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SR proteins: a conserved family
of pre-mRNA splicing factors
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We demonstrate that four different proteins from calf thymus are able to restore splicing in the same
splicing-deficient extract using several different pre-mRNA substrates. These proteins are members of a
conserved family of proteins recognized by a monoclonal antibody that binds to active sites of RNA
polymerase II transcription. We purified this family of nuclear phosphoproteins to apparent homogeneity by
two salt precipitations. The family, called SR proteins for their serine- and arginine-rich carboxy-terminal
domains, consists of at least five different proteins with molecular masses of 20, 30, 40, 55, and 75 kD.
Microsequencing revealed that they are related but not identical. In four of the family members a repeated
protein sequence that encompasses an RNA recognition motif was observed. We discuss the potential role of
this highly conserved, functionally related set of proteins in pre-mRNA splicing.
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Studies of mRNAs from many different tissucs and de-
velopmental stages show that regulation of RNA pro-
cessing can lead to the expression of multiple proteins
from single genes (Smith et al. 1989). Analysis of Droso-
phila development revealed the first four rcgulators of
pre-mRNA splicing {Boggs et al. 1987; Chou et al. 1987,
Amrein et al. 1988; Bell et al. 1988; Goralski et al. 1989).
More recently, in vitro splicing has been used to bio-
chemically identify pre-mRNA splicing factors from
HeLa cells. In addition to several U small nuclear ribo-
nucleoproteins (UsnRNPs) (for review, see Steitz et al.
1988), other factors have been isolated including SC35
(Spector et al. 1991}, U2AF {Zamore and Green 1989,
1991}, and SF2 (Krainer et al. 1991), which is identical to
ASF (Ge et al. 1991). Complementation of a HecLa cell
cytoplasmic S-100 extract that is splicing deficient was
used to identify and purify SF2 (Krainer and Maniatis
1985; Krainer ct al. 1990a). This factor is essential for
cleavage of the 5’ splice site, the first step in splicing. In
addition, it was found that SF2 influences splice site se-
lection when pre-mRNAs containing alternative 5’ sites
are spliced in vitro (Ge and Manley 1990; Krainer et al.
1990b). Structural analysis of SF2 and the genetically de-
fined splicing regulators shows that these proteins con-
tain either an RNA recognition motif (RRM), which in-
cludes two conserved sequences, RNP-1 and RNP-2
(Bandziulis et al. 1989}, or sequences of consecutive al-
ternating serine and arginine dipeptides, or both.
Previously, we described a monoclonal antibody,
mADb104, that recognizes structures known to contain
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high levels of spliceosomal components, including sites
of RNA polymerase II transcription on lampbrush chro-
mosomes and B “snurposomes’’ in oocyte nuclei, and
small granules in interphase nuclei of many vertebrate
and invertebrate cell types (Roth et al. 1990). Therefore,
we have been investigating the possibility that mAb104
binds proteins involved in pre-mRNA splicing. We found
that mAb104 binds a conserved phosphoepitope on a
family of electrophoretically separable proteins with mo-
lecular masses of 30, 40, 55, and 75 kD (Roth et al. 1991).
In this paper we refer to this set of proteins as SR pro-
teins because the characterized members contain se-
quences of consecutive serine (S) and arginine (R} dipep-
tides. Analysis of a cDNA encoding the 55-kD family
member from Drosophila, dSRp55, shows that it is
highly related to SF2 and, to a lesser extent, to the ge-
netically defined Drosophila splicing regulators. dSRp55
and SF2 both contain amino-terminal RNA-binding do-
mains, and carboxy-terminal serine- and arginine-rich
domains. Subsequent functional tests have shown that
dSRp55 is able to substitute for SF2 to complement the
S-100 splicing-deficient human extract (Mayeda et al.
1992). This result shows that dSRp55 is either the Droso-
phila homolog of SF2 or that humans and Drosophila
have two proteins that perform the same function. To
distinguish between these two possibilities and to char-
acterize further this group of proteins, we analyzed sev-
eral SR proteins isolated from human HeLa tissue cul-
ture cells and calf thymus. In this paper we show that
five SR proteins, plus one additional polypeptide of 20
kD, can be purified from all other cell proteins by a two-
step precipitation procedure and that these proteins are
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all highly related in primary sequence. Preparative iso-
lation of SR proteins from calf thymus allows us to dem-
onstrate biochemically that four of the SR proteins can
complement the S-100 splicing-deficient extract origi-
nally used to identify SF2.

Results
Purification of SR proteins from human cells

The use of magnesium chloride to selectively precipitate
a set of proteins was first described by Roth et al. {19911
This property of SR proteins was found by observing that
B snurposomes—1- to 3-pm-diam. ribonucleoprotein
structures present in amphibian oocyte nuclei—are sta-
bilized by magnesium (Roth et al. 1990). We have since
improved this protocol {see Materials and methods) such
that all mAb104 immunoreactive proteins {SR proteins|
can be purified from a variety of animal cells and tissues,
including mouse 10T1/2, mouse C2 myoblasts, human
HelLa, Drosophila Kc and Schneider tissue culture cells,
Xenopus liver, and calf thymus.

The striking aspect of this purification is that only two
salt precipitations [ammonium sulfate and then magne-
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sium chloride) are required to purify SR proteins from all
other cell proteins. Steps in the purification of SR pro-
teins from HeLa cells are outlined in Figure 1. Figure 1A
shows a Coomassie-stained gel revealing the complexity
of total proteins throughout the purification; Figure 1B is
an immunoblot to show the enrichment of mAb104 an-
tigens. After sonication and centrifugation to clear the
extract of insoluble material, the complexity of proteins
was high (Al). Presumably, SR proteins are rare because
only the 30- and 75-kD family members were detectable
with mAb104 [B1). These two SR proteins are enriched
in the 65-90% ammonium sulfate precipitate, and the
55-kD protein is also apparent (A2/B2}. Subsequent pre-
cipitation with magnesium chloride {20 mm] results in
the selective and quantitative removal of mAb104 anti-
gens from the supernatant (cf. A3 and A4, B3 and B4}
Figure 1C shows the end result of the purification and is
included to allow a more direct comparison between the
Coomassic-stained proteins (C1) and the proteins de-
tected by mAbl04 [C2) in the magnesium pellet.
There are five prominent polypeptides detectable by
Coomassie stain or immunoblotting with mAb104 that
have apparent molecular masses of ~20, 30, 40, 55, and
75 kD. In lanes C1 and C2 the 20-kD protein appears as
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Figure 1. Purification of SR proteins from human HeLa cells. {A) Coomassie-stained SDS/PAGE-separated HeLa cell proteins at
various steps in the purification of SR proteins (see Materials and methods). {B) An immunoblot of the same proteins stained with
mAbl04. For comparison, Coomassie-stained and mAb104-stained SR proteins are shown in C. (Lanes A1/B1,A2/B2,A3/B3) Ten
micrograms of protein from the cell lysate, the 65-90% ammonium sulfate precipitate, and the soluble proteins after magnesium
precipitation, respectively; (lanes A4,C1) 10 ug of SR proteins after SDS-PAGE separation and Coomassie staining; (lanes B4,C2) 0.5

pg of SR proteins on an immunoblot after staining with mAb104.
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two closely spaced bands. Several minor bands or smear-
ing can also be seen immediately above or below the 30-,
55-, and 75-kD proteins. This may be the result of dif-
ferent levels of phosphorylation, degradation of single
proteins, or mixtures of different proteins in any one
band. Comparison of lanes C1 and C2 also indicates that
intensity of staining with mAb104 for any one protein is
proportional to the total mass of protein detected by
Coomassie staining. Because only two SR proteins are
detectable in the whole-cell lysate, it is difficult to mea-
sure abundance and percentage recovery of the entire
family of proteins in the purification. Given these limits,
we estimate that at least 0.04% of cell proteins are SR
proteins and that recovery is nearly quantitative.

Sizes of SR proteins are conserved

Previously, we showed that the relative migration of the
30-, 40-, 55-, and 75-kD SR proteins isolated from human
HeLa and Drosophila Kc cells is identical (Roth et al.
1991). We applied the magnesium precipitation method
for purifying SR protcins to many different animal cells
and tissues and found that the sizes of SR proteins arc
conserved. Figure 2 shows a mAb104-staincd immuno-
blot of purified proteins from mouse 10T1/2 cells (lane
1), human HeLa cclls {lane 2), and calf thymus (lane 3).
All three have immunoreactive proteins at 30, 40, and 55
kD. The 20-kD protein polypeptide was not detectable in
calf thymus or HeLa cells because insufficient amounts
of protein were electrophoresed in this experiment. The
75-kD polypeptide present in 10T1/2 and HeLa cells runs
slightly faster in calf thymus (~70 kD). This may be the
result of partial proteolysis; alternatively, this might in-
dicate the presence of a different SR protein.

SR proteins are splicing factors

Initially, we found that magnesium-pelleted SR proteins
from several sources were able to complement a HeLa
cell cytoplasmic S-100 splicing-deficient extract {data
not shown) (Dignam ct al. 1983; Krainer and Maniatis
1985). We isolated four of the SR proteins from calf thy-
mus {Materials and methods), an inexpensive source, and
assayed each individual protein for the ability to com-
plement this splicing-deficient extract. The results of
separating preparative quantities of individual SR pro-
teins are shown in Figure 3. A fraction {14 pl) of each
purified protein was separated by SDS-PAGE and stained
by Coomassic blue (Fig. 3A); less protein (2 pl) was used
for an mAb104 immunoblot (Fig. 3B). The 30-kD protcin
was recovered in the highest abundance followed by the
55-, the 40-, and the 70-kD protein, respectively.

Each of the four purified SR proteins individually com-
plements the cytoplasmic S-100 splicing-deficient ex-
tract using three different substrates. The products from
in vitro splicing reactions using two of these substrates,
Drosophila fushi tarazu (ftz) pree-mRNA and B-globin
pre-mRNA, are shown in Figure 4, A and B, respectively.
Both of these transcripts contain single introns with
flanking exons and have been characterized previously
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Figure 2. The sizes of SR proteins are highly conserved. {Lanes
1-3) An mAb104-stained immunoblot of SR proteins isolated
from mouse 10T1/2 cells, human HeLa cells, and calf thymus,
respectively.

using HeLa cell extracts (Ruskin et al. 1984; Siebel and
Rio 1990]. Figure 4, lanes 4-15, shows the products of
splicing after incubation of the splicing-deficient extract
with individual SR proteins and one of the pre-mRNA
substrates. Increasing amounts of the 30-, 40-, 55-, and
70-kD SR proteins (1, 2, or 4 pl of the protein shown in
Fig. 3, at a concentration of 0.3 pmole/pul of the 70-kD
protein band, 1.4 pmole/ul of the 55-kD protein band, 0.7
pmole/pl of the 40-kD protein band, and 8 pmole/pl of
the 30-kD protein band | were added to each 25-ul reac-
tion, and the recovered products are shown in lanes 4-6,
7-9, 10-12, and 13-15, respectively. Note that splicing
activity is proportionate to the amount of each SR pro-
tein added, indicating that SR proteins are limiting in the
reaction. This would explain the slightly reduced levels
of splicing by the less abundant 40-, 55-, and 70-kD SR
proteins relative to the 30-kD SR protein (cf. Figs. 3 and
4). The amounts of SR proteins added may not be a very
accurate quantitation of active protein because each pro-
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Isolation of individual SR proteins from calf thymus. {A,B) Coomassie-stained and mAbl04-stained SR proteins, respec-

tively. (A, lane 1) The total amount of SR proteins isolated from 5 grams of calf thymus (see Materials and methods). One-tenth this
amount was used for the immunoblot (B, lane 1). From 150 grams of tissue, the recovered and renatured 40-, 55-, and 70-kD SR proteins
were resuspended in 40 pl of buffer D; the 30-kD SR protein was resuspended in 100 wpl. A fraction (14 pl) of the resuspended protein
was separated by SDS-PAGE (A, lanes 2-5); 2 ul of the same sample was used to detect the proteins by antibody staining (B, lanes 2-5).

tein was denaturcd, precipitated, and renatured prior to
testing for activity. The specific activities obscrved are
comparable to the specific activity of Escherichia coli-
produced SF2 (Krainer et al. 1991), which was treated in
a similar way before testing for activity. We also found
that the pre-mRNA substrate L/Ad (Bruzik and Steitz
1990} could be spliced in the S-100 extract using any one
of the four SR proteins [data not shown). No obvious
substrate specificity was observed for any of the SR pro-
teins, although the 30-kD SR protein appeared to splice
B-globin pre-mRNA slightly better than ftz when com-
pared to the splicing observed for the 40-, 55-, and 75-kD
proteins on these two substrates.

Sequence analysis of SR proteins

The discovery that four individual SR proteins are able to
complement the same splicing-deficient extract suggests
that these proteins are related at the level of primary
sequence. To pursue this possibility, we microsecquenced
all five SR protein bands from human (HeLal cells. The
sequence information derived from this approach is
listed in Figure 5A. In several cases, particular peptides
identified more than one entry in the data base, all of
which are mentioned in the text and in the legend to
Figure 5. Thereafter, we use the following nomenclature
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in an attempt to simplify the description of individual
SR proteins. A lowercase letter is used to describe the
species of origin, followed by SR, followed by a lowercase
p to indicate protein, followed by the SDS-PAGE molec-
ular mass.

Two peptides of 9 and 21 amino acids were sequenced
from the 20-kD SR protein. A search of the data base of
all existing DNAs (translated) revealed an identical
match with both peptides and a predicted translation
product from a mouse ¢cDNA of unknown function
named X16. The gene encoding X16 mRNA was shown
to be actively transcribed in several cell lines and differ-
entially expressed in a variety of mouse tissues (Ayane et
al. 1991). Unique polymerase chain reaction (PCR) prim-
ers corresponding to the mouse cDNA were made con-
taining the leader and the complement of the sequence
immediately after the termination codon. These primers
were used to clone a ¢cDNA encoding the human ho-
molog of X16. The DNA sequence showed that this
clone is different than mouse X16 at only 15 positions;
because these DNA changes do not result in amino acid
changes, the two predicted proteins are identical. The
predicted protein sequence is shown in Figure 5A and is
referred to as hSRp20.

Two peptides sequenced from the 30-kD SR protein
band identified multiple entries in the data base, suggest-
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Figure 4. Functional assays of SR proteins. The products of in vitro splicing of ftz and 8-globin pre-mRNA substrates are shown in
A and B, respectively. All reactions contained S-100 splicing-deficient extract. (4,B) The first three lanes are control experiments; |lanc
1} 4 ul of buffer; {lane 2} 4 pl of buffer derived from a mock protein purification and renaturation from acrylamide that did not contain
any SR protein; {lane 3] 100 ng of BSA that was uscd as a carrier in the SR protein elution and renaturation. (Lanes 4-6, 7-9,10-12,
13-15) From reactions incubated with increasing amounts {1, 2, and 4 pl) of the 30-, 40-, 55-, and 70-kD SR proteins from calf thymus,
respectively. Splicing products are diagramed at the positions they are predicted to migrate according to reports published previously
{see Materials and methods|. Note that there is a gel-drying artifact band that appears just below the substrate RNA in many of the
lanes in A and just above the position of the lariat exon 2 band in lanes 10-15 of B.

ing that this band contained more than one protein. The
first, a 19-amino-acid peptide in which 17 residues were
identified, is found in human SF2 (Krainer et al. 1991),
also known as ASF {Ge et al. 1991]. This protein is re-
ferred to here as hSRp30a (Fig. 5A). A second peptide, 17
amino acids in length, is identical to the predicted trans-
lation product of PR264 (Vellard et al. 1992; GenBank
accession no. X62447) and SC35 (Fu and Maniatis 1992).
A portion of the PR264 and SC35 cDNA sequences cor-
responds to the antisense strand of the E; exon of the
c-myb proto-oncogene (Perbal and Vellard 1990; Vellard
et al. 1991; Fu and Maniatis 1992). SC35 has been shown
to be a spliccosome assembly factor that is required for
pre-mRNA splicing (Fu and Maniatis 1990; Spector et al.
1991; Fu and Maniatis 1992]. This protein is referred to

here as hSRp30b (Fig. 5A). Comparison of the molar
amount of cach residue recovered from the first 10 Ed-
man cycles of these two peptides indicates that the tryp-
tic fragment sequenced from hSRp30b is ~5.8-fold more
abundant than the tryptic fragment sequenced from
hSRp30a. This may reflect a difference in the relative
abundance of these two proteins in HeLa cells.

Peptides of varying lengths were sequenced from the
40-, 55-, and 75-kD proteins. All of these peptides are
placed in Figure 5 to show their relationships to the pre-
dicted translation products from dSRp55, hSRp30a,
hSRp30b, and hSRp20.

Two conclusions can be drawn from these data. First,
the primary sequences of the family of SR proteins are
highly related. Regions of similarity extend throughout
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Figure 5. Amino acid sequence analysis of SR proteins. (A} Peptide sequences from each of seven different SR proteins. Several
sequences identified the predicted translation products from more than one entry in the DNA data base, including dSRp55 (Roth et
al. 1991), which is probably encoded by the same gene as B52 (Champlin et al. 1991), is referred to here as dSRp55; SF2 (Krainer et al.
1991}, also known as ASF (Ge et al. 1991}, is referred to here as hSRp30a; PR264 {Vellard et al. 1991), which is likely to be encoded by
the same gene as SC35 (Fu and Maniatis 1992) and is referred to here as hSRp30b; and a mouse protein X16 (Ayane et al. 1991), which
is identical to a human protein hSRp20 and is referred to here as hSRp20. In these cases, the full protein sequence is listed and the
peptide used to identify it appears as an underlined sequence. Also included are several short peptide sequences from hSRp40, hSRp55,
and hSRp75. The sequences used to identify the RNA recognition motif {RNP-1 and RNP-2] are indicated. All sequences are aligned
to show identical amino acids [solid boxes) and amino acids where three of the four sequences are identical or highly related |stippled
boxes). No attempt was made to align SR domains, which are listed separately below. {B) Alignment of two copies of a repeated
sequence in dSRp55 and hSRp30a. The first copy of the repeated sequence {repeat A} is shown above the line and extends from amino
acid 5 to 58 of dSRp55. The second copy of the repeat (repeat B) is shown below the line and extends from amino acid 116 to 172 of
dSRp55. Partial amino acid sequences of hSRp40, hSRp55, and hSRp75 are also listed. Only repeat A is found in hSRp30b and hSRp20.
The two repeats are aligned to show identical amino acids {solid boxes) and amino acids where 80% or more are identical or

conservative changes (stippled boxes). Arrows indicate amino acids that are conserved in SR proteins but are specific to either repeat
A or B. )

the amino-terminal domain and are evident particularly compared with hSRp30b, and 6 differences when hSRp55

in RRM, as well as sequences between the RRM and the
S/R domains. Second, comparison of the Drosophila and
human sequences shows that the primary sequences of
SR proteins of the same size are highly conserved be-
tween vertebrates and invertebrates. Only 1 of the 16
sequenced amino acids from hSRp55 is different from
dSRp55, whereas there are 7 differences when hSRp55 is
compared with hSRp30a, 8 differences when hSRp55 is
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is compared with hSRp20 over the same region.
Previously published analysis of dSRp55 (Champlin et
al. 1991; Roth et al. 1991} and hSRp30a (Ge et al. 1991;
Krainer et al. 1991) reported that these two SR proteins
have a single RRM composed of one copy of RNP-2, fol-
lowed by one copy of RNP-1 (Bandziulis et al. 1989). Our
analysis of the family of SR protein primary sequences
reveals that there is a direct repeat of RRM-related se-
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quences in these two proteins {Fig. 5B). We refer to these
two repeats as repeat A, which extends from amino acid
4 to 58 of dSRp55, and repeat B, which extends from
amino acid 116 to 172 of dSRp55. Partial amino acid
sequencing suggests that repeats A and B are also present
in hSRp40 and hSRp75. Both repeats consist of 16 resi-
dues that are identical or well conserved among SR pro-
teins. The spacing of the residues that define the repeats
is conserved with one exception; the number of amino
acids between the two glycines varies from 11 to 19 res-
idues in repeat A and 12 to 14 residues in repeat B. Re-
peat B is not recognized as an RRM using a motif-scarch-
ing program (Henikoff et al. 1990; Henikoff 1991; Wal-
lace and Henikoff 1992). This suggests that if the second
repeat is an RRM, it is quite different from other known
RRMs. Repeats A and B almost certainly perform dis-
tinct functions because there are many amino acids that
are found in all A repeats but are not found in B repeats
and vice versa (see arrows in Fig. 5B). Direct biochemical
tests will be required to determine whether cither repeat
is active for RNA binding.

Discussion

In this paper we characterize the structure and function
of a family of splicing factors—SR proteins. We refer to
these proteins as a family on the basis of the following
criteria: {1} SR proteins are recognized by a monoclonal
antibody (mAb104) specific for a shared phosphoepitope
{the only possible exception is hSRp30b, which remains
to be tested); (2) SR proteins copurify to apparent homo-
geneity in a two-step precipitation procedure; (3) SR pro-
teins are closely related in primary protein sequence; (4)
the apparent sizes of SR proteins on SDS-PAGE are con-
served in the animal kingdom; and (5) four different SR
proteins isolated from calf thymus can each complement
a splicing-deficient cytoplasmic S$-100 extract using
three different pre-mRNA substrates. SR proteins appear
to be distinct from snRNPs because mAb104, which pre-
cipitates SR proteins, cannot be used to coprecipitate
snRNAs (Roth et al. 1991). It is reasonable to propose
that SR proteins are a specific subset of proteins that
interact with heterogeneous nuclear RNA (hnRNA).
However, nonc of the characterized hnRNA-binding pro-
teins share significant amino acid homology with SR
proteins (Dreyfuss et al. 1988).

Analysis of the family of SR proteins began with the
identifcation of a monoclonal antibody (mAb104) that
binds both the lateral loops of amphibian lampbrush
chromosomes and small granules in nuclei of all animal
cells tested (Roth et al. 1990). Further analysis showed
that the epitope involved a phosphate residue that we
now know is a characteristic of SR proteins. For dSRp55,
we found that serine was the only phosphorylated amino
acid and that partial hydrolysis released substantial
amounts of a small phosphorylated peptide. On the basis
of its chromatographic properties, we suspect that this is
a dipeptide containing phosphoserine and arginine. We
also suspect that multiple epitopes recognized by
mAb104 may be located in the carboxy-terminal SR do-
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main. We predict that SRp40 and SRp75 will have SR
domains because the tryptic reverse-phase high-perfor-
mance liquid chromatography (HPLC) peptide maps of
hSRp55, hSRp40, and hSRp75 show many peaks with
short retention time similar to dSRp55. Furthermore,
like dSRp55, these proteins show dramatic shifts in SDS-
PAGE mobility after phosphatase treatment, which in-
dicates multiple sites of phosphorylation (K. Neugebauer
and M.B. Roth, unpubl.). The fact that mAb104 stains
cells in mitosis more intensely than cells in interphase
suggests that SR proteins may be hyperphosphorylated
during mitosis, which could repress splicing by impeding
an interaction of the basic SR domain with the acidic
pre-mRNA. Alternatively, other regulated events during
mitosis may change the conformation of SR proteins
such that the mAb104 epitope is more accessible to the
antibody. Further work will be required to distinguish
between these possibilities and to determine their rela-
tionship to splicing activity.

Magnesium-dependent aggregation is the critical step
that allows for extremely rapid purification of this set of
splicing factors. A possible explanation for this interac-
tion is that magnesium mediates ionic cross-linking be-
tween phosphoserines on adjacent SR proteins. Several
lines of evidence suggest that this interaction may be
important for the formation of supramolecular com-
plexes of SR proteins in vivo. First, mAb104 stains large
magnesium-stabilized complexes (B snurposomes) in the
nuclei of amphibian oocytes (Roth et al. 1990}. Second,
the splicing-deficient extract used to demonstrate that
SR proteins are splicing factors is prepared by centrifu-
gation in the presence of magnesium using conditions
that sediment SR protein aggregates. Finally, the fusion
of serine- and arginine-rich domains from either of two
Drosophila splicing regulators to B-galactosidase causes
localization of the fusion protein to nuclear aggregates
similar to those stainable by mAbl04—referred to as the
speckled network (Li and Bingham 1991). Because SR
proteins are splicing factors, it raises the possibilty that
the supramolecular complexes of SR proteins seen in
cells may be active for splicing. B snurposomes (Wu et al.
1991) and the speckled network (Lerner et al. 1981; Re-
uter et al. 1984; Nyman et al. 1986; Spector and Smith
1986; Leser et al. 1989; Spector 1990} have been shown
to contain many pre-mRNA splicing components. Al-
though it is possible that these structures are active in
splicing, direct observation of splicing has only been
made for nascent transcripts that are still attached to the
DNA template (Osheim et al. 1985; Beyer and Osheim
1988).

The structure of SR proteins appears to consist of two
or three domains: one or two copies of an amino-termi-
nal repeat spaced by a series of glycine residues that may
form a flexible hinge, followed by a carboxy-terminal
highly charged SR domain. dSRp55 and hSRp30a contain
two repeats; hSRp20 and hSRp30b contain only one. Re-
peated specific amino acids shared by several SR proteins
make it possible to distinguish between repeats A and B
and show that hSRp20 and hSRp30b have only repeat A.
The absence of repeat B in these two SR proteins sug-
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gests that their function is quite different from the other
four characterized SR proteins. Sequence analysis shows
that repeat A contains an RRM as defined by homology
with other RRM-containing proteins (Henikoff 1991).
Using the samc analysis, repeat B is not recognized as
containing an RRM; however, it is conceivable that re-
peat B binds RNA but has diverged from the existing
consensus. We propose that the two repeats arose by tan-
dem duplication, diverged, and now perform distinct
functions that are conserved in SRp30a, SRp40, SRp55,
and SRp75. Variation between SR family members, other
than the number of repeat domains, is evident through-
out the proteins. Particularly divergent sequences are ev-
ident between repcat A and the series of glycine residucs
and between repeat B and the SR domain. Other differ-
ences include the length of the SR domain and the rela-
tively small interruptions of this domain by nonbasic or
serine residues. We suppose that the amino acid sc-
quences that are shared between all family members are
required for function and that the specificity of particu-
lar SR proteins is ¢cncoded by the variable domains. Strict
conservation of the size of SR proteins in cells and tis-
sues from many different animals suggests that when the
primary protein sequences of SR proteins are compared
between many organisms, a high degree of conservation
will be revealed. At this time, it is only possible to com-
pare a few SR protein sequences between species: the
complete sequences of mouse {Ayane et al. 1991) and
human SRp20, which show no amino acid changes; the
complete sequences of human and chicken SRp30b,
which show four amino acid changes; and 16 amino ac-
ids of human and Drosophila SRp55, in which one dif-
ference was obscrved. SR proteins are related in structure
to genetically defined splicing regulators isolated from
Drosophila, suppressor-of-white-apricot, tra, tra-2, and
sex-lethal, which all contain RRMs, SR domains, or
both.

All of the animal cells that we have examined appear
to express at least six SR proteins. Consistent with the
high level of amino acid sequence conservation among
SR proteins from different species, the apparent sizes of
SR proteins from vertebrates and invertebrates are virtu-
ally identical. Using the two-step purification described,
we have detected SR proteins with molecular masses of
~20, 30, 40, 55, and 75 kD from mouse 10T1/2, mouse
C2 myoblasts, human HelLa, and Drosophila Kc and
Schneider tissue culture cells. The same protcins have
been detected in Caencrhabditis elegans, Xenopus liver,
and calf thymus. Our analysis of SR proteins suggests
that the 20-, 40-, 55-, and 75-kD proteins from human
HeLa cells arc composed of distinct polypeptides and
that the 30-kD band is composed of two different pro-
teins. This is based on partial amino acid sequencing,
which shows that the 30-kD protein band has scquences
identical to two different proteins. Other results suggest
that animals can express more than six SR proteins. We
have seen mAb104 immunoreactive proteins of ~180 kD
in Drosophila Kc tissue culture cells and several proteins
that migrate between 100 and 150 kD in Xenopus
oocytes.
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Our studies show that at least four different proteins
can complement the same S-100 splicing-deficient ex-
tract. On the basis of amino acid sequence analysis of
human SR proteins and conservation of sizes of SR pro-
teins between humans and cows, it is possible that the
calf thymus 40-, 55-, and 70-kD bands contain single
proteins and that the 30-kD protein band contains both
SRp30a and SRp30b. These are two previously character-
ized splicing factors (Ge et al. 1991; Krainer et al. 1991;
Spector et al. 1991; Fu and Maniatis 1992). SRp30a was
the first protein shown to complement the S-100 splic-
ing-deficient extract; therefore, SRp30b, if present, need
not be active in this assay.

Why is there a family of structurally and functionally
related splicing factors in animal cells? Sequence simi-
larity between different family members in human cul-
tured cells, as well as the degree of conservation of the
family between vertebrates and invertebrates, suggests
that specific SR proteins have distinct and essential roles
in pre-mRNA splicing. We propose that SR proteins have
different specificities for subclasses of pre-mRNAs and
that regulation of the levels of SR proteins in different
cell types contributes to the regulation of cell-specific
splice choices. One prediction from this model is that
the levels of specific SR proteins are regulated. The level
of mRNA encoded by the mSRp20 gene was shown to be
regulated in different tissues. The highest levels of
mSRp20 mRNA were found in thymus, whereas lower
levels were detected in testis, brain, spleen, and heart. In
liver and kidney, mSRp20 mRNA was undetectable
when normalized to a constitutive mRNA (Ayane et al.
1991). In addition, we have detected variation in the rel-
ative amounts of particular SR proteins in different calf
tissues (K. Neugebauer and M. Roth, unpubl.). This
model also predicts that changing the level of an SR pro-
tein changes splice site selection. In vitro splicing stud-
ies of SR proteins using several different substrates that
have multiple 5" splice sites support this idea. Increasing
concentrations of specific SR proteins cause a shift from
usage of distal to proximal 5' splice sites for several dif-
ferent substrates (Ge et al. 1991; Krainer et al. 1991;
Mayeda et al. 1992).

Materials and methods
Purification and microsequencing of SR proteins

Protein purifications generally started with 1 x 10'° HeLa cells
or 100 grams of calf thymus. Cells and tissues were ground to a
fine powder in liquid N, using a mortar and pestle. The powder
was then tranferred to a beaker on ice, and 350 ml of isolation
buffer was added {isolation buffer is 65 mm KCI, 15 mm NaCl, 10
mm HEPES at pH 7.6, 10 mm Na,EDTA, 5 mm DTT, 5 mM
potassium fluoride {KF), 5 mm B-glycerophosphate, 0.2 mm
PMSF, and 2 pg/ml of aprotinin). Tissue culture cells were son-
icated 10 times for 20 sec with a probe sonicator set at 50 W;
thymus was sonicated continuously for 20 min. Homogenatcs
were centrifuged for 20 min at 8000g, supernatants were trans-
ferred to a beaker, and ammonium sulfate was added to 65% of
saturation. After 2 hr of stirring at 4°C, the extract was centri-
fuged at 8000g for 20 min. Supernatants were transferred to
clean tubes and centrifuged again at 8000g for 20 min. Super-
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natants were collected, and ammonium sulfate was added to
90% of saturation. Extracts were stirred at 4°C for 0.5-12 hr,
followed by centrifugation at 25,000 rpm (85,000g) in an SW2.8
rotor at 4°C for 1 hr. Supernatants were removed, and pellets
were rinsed with 90% ammonium sulfate in isolation buffer.
Pellets were resuspended in 10 ml of dialysis buffer (65 mm KCl,
15 mm NaCl, 10 mm HEPES at pH 7.6, 1| mm Na,EDTA, 2 mm
DTT, 5 mm KF, 5 mm B-glycerophosphate, and 0.2 mm PMSF)
and dialyzed against three changes of 1.4 liter of dialysis buffer
over the course of 16 hr. The dialysate was recovered and stored
in 1.0-ml aliquots at —80°C.

Dialysate aliquots were thawed and centrifuged for 15 min at
13,000g. Supernatants were transferred to clean tubes, and
MgCl, was added to 20 mMm. After a 1-hr incubation on ice, tubes
were centrifuged at 13,000g for 30 min. After removal of the
supernatants, the pellets were washed with 200 ul of 20 mm
MgCl, dialysis buffer and resuspended in 20 wl of 5% glycerol
buffer D (Dignam ct al. 1983). Resuspended pellets containing
the purified SR proteins were tranferred to clean tubes.

Immunoblotting with mAB104 was performed according to
methods published previously [Roth et al. 1991).

Trypsin digestion, HPLC separation, and microsequencing of
SR proteins

Purified SR proteins were separated by SDS-PAGE and electro-
transferred to nitrocellulose membrane. Individual SR protein
bands were excised and submitted to in situ digestion with
trypsin (Aebersold et al. 1987], omitting the NaOH wash. The
resulting peptide mixture was separated by narrow-bore HPLC
chromatography using a Vydac C18 2.1 X 150-mm rcverse-
phase column on a Hewlett-Packard 1090 HPLC/1040 diode
array detector. Optimum fractions from each peptide chromato-
gram were chosen on the basis of differential UV absorbance at
210, 277, and 292 nm, peak symmetry, resolution, and column
retention time. Automated Edman degradation was performed
on an Applied Biosystems 477A protein sequencer by standard
methods, except that the reaction cartridge temperature was
raised to 53°C during coupling with a commensurate decrease in
R2 delivery and dry-down times. Details of strategies for the
selection of peptide fractions and their microsequencing have
been described (Lane et al. 1991).

Isolation of a cDNA encoding hSRp20

Oligonucleotides corresponding to the sequence immediately
before the start codon of X16 and the reverse complement of the
sequence immediately after the X16 stop codon werce used to
prime the synthesis of hSRp20 ¢DNAs from a mixture of
cDNAs prepared from total HeLa cell RNA {Rupp and Wentraub
1991). The cDNAs were separated by agarose gel electrophoresis
and identified by ethidium staining. The 530-bp cDNA was in-
serted into BS/KS +, and both strands were sequenced using the
dideoxy method {Sanger et al. 1977).

Separation of purified of SR proteins

MgCl, pellets of 65-90% ammonium sulfate extracts from 150
grams of calf thymus were resuspended in 5% glyccrol buffer D
(Dignam et al. 1983) as described above. An equal volume of
sample buffer (4% SDS, 125 mm Tris-Cl at pH 6.8, 20% glycerol,
10% B-mercaptocthanol) was added, and the proteins were sep-
arated by SDS-10% PAGE. Proteins were cluted from the gel by
the methods of Hager and Burgess (1980), with several modifi-
cations. Protein bands were visualized by soaking the gel in 0.25
M KCl at 4°C for 5 min. Bands were cut from the gel with a razor,
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soaked in dH,O for 5 min, and ground to a fine powder under
liquid N, with a mortar and pestle. The powder was then trans-
ferred to an Eppendorf tube, along with 500 pl of protein gel
elution buffer (0.1% SDS, 50 mm Tris-Cl at pH 8.0, 0.1 mm
EDTA, 5 mM DTT, 0.15 M NaCl) and 5 pl of 10 mg/ml acety-
lated bovine serum albumin (BSA) (New England Biolabs). Pro-
teins were eluted by rocking at room temperature overnight.
The acrylamide was removed by centrifugation, and the super-
natant was transferred to a clean tube. This was repeated three
to five times to ensure that all of the acrylamide fragments were
removed. Four volumes of acetone at —20°C were added to the
supernatant, and the tubes were incubated on dry ice for 30 min.
Samples were centrifuged at 13,000g for 20 min, and the super-
natant was thoroughly removed without allowing the pellet to
dry. Pellets were resuspended immediately in 5 pl of 6.0 m gua-
nidine-HCl in buffer D and incubated at room temperature for
20 min. Buffer D (250 pl) was then added to each tube, and the
proteins were renatured at room temperature for 1 hr. MgCl,
was added to a final concentration of 20 mM, and the tubes were
incubated on ice for 1 hr. SR protein aggregates were removed by
centrifugation at 13,000g for 30 min as described above. Sedi-
mented 40-, 55-, and 70-kD SR proteins were resuspended in 40
ul of 5% glycerol buffer D; the 30-kD SR protein was resus-
pended in 100 pl.

Preparation of 32P-labeled RNA-splicing substrates and HeLa
$-100 splicing extracts

Plasmid pGEM-2V61 (Rio 1988) containing the Drosophila fiz
gene intron was a generous gift from Christian Siebel and Don-
ald Rio. Plasmid SP64HBAG containing a B-globin gene intron
[Ruskin et al. 1984) was a generous gift from Adrian Krainer.
Capped 3*P-labeled RNA transcripts were synthesized using the
enzymes T7 RNA polymerase and SP6 RNA polymerase, re-
spectively, in 100-pl reactions containing 500 um ATP, CTP,
GTP, UTP, and 7-methyl G{5')pppG, and 100 pnCi of 3000 Ci/
mmole [a-3*PJUTP. Transcripts labeled with %P were purified
on 5% acrylamide denaturing gels and eluted prior to addition
to in vitro splicing reactions. HeLa cytoplasmic S-100 extracts
were prepared according to the method of Dignam et al. ({1983},
with the exception that dialysis was done against 5% glycerol
buffer D (Krainer et al. 1990a). The protein concentration of the
final extract was ~10 mg/ml.

Cytoplasmic S-100 complementation in vitro splicing assays

Cytoplasmic $-100 complementation splicing assays were done
as described previously (Krainer et al. 1991; Mayeda et al. 1992).
Reactions contained 2.5% polyvinylalcohol, 20 mm HEPES at
pH 7.6, 4 mm MgCl,, 4 mm ATP, 5 mm phosphocreatine, 0.4
U/ul of RNase inhibitor, 10 pl of HeLa cytoplasmic S-100, and
5000 cpm of 32P-labeled RNA substrate in a total volume of 21
wl. The final 4 pl of the 25-ul reactions contained controls or SR
proteins in buffer D. Reactions were incubated at 30°C for 2.5
hr, digested with proteinase K for 30 min at room temperature,
phenol- and chloroform-extracted, and ethanol-precipitated. Re-
actions with the SP64HBAG substrate were run on 5% acryla-
mide denaturing gels for 3 hr at 45 W. Reactions with the
pGEM-2V61 substrate were run on 12% acrylamide denaturing
gels for 12 hr at 45 W. Gels were dried onto Whatmann 3MM
paper prior to autoradiography.
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