of HeLa cell S100 extract, >*P-labeled SP64HBA6
pre-mRNA splicing substrate (26), and 4 ul of buffer D without SR
proteins. Products from identical reaction mixtures that contained 1,
2, or 4 pl of SRp20 (lanes 2, 3, and 4), SRp30a/b (lanes 5, 6, and 7),
SRp40 (lanes 8, 9, and 10), SRp55 (lanes 11, 12, and 13), or SRp75
(lanes 14, 15, and 16) are shown. These preparations are the same
preparations of purified SR proteins shown in Fig. 2A. Spliced
products are indicated with exons, introns, and intron lariats shown
as boxes, lines, and loops, respectively.

as well as other SR proteins, from HeL a cells, and separated
them by SDS-PAGE (Fig. 2A). Addition of each SR protein
to the S100 splicing-deficient extract allowed for splicing of a
B-globin pre-mRNA substrate (Fig. 2B). The amount of
spliced product appears to be related to the amount of SR
protein added, except for SRp30a/b, which was added in
amounts that saturate the splicing reaction. These results are
consistent with earlier observations that each of the SR
protein bands has similar specific activity in this assay (29,
30).

Isolation of a cDNA encoding SRp75. To further character-
ize this conserved family of pre-mRNA splicing factors, we
used information from amino acid sequencing of several
tryptic fragments to isolate a cDNA that could encode
SRp75. This 2,070-nucleotide cDNA was sequenced (Fig. 3)
and found to contain an open reading frame encoding a
57-kDa protein containing all eight tryptic peptide sequences
we had obtained from purified SRp75. The difference in the
SDS-PAGE-resolved size (75 kDa) and the predicted molec-
ular size (57 kDa) can be explained by the phosphorylation of
SRp75 (see below). More than half (52%) of the amino acids
in SRp75 are serine or arginine.

Analysis of the predicted amino acid sequence revealed
four domains in SRp75. Amino acids 1 through 71 contain an
RRM found in other SR proteins as well as many proteins
that interact with RNA (3, 17). The RRM contains two short
sequences termed RNP-2 and RNP-1. The spacing between
RNP-2 and RNP-1 ranges from 26 to 34 amino acids in 32
different RNA-binding proteins; the spacing between these
two subdomains in SRp75 is 25 amino acids. Comparison of
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GCCTAAGGGGGGCTGGGGCCGGGGCAGCCATCACTGCCGTTGCCGGGATGCCGCGGGTGTACATCGGCCGCCTGAGCTACCAGGCCCGGG 90
R DV EIRE EF K G Y G K I L E VY DL KNGY G F VEF D DL 45
AGCGCGATGTGGAGCGCTTCTTTAAGGGCTACGGGAAGATCCTGGAGGTGGATCTGAAGAACGGATATGGT TTTGTGGAGTTTGATGATC 180
R D A D D A V Y E L NG K D UL CGEURUVIVEUHA ARUGUZPTRR 75
TGCGTGATGCAGATGATGCTGTTTATGAACTGAATGGCAAAGACCTTTGTGGTGAGCGAGTAATTGT TGAGCATGCCCGCGGCCCACGGC 270
D G S Y G S GR S G Y G Y R R S GRDIKYGU?PUPTI RTEYUR 105
GAGATGGCAGTTACGGT TCTGGACGCAGTGGATATGGTTATAGAAGAAGTGGCCGAGATAAATATGGCCCTCCTACTCGCACAGAGTACA 360
L I V ENUL S S R C S W QDL KUDYMR®BROAGE VY T Y A D A 135
GACTTATTGTGGAGAATTTGTCAAGTCGGTGCAGCTGGCAAGACCTAAAGGATTATATGCGTCAGGCAGGAGAAGTGACTTATGCAGATG 450
H K G R K N E G V I E F V S Y S D M KRALEIKULUDGTE V 165
CTCACAAGGGACGCAAAAATGAAGGGGTGATTGAATTTGTATCTTATTCTGATATGAAAAGAGCTTTGGAAAAGTTGGATGGAACTGAAG 540
N G R K I R L V E D K P G S RRRUR S Y S R SR S H S R S R 19
TCAATGGGAGAAAAATCAGATTAGTTGAAGACAAGCCAGGGTCCAGACGACGCCGGTCCTACTCCAGAAGCCGGAGTCATTCAAGGTCTC 630
S R S R H S R K SR S R S G S 8 K S S HS K S R SR S R S8 G 225
GGTCTCGAAGCAGACATTCCCGTAAGAGCAGAAGCCGAAGTGGCAGCAGCAAAAGCAGTCATTCTAAGAGTAGATCTCGGTCCAGGTCGG 720
S R S R S K S R S R S Q S R S R S K K EIK SR S P S K D K s 255
GCTCCCGCTCCCGGAGCAAGAGCCGGAGCCGGAGCCAGAGTCGGAGCCGGAGCAAGAAAGAGAAAAGCAGGAGCCCCAGCAAGGACAAGA 810
R S R S H S A G K S R S K S KD QAEVUEIKI ONNUDNUV G K 285
GCCGCAGCCGCAGCCATAGCGCTGGCAAGAGCCGCAGCAAGAGCAAAGACCAAGCTGAAGAGAAGATCCAAAACAATGACAATGTCGGGA 900
P K S R S P S R H K S K S K S R S R S QEUZRUZRVEEEI KT RG 315
AACCCAAGAGCCGGAGTCCTAGCAGGCATAAAAGTAAGAGCAAAAGTCGGAGCAGGAGTCAGGAGAGGAGAGTGGAGGAGGAGAAGCGAG 990
S VE Q G Q E Q E K S L R Q S R S R S R S KA G S R S R S R 34
GGAGTGTTGAGCAGGGGCAGGAGCAGGAGAAGAGCCTCCGCCAGAGTCGGAGCCGGAGCAGGAGCAAAGCGGGCAGCAGGAGCCGGAGCA 1080
E S R S R S R S R S8 K 8 E 3715
GGAGCCGCAGCAAGAGCAAGGACAAGAGGAAGAGCAGGAAGAGAAGCAGAGAGGAGAGCCGCAGTCGCAGTCGCAGCCGCAGCAAGAGTG 1170
R S R K R G S KR D S KA G S 8 K K KKK KEDTUDZ R S Q S R 405
AGAGGAGCAGAAAGCGAGGCAGCAAGCGAGACAGCAAGGCGGGCAGCAGCAAGAAGAAGAAGAAGGAAGACACTGACCGCTCCCAGTCCA 1260
S P S R S VS KEU REUHM AI KT STESSOQREGRTGESENA AG 435
GATCTCCATCCCGCTCCGTGTCAAAGGAGCGGGAACATGCCAAGTCTGAATCCAGCCAGAGGGAAGGTCGAGGAGAGAGTGAGAATGCTG 1350
R N E E T R S R S R S N S K S K P NL P S E S R S R S K S A 465
GCAGGAATGAGGAGACCCGGTCCAGGTCGAGATCCAATTCCAAATCGAAACCAAACCTTCCATCAGAATCACGCTCCAGATCAAAGTCAG 1440
S K T R S R S K S R S R S A S R S P S R S R S R S H S R s * 494
CTTCAAAAACCCGATCTCGGTCCAAGTCTAGATCCAGGTCTGCTTCCAGATCGCCCTCCCGATCTAGATCTAGGTCCCACTCAAGGTCCT 1530
AACTGGCTATGGCCACAGCTGGAACTACCCGAGAAGTCTTTTGTACATGTT TGGTAGCCGTAGCACAAGTGATTGGAGTAGAACATGTCA 1620
CTGCTGTACATTTTTAACTCCCCTAATGGTGTGTCTATAATTGTTAAATCTAAGTGCTTCCTCTCAGTAAAGCCTCCTGGCACCAGGCCT 1710
TCCTGCTCGACTGAAAAAAATTTTCTCTTTGAAAATCCCCTTTTACTCATGGCCCACAGTAGAATATCCAAAACGCCTTGGCTTTCAGGC 1800
CTGGCCTTTCCTACAGGGAGCTCAGTAACCTGGACGGCTCTAAGGCTGGAATGACCACATAGGTAGGTATGGTGAGTTCAACCATTTTTG 1890
CTCTTGAATTGATGCCCTTCGATGTATGCCATTTAGTGAAAGTGCTAAGTCTTAAGTTTCCTACCACTTTGGTTTCATATTTTTGGACTT 1980
AACAAAGTTGTGAATAGCACAGTCGAGGAAAATTGATACCTGCAGTAACCCATAGGAAATAAACTGTAGAGTTCCATATTCTGCGGCCGC 2070

FIG. 3. Nucleotide sequence of the human SR75 cDNA and the predicted amino acid sequence of SRp75. Underlined peptide sequences

match those derived from the sequencing of tryptic fragments of purified SRp75.

the SRp75 RRM with the RRM found in other SR proteins
shows that SRp75 is most closely related to SRpS5S (24).
Indeed, the RRM in human SRp75 is somewhat more related
to the RRM in Drosophila melanogaster SRp55 than it is to
the RRM found in human SRp20, SRp30a, and SRp30b.

A second domain within SRp75 extends from amino acids
72 to 94 and contains a large number of glycine residues
(30%). Comparison of the glycine-rich region of SRp75 with
the glycine-rich region in other SR proteins shows no other
obvious homology.

Following the glycine-rich region there is a domain ex-
tending from amino acids 95 to 178 that is homologous to the
RRM. This RRMH is composed of 20 identical or closely
related amino acids that are similarly spaced in the RRM and
the RRMH. While the RRMH is not recognized as an
RNA-binding domain using motif recognition computer anal-
ysis, the RRMH is likely to be important for SR protein
function, because it is conserved among four SR proteins,
SRp30a, SRp40, SRpS5, and SRp75 (30).

The remaining two-thirds of the SRp75 protein contains
the SR domain. S and R refer to the single-letter designations
of the two most abundant amino acids in SR proteins, serine
(S) and arginine (R). The 315 amino acids in the SR domain

of SRp75 include 108 serines and 116 basic amino acids
(arginines and lysines). Serine and basic amino acids alter-
nate throughout the SR domain; other amino acids with polar
or charged R groups are interspersed with no obvious motifs
detected. A 17-amino-acid stretch devoid of serine and
arginine is present within the SR domain of SRp75 and is not
found in any other SR protein.

SR proteins are posttranslationally modified by phosphory-
lation. To examine the difference between the apparent
molecular weight of SRp75 resolved on SDS-PAGE and the
size predicted from cDNA, we treated HeLa cell SR proteins
with calf intestinal alkaline phosphatase. Figure 4 shows
HeLa SR proteins incubated with two different concentra-
tions of phosphatase. Note that the low concentration of
phosphatase (Fig. 4A, lane 2) yields partially dephosphory-
lated SR proteins that migrate between their initial position
(lane 1) and their final position (lane 3). A monoclonal
antibody (MAb104) which is known to bind a phosphate-
dependent epitope on SR proteins (23) recognizes partially
dephosphorylated SR proteins (Fig. 4B, lane 2) but does not
recognize completely dephosphorylated SR proteins (Fig.
4B, lane 3). We hypothesize that the majority of SR proteins
are maximally phosphorylated, because we have not ob-
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FIG. 4. Dephosphorylation of HeLa cell SR proteins. (A) SDS-
PAGE-separated and Coomassie blue-stained SR proteins after
treatment with 0 (lane 1), 0.1 (lane 2), and 0.5 (lane 3) U of
phosphatase per pl and phosphatase alone (lane 4). (B) MAb104
immunoblot of one-fifth of the samples separated in lanes 1, 2, and
3 of panel A, respectively. Note that MAb104 recognizes partially
dephosphorylated SR proteins in lane 2, but not the fully dephos-
phorylated SR proteins in lane 3.

served partially or fully dephosphorylated SR proteins in
whole-cell extracts, even when antibodies that bind SR
proteins independently of phosphorylation are used (21a).

In the gel system used for these studies, phosphorylated
SRp75 migrates with an apparent molecular mass of 93 kDa
and completely dephosphorylated SRp75 migrates with an
apparent molecular mass of 57 kDa which is consistent with
the predicted molecular mass from the cDNA sequence. The
predicted sizes of other SR proteins for which cDNAs have
been isolated, including SRp20, SRp30a, SRp30b, and
SRpS5S, are also similar to those of the dephosphorylated
forms of these proteins. The large change in mobility and the
lack of bands corresponding to partially dephosphorylated
intermediates suggest that SR proteins are maximally phos-
phorylated at many sites. Immunostaining with MAb104,
which binds phosphorylated SR proteins only shows intense
staining of mitotic cells relative to interphase cells, indicat-
ing a possible cell cycle regulation of SR protein phospho-
rylation (23).

DISCUSSION

Characterization of a unique group of pre-mRNA splicing
factors called SR proteins shows that this family is defined
by certain shared characteristics. (i) SR proteins are recog-
nized by a monoclonal antibody (MAb104) which binds a
conserved phosphorylation-dependent epitope; (ii) SR pro-
teins copurify to apparent homogeneity in a two-step salt
precipitation procedure. (iii) SR proteins are very closely
related in amino acid sequence. (iv) The apparent sizes of SR
proteins by SDS-PAGE are conserved in the animal king-
dom. (v) SR proteins have similar specific activities in
complementing an S100 splicing-deficient extract when pre-
mRNA substrates that contain single introns are used. Four
SR proteins (SRp30a, SRp30b, SRp40, and SRp55) were
recently shown to meet each of these criteria (12, 13, 19, 21,
30). The work presented here demonstrates that SRp20 and
SRp75, the two most structurally divergent SR proteins, also
share these properties with other members of the SR protein
family.
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FIG. 5. Schematic diagram of SR proteins. RRM or rectangle
indicates the RNA recognition motif; RRMH or oval indicates a
sequence in SRp30a, SRp40, SRp55, and SRp75 that is 30% homol-
ogous to conserved amino acids in SR protein RRMs; the bold
zigzag line indicates the region of the proteins that are composed
predominantly of a series of alternating serine (S) and arginine (R)
residues, namely, the SR domain; narrow horizontal lines indicate
sequences that are variable between different SR proteins. The four
motifs are drawn to scale (i.e., the length of the bold zigzag line
indicates the relative length of the SR domain in each protein).

In the last 3 years, cDNAs that encode five of the most
abundant SR proteins have been isolated; for a sixth SR
protein, SRp40, only partial amino acid sequence informa-
tion is available (30). An additional SR protein identified in
calf thymus, SRp70 (30), could be either a breakdown
product of SRp75 or a different SR protein. This study and
other published work allow for some general statements to
be made about SR proteins. First, the SR protein family can
be divided into two structurally distinct subgroups (Fig. 5):
those that contain an RRM (SRp20 and SRp30b) and those
that contain an RRM and an RRMH (SRp30a, SRp40,
SRp55, and SRp75). For the proteins that contain an RRMH,
a glycine-rich variable region of 18 to 34 amino acids
separates the RRM and the RRMH. Second, within each
subgroup, the differences in size can be accounted for almost
entirely by differences in the length of the SR domain. Strict
size conservation between vertebrates and invertebrates
implies that functional differences between the SR proteins
are likely to be determined by specific variations in these two
domains.

The overlapping functions of SR proteins in the comple-
mentation of the S100 splicing-deficient extract with pre-
mRNAs that contain single introns suggest that SR proteins
could have common functions in vivo. On the other hand,
the evolutionary conservation of the sizes and number of SR
proteins supports the idea that they may have distinct
functions in vivo. We have been attempting to study the
functions of SR proteins using pre-mRNA substrates that
can be alternatively spliced and have found distinct in vitro
functions for some of the SR proteins. The results suggest
that distinct SR proteins allow for the preferential use of
different 5’ splice site when pre-mRNAs that contain multi-
ple 5' splice sites are used as substrates in the S100 comple-
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mentation assay (29). Combined with the striking similarity
between SR proteins and genetically defined splicing regu-
lators isolated from D. melanogaster (1, 4, 7, 15) (both
contain RRM and/or SR domains), these results support the
model that SR proteins play a role in alternative splice site
selection in vivo.
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