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Isolation of a Complementary DNA That Encodes 
the Mammalian Splicing Factor SC35 

Xiang-Dong Fu and Tom Maniatis 
The mammalian splicing factor SC35 is required for the first step in the splicing reaction 
and for spliceosome assembly. The cloning and characterization of a complementary DNA 
encoding this protein revealed that it is a member of afamily of splicing factors that includes 
mammalian SF2lASF. This family of proteins is characterized by the presence of a ribo- 
nucleoprotein (RNP)-type RNA binding motif and a carboxyl-terminal serine-arginine-rich 
(SR) domain. A search of the DNA sequence database revealed that the thymus-specific 
exon (E,) of the c-mybproto-oncogene is encoded on the antisense strand of the SC35 gene. 

Splicing of nuclear pre-messenger RNA 
(pre-mRNA) takes place in complex ribo- 
nucleoprotein particles called spliceosomes, 
which contain pre-mRNA, the small nucle- 
ar ribonucleoproteins (snRNPs) U1, U2, 
U416, and U5, and non-snRNP proteins 
(1 ) . Three non-snRNP mammalian splicing 
factors have been purified to homogeneity 
and characterized, namely SF2lASF (Z), 
U2AF (3) and SC35 (4, 5). The SC35 
protein is required for formation of the 
earliest adenosine triphosphate (ATP)-de- 
pendent splicing complex (A complex) (4) 
and interacts with spliceosomal compo- 
nents bound to both the 5' and 3' splice 
sites during spliceosome assembly (5). In 
addition, SC35 is required for the ATP- 
dependent interactions of both Ul  and U2 
snRNPs with pre-mRNA. 

We purified SC35 using standard chro- 
matographic procedures (6) and generated 
tryptic peptides from the purified protein. 
These tryptic peptides were purified, and 
two were sequenced. The sequence of the 
first five NH2-terminal amino acid residues 
of peptide 1 (Fig. 1) was identical to a 
sequence present in the splicing factor SF21 
ASF (2), while the remaining 12 residues of 
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the peptide were not present in this pro- 
tein. The amino acid sequence of peptide 2 
was identical to another SF2lASF peptide 
(Fig. 1). Therefore, the purified SC35 prep- 
aration used to obtain the tryptic peptides 
was either contaminated with SF2/ASF, or 
the two proteins share common sequences. 

We used the peptide 1 sequence to design 
oligonucleotide probes. One (probe A) cor- 
responded to the SF21ASF DNA sequence at 
the NH2-terminus of peptide 1, and the 
other (probe B) corresponded to the unique 
region in the middle of peptide 1 (Fig. 1). 
We then used both probes simultaneously to 
screen a human primary cDNA library (7, 
8). Of the five cDNA clones obtained, four 
hybridized to probe A and one to probe B. 
None of the clones hybridized to both 
probes. DNA sequence analysis of the two 
classes of cDNA clones revealed that the 
four clones that hybridized to probe A were 
SF2/ASF, while the sequence of the clone 
that hybridized to probe B (plB) did not 
correspond to any known gene (Fig. 2A). 
The nucleotide sequence of the plB cDNA 
clone encoded peptide 1, but did not con- 
tain the nucleotide sequence that corre- 
sponded to probe A or to the peptide 2 
sequence found in SF2lASF. Thus, the 
pooled SC35-containing MonoQ fractions 
were indeed contaminated by SFZIASF, and 
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the plB cDNA clone may therefore encode 
the splicing factor SC35. 

The plB cDNA clone has a single open 
reading frame (ORF) of 221 amino acids 
and there is no stop codon prior to the first 
AUG codon of the ORF (Fig. 2A). The 
sequence surrounding this AUG is an ex- 
cellent match to the Kozak translation ini- 
tiation consensus (9), and the amino acid 
sequence composition of the protein encod- 
ed by the open reading frame is very similar 
to that determined for purified SC35 (10). 

The deduced amino acid sequence contains 
a typical RNA binding RNP consensus 
sequence at the NH,-terminus, a proline- 
gl~cine-rich sequence in the middle, and a 
large serine-arginine-rich domain at the 
COOH-terminus (Fig. 2, A and B). All 
three of these regions are conserved be- 
tween SC35 and SFZ/ASF (Fig. 2B). The 
Drosophila splicing regulator Tra-2 also con- 
tains the RNP consensus sequence and the 
serine-arginine-rich domain, but not the 
proline-glycine-rich region (I I) (Fig. 2, B 

Fig. 1. Peptide se- Probe B 
quences from a fast pro- 5'-GCNATGGAYGCNATGGA-3' 

tein liquid chromatogra- Peptide 1: AsP Ala Glu Asp Ala Met Asp Ala Met Asp Gly  la Val Leu Asp Gly AQ 
I l l l l  I I I I 

P ~ Y  (FPLC) fVbnoQ frat- ASFlSF2: Arg Asp Ala Glu Asp Ala Val Tyr Gly Arg Asp Gly Tyr Asp Tyr Asp Gly Tyr Arg 
tion that contained (aa65-83) 5'-CGAGACGCAGAGGACGCG-3' 

SC35. The peptide se- Probe A 
auences were com- 
pared with present Peptide 2: Glu Ala Gly Asp Val Cys Tyr Ala Asp Val Tyr Arg 
in SF2lASF (2). Synthet- I I I I I I I I I I I I  
ic deoxyoligonucleotide ASFlSF2: Glu Ala G ~ Y  Asp Val Cys Tyr Ala Asp Val T Y ~  Arg 

probes are shown (aa143-154) 
aligned with the corresponding amino acid sequences. MonoQ fractions containing SC35 were 
combined, concentrated on a Centricon 30, resolved in a 12.5% SDS-PAGE, and blotted onto 
nitrocellulose. The proteins on the blot were stained with 0.1% Ponceau S (Sigma) in 1 % acetic acid, 
and the strip that contained SC35 was cut out. The sample was digested with trypsin, and the 
peptides were isolated by high-performance liquid chromatography (HPLC) and sequenced in the 
Haward Microchemistry Facility. 

A Fig. 2. Predicted amino acid sequence of the SC35 cDNA and its 
Y G E structural comparison with tra-2 and SF2lASF. (A) The predicted 

15 5-TYRTSPD 
amino acid sequence (positions are shown on the left). The cDNA 
sequence has been deposited in GenBank (accession number 

29 M90104). The sequence of peptide 1 is underlined; amino acids 
4 3  v Y I P R D R Y T K E S- in the RNP-2 and RNP-1 consensus elements are circled; the 
57 m H  prolineglycine-rich sequence is underlined with dashes; and the 

Arg-Ser or Ser-Arg dipeptides are in shaded boxes. (B) Compar- 
A A A ison of the structural organization of SC35, Tra-2, and SF2lASF 

B S  L R v Q M A R Y G R P P D s The RNP domains are in hatched boxes and aligned. The 
99 H m R  glycine-containing domain (G) in SF2lASF and the proline-glycine ------------ (P-G) rich domain in SC35 are in boxes with wavy lines. The 
113 52-LG Rm SIP Arg-Ser or Ser-Arg dipeptides are represented by the large dots 
127 IR s R s R s R s R s R s R S[ within the open boxes. SF2lASF contains one stretch of the 

141 my mKcR Tm Ser-Arg dipeptide repeat, while SC35 contains two. The similar 
stretches of amino acid sequences between SF2lASF and SC35 

155 15 Km A are illustrated and the mismatches are indicated by the small dots 
169 OK s K s s s V[S R s R s RI between the peptide sequences. (C) Comparison of RNA binding 

Is 
domain sequences of Tra-2, ASFlSF2, and SC35 with the RNP 
consensus sequence (15). 

197 KRESKI-\KSPP 

211 K S P E E E G A V S S  

6 SR-1 RNP2 RNP1 SR-2 

Tra-2 (264aa): ) *- - kSl . . .. .-. 
SF2lASF (248aa): 

SC35 (221 aa): 

RNPZ RNP1 G S R  

I H  RI *.w - . .- 
.-- .---- -. ., ', '".. --- -------- -* 

RNP2 RNPl P-G R-S 

C RNP2 spa- RNPl RNP 
consensus: f; : t L 28 to 35 G F v x F 

m-2: v r G L ls L 31- R G F C F I Y F  
SF21ASF: I Y v G ls L 30aa P P F A F V I F  

SC35: L K V D W L 33- R G F A F V R F  

and C) . The similarities between SC35 and 
SFZ/ASF explain why the two proteins 
have similar chromatographic properties 
and suggest that plB encodes a splicing 
factor related to SFZ/ASF. Recently, SF21 
ASF and SC35 were shown to be members 
of a family of splicing factors that are 
conserved between Drosophila and man 
(12). Five proteins from human cells were 
found to contain an RNP consensus se- 
quence and a serine-arginine-rich region. 
One of these proteins (SRP33) appears to 
be identical to SC35 (1 2). 

The SC35 cDNA is 1.9 kb in length (Fig. 
2A), but we detected RNA species of 3.0 kb 
and 2.2 kb in all cell lines examined. A third 
transcript of 1.7 kb was also detected in some 
cell lines (Fig. 3). These RNAs may be alter- 
natively processed forms of SC35 mRNA. 

On the basis of the cDNA sequence, plB 
encodes a protein of 221 amino acids (25.6 
kD). This value is considerably lower than the 
molecular size of 35 kD determined by SDS- 
polyacrylamide gel electrophoresis (SDS- 
PAGE). However, the protein generated by 
in vitro translation of recombinant SC35 
RNA comigrated on gels with purified native 
SC35 (1 3). A similar discrepancy between 
the molecular sue predicted from the cDNA 
and that determined by SDS-PAGE was re- 
ported for SFZIASF (2). The recombinant 
SC35 protein containing a 12-amino acid 
Myc peptide tag was detected in transfected 
HeLa cells with an anti-Myc tag monoclonal 
antibody and co-localized with native SC35 
to nuclear speckles (4, 5, 13). Thus, the 
molecular sue and nuclear localization prop- 
erties of the recombinant SC35 are indistin- 
guishable from those of native SC35. 

The cloned SC35 expressed in insect 
cells with a baculovirus vector (14) comple- 
mented SC35-depleted nuclear extracts for 

Flg. 3. Northern (RNA) blot analysis. Polyadenyl- 
ated+ RNA (2 kg) from different cell types was 
probed with antisense SC35 riboprobe. Lane 1, 
LCC-pkl (pig kidney epithelial); lane 2, AtT20 
(mouse pituitary tumor); lane 3, HT29 (human 
adenocarcinoma); lane 4, HG2 (human hepato- 
carcinoma); lane 5, Mel (human melanoma); 
lane 6, A1 0 (rat embryonic smooth muscle); lane 
7, L6 (rat skeletal muscle myoblast). SC35 ribo- 
probe was prepared by in vitro transcription of 
Eco RV-linearized pSP73-SC35 with T7 RNA 
polymerase (Promega) and was used to carry 
out hybridization as described (8). 
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Flg. 4. Expression of SC35 and in vitro comple- 
mentation of SC35-depleted nuclear extracts. 
Insect sf9 cells (lo4) infected with the baculovi- 
rus-expressing bicoid (C, control) or with the 
baculovirus-expressing SC35 were lysed in SDS 
buffer, and the soluble proteins were loaded 
onto a 12.5% SDSpolyacrylamide gel, trans- 
ferred to nitrocellulose, and probed with anti- 
SC35 (left). For complementation analysis 
(right), HeLa cell nuclear extracts were depleted 
with a control monoclonal antibody that does not 
bind to SC35 (C, control depletion) or with 
anti-SC35. The SC35-depleted extracts were 
complemented with sf9 extracts that contained 
bicoid (M, mock) or SC35 (+). No SC35 (-) was 
added to the control antibody-depleted extract. 

splicing. A recombinant baculovirus ex- 
pressing the Drosophikz bicoid protein was 
used as a control. Infected cells were lysed 
and the whole cell extracts analyzed by 
immunoblotting. A monoclonal antibody 
to SC35 (anti-SC35) detected a 35-kD 
protein in extracts from cells infected with 
the baculovirus containing SC35, but not 
in extracts from cells infected with the virus 
carrying the bicoid cDNA (Fig. 4). 

Nuclear extracts were prepared from 
both bicoid- and SC35-expressing baculo- 
virus-infected cells and tested for the SC35- 
complementing activity. The expressed re- 
combinant SC35 was specifically recognized 
by anti-SC35 (13). HeLa cell nuclear ex- 
tracts were depleted with either a control 
antibody or with anti-SC35 (Fig. 4). De- 
pletion with the control antibody had no 
effect on splicing of a p-globin pre-mRNA, 
while depletion with anti-SC35 inhibited 
the splicing activity of the nuclear extracts 
(Fig. 4). Mock complementation of the 
SC35-depleted nuclear extracts with ex- 
tracts from the biwid-expressing baculovi- 
rus-infected cells did not rescue splicing. In 
contrast, addition of an extract that con- 
tained the recombinant SC35 protein re- 
stored the splicing activity (Fig. 4). There- 
fore, we conclude that the plB cDNA 
encodes functional SC35. 

The RNP motif in other RNA binding 
proteins is essential for RNA binding (15). 
Both SC35 and SFZIASF bind to RNA, but 
do not appear to recognize specific sequences 
in naked pre-mRNA as assayed by ultravio- 
let cross-1- (2, 13). However, these 

Flg. 5. Antisense se- A 
quence similarity be- 1 
tween SC35 and the O - m y b ~  

4 0  
5 ' - G a x a u n A ~ T C  -OCTCOCOOCC 

c-myb El exon. (A) An- t t t t 

tisense sequence simi- H- 3'-- caxamxT m x a m ~  
larity between the hu- SC35: 

438 

man ~ ~ 3 5  transcript 41 90 

and the chicken c-myb A ~ G a x w n x A  TGGmlWaT COCOFCCfCO 
t . t *-==?= 

positions of the nucleo- 
tides from the 5' ends of 
corresponding cDNAs 
are indicated. Mis- 
matches are indicated 
by stars. A portion of 
PCR-amplified cDNA 
from chicken (19) is 
shown and aligned with 
the similar El exon se- 
quence. The chicken 
c-myb El exon is fused 
to the first exon (El, low- 
ercase) of the major 
c-myb transcript in 
chicken. (B) Antisense 
seauence similaritv be- 

PCR cDNA(chicken) 

ACAGCAC-TT m T  CCOCTKXiOC ACCACAFCOC- 5' 
314 

B 
Hmlm 
geaodc DNA 1 3 9 

h: 5'- GGaGmGTA GacGccATT ~ C ~  OCrCOCCOOC 
t 

3'- UXaXGCAT -M ACcr'Toa;co? conax;ccoo 
s.35: 438 

PCR cDNA (human) 

&n the human ~ C 3 5  CAOOFCO~OC ACCG~AGGTA 

transcript and a seg- 
ment of El exon-con- 90 

tainirw human rnnomic -MAOCOMCOMGGCOMOCCO-TGG~~AGCG-~' 

DNA <IS). A portion of ACAGCAC-TT ~COC~K~CFF CCOCFFCOOC 5' 

amplified PCR cDNA 314 

from human (21) is shown and aligned with the similar El exon sequence. The human c-myb El exon 
is fused to the second exon (E2, lavercase) of the major c-myb transcript in human. 

factors mav interact with swcific snRNA 
or pre-mE6J~ sequences inihe context of 
spliceosome. Although the function of the 
serine-arginine-rich sequence is not known, 
this structural motif has been implicated in 
the subnuclear localization of Drosow 
splicing regulators Tra and S u w )  (16). 
Consistent with this function, a long stretch 
of serine-a@nine-rich sequence is present 
in SC35, and the protein localizes to speck- 
les (4). Other members of this serine-argi- 
nine-rich family display the same speckled 
distribution in the nucleus (1 7). 

.We searched DNA sequence databases 
for sequences similar to SC35 and found that 
a 125-nt stretch of SC35 is strikingly similar 
to the antisense DNA strand of the chicken 
c-myb E, exon (1 8) (Fig. 5A). The human 
genomic DNA fragment containing the 
c-myb E, region has been cloned (1 9) and 
the sequence of the transcribed DNA strand 
is identical, except for one mismatch, to 
antisense SC35 over the region reported 
(Fig. 5B). Thus, the c-myb E, exon directly 
overlaps the SC35 sequence, indicating that 
both strands of this genomic sequence are 
transcribed. This coding potential of the 
antisense strand of the E, exon has been 
noted, and cDNA clones of the divergently 
transcribed RNAs have been isolated from 
chicken and human cells with an E, exon- 
specific probe (20). Indeed, the sequence of 
the SC35 cDNA clone reported here is 

identical (except for a single-base polymor- 
phism) to the human cDNA containing the 
antisense & exon (20). 

The c-myb & exon and the other c-myb 
exons are located on different chromo6omes 
in both chicken and human cells (19). 
Despite this discontinuity in the coding se- 
quences, an RNA containing both the 
exon and the remaining 15 c-myb exons has 
been detected in normal chicken thymus 
(18, 19) (Fig. 5A). The results of polymer- 
ase chain reaction (PCR) experiments sug- 
gest that a similar hybrid RNA may also be 
produced in human thymus cells (21) (Fig. 
5B), but definitive proof for this conclusion 
has not been obtained. If hybrid & exon- 
c-myb mRNAs do exist, they must be the 
result of either a cell-specific DNA translo- 
cation event or of trans-splicing as suggested 
previously (1 9). The observation that a po- 
tentially trans-spliced exon of the cmyb 
proto-oncogene is encoded by the antisense 
strand of a gene encoding an essential splic- 
ing factor may be of functional significance. 
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Regulatory Elements That Control the 
Lineage-Specific Expression of myoD 

David J. Goldhamer, Alexander Faerman, Moshe Shani, 
Charles P. Emerson, Jr.* 

The molecular basis of skeletal muscle lineage determination was investigated by ana- 
lyzing DNA control elements that regulate the myogenic determination gene myoD. A distal 
enhancer was identified that positively regulates expression of the human myoD gene. The 
myoD enhancer and promoter were active in myogenic and several nonmyogenic cell lines. 
In transgenic mouse embryos, however, the myoD enhancer and promoter together di- 
rected expression of a lacZ transgene specifically to the skeletal muscle lineage. These 
data suggest that during development myoD is regulated by mechanisms that restrict 
accessibility of myoD control elements to positive trans-acting factors. 

T h e  formation of differentiated tissue types 
during development involves the determi- 
nation of specific cell lineages from mul- 
tipotential progenitor cells followed by ter- 
minal differentiation, resulting in cell type- 
specific gene expression and function. The 
molecular mechanisms that regulate cell 
lineage determination are poorly under- 
stood. However, the mouse cell line 
C3HlOT112 (10T1/2) has provided a model 
cell culture system (1) that has allowed 
identification of four mammalian genes 
[myoD (2), myogenin (3), Myf-5 (4), and 
MRF-4 (5)] that regulate the determination 
of the skeletal muscle lineage (6). These 
genes encode transcription factors that 
comprise a subgroup within the helix-loop- 
helix (HLH) superfamily of Myc-related 
DNA binding proteins (7). As transfected 
complementary DNAs (cDNAs) , these 
factors induce myogenic conversion of mul- 
tipotential 10T1/2 cells to stably deter- 
mined populations of proliferative myo- 
genic cells (2-5). Consistent with a func- 
tion in determination, these myogenic reg- 
ulatory genes are expressed exclusively in 
skeletal muscle lineages of the embwo, 

beginning at early stages of somite forma- 
tion (8-10). Although the function of the 
proteins encoded by these genes is begin- 
ning to be elucidated (6), the transcription- 
al regulatorv mechanisms that activate their 
expression in the skeletal muscle lineage of 
the embryo are unknown. 

We have analyzed the cis-acting DNA 
sequences that regulate expression of the 
human myoD gene. A pWE15 cosmid li- 
brary was screened at moderate stringency 
with a full-length mouse MyoD cDNA 
(1 1). This screen yielded four recombinants 
representing three unique overlapping 
clones that spanned a total of 40 kb. Se- 
quence comparison with the human MyoD 
cDNA (12) identified the hybridizing spe- 
cies as myoD. The organization of the 
cosmid clone used in subsequent analyses 
(chMD-13) included -25.5 kb of DNA 
upstream and 4 kb downstream of the myoD 
gene (Fig. 1A). 

Transcri~tional activitv of the mvoD 
promoter was assayed in 23A2 myoblasts, 
myogenic cells derived from the multipo- 
tential 10T1/2 cell line by 5-azacytidine 
treatment (1). We fused 2.5 kb of 5' flank- - . . . , 
ing sequence of myoD to the chloramphen- 

D. J. Goldhamer and C. P. Emerson, Jr., Institute for icol acetyltransferase (CAT) reporter gene 
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delphia, PA 191 11. (-2.5CAT; Fig. 1A) (13), and CAT ac- 
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