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Pre-mRNA splicing occurs on spliceosomes, a family 
of ribonucleoprotein particles. Spliceosome assembly on 
exogenous adenovirus pre-mRNA was blocked at the 
A-complex (or pre-spliceosome) stage, either by destruc­
tion of the small nuclear ribonucleoproteins (snRNPs) 
that comprise the U4/U5/U6 tri-snRNP complex, or by 
interference in tri-snRNP assembly and interactions. 
The A-complex was isolated by size exclusion chroma­
tography; homogeneity was shown by electrophoresis in 
nondenaturing polyacrylamide gels, gradient sedimen­
tation, and electron microscopy. Northern hybridiza­
tion showed Ul and U2 snRNAs to be present in the 
preparation, but not U4, US, or U6. Antibodies specific 
for a component of the Ul snRNP or for a component 
that is common to all snRNPs (except U6) each precipi­
tated an A-complex containing pre-mRNA, Ul and U2 
snRNPs. Electron micrographs showed 230 x 270-A par­
ticles whose two components appear similar to individ­
ual Ul and U2 snRNPs. Electron micrographs of an 
A-complex-5'-biotinyl oligonucleotide-streptavidin-gold 
composite allowed identification of the U2 snRNP 
within the structure and the localization of the 5' -seg­
ment ofU2 snRNA at a unique site in the A-complex. This 
region ofU2 RNA is adjacent to the developing catalytic 
center of the spliceosome. 

Eukaryotic mRNA precursors include both the protein-cod­
ing information of exons and noncoding intron sequences. In­
trons are excised by a splicing organelle, the spliceosome, 
which is made up of small nuclear ribonucleoproteins or 
snRNPs1 and several spliceosome-associated proteins (SAPs) 
(1, 2). Spliceosomes are not simple stable structures, but a 
dynamic family of particles that assemble on the mRNA pre­
cursor and help fold it into a conformation that allows trans­
esterification to proceed (3-6). Various spliceosome forms (e.g. 
E-, A-, B-, C-, and /-complexes) have been identified by gradient 
sedimentation (7, 8), electrophoresis (9, 10), gel filtration (11-14), 
affinity chromatography (15, 16), and genetic means (17-19). 

Assembled spliceosomes are less abundant than either their 
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snRNP components or the ribosomes upon which mRNA is 
translated (20, 21). Both snRNP and SAP composition and 
conformation change as splicing proceeds, and some SAPs par­
ticipate only in messenger- or cell-specific splicing (11, 12, 22, 
23). Complexes of U1 snRNP and SR proteins have been as­
sembled from purified components (24) but the assembly of 
spliceosomes from purified components has not yet been possi­
ble. It is thus understandable that the physical structure of the 
spliceosome is not well established. Spliceosomes have been 
visualized in electron micrographs, but these studies were lim­
ited by the small amounts of material, its potential heteroge­
neity, and the complexity of the purification procedures (14, 25, 
26). Detailed analysis of spliceosome structure will require 
isolation of homogeneous and well-defined forms of the particle 
as it occurs at specific steps of the splicing cycle. 

Specific spliceosome forms can be enriched using comple­
mentary oligodeoxynucleotide/RNase H-mediated destruction 
of selected snRNAs. Alternatively, splicing complexes have 
been trapped using complementary 2' -0-methyl oligoribonucle­
otides that interfere in spliceosome assembly by blocking RNA­
RNA interactions (27-31). In this paper we describe extension 
of each of these strategies, allowing the isolation of significant 
amounts of a spliceosomal A-complex composed of pre-mRNA, 
U1 and U2 snRNPs, and probably several SAPs (10, 11, 16). We 
show electron micrographs of the HeLa cell A-complex and, 
using a 5'-biotinyl-2'-0-methyl oligoribonucleotide and a 
streptavidin-gold marker, we identify the snRNPs within the 
A-complex and localize the 5' segment of the U2 snRNA and 
thus the developing center of catalysis in the spliceosome. 

EXPERIMENTAL PROCEDURES 

Oligonucleotides-A Milligen Cyclone DNA synthesizer was used to 
prepare both DNA and 2' -0-methyl RNA oligomers and in some cases to 
add a single 5' -biotin through a 9-carbon spacer. 13-Cyanoethyl phos­
phoramidite precursors (32) were purchased from Glen Research, and 
the Milligen program for RNA synthesis was used in the preparation of 
2' -0-methyl RNA oligomers. All oligonucleotides were purified by ion 
exchange HPLC on a Bio-Rad TSK-DEAE-5-PW column (33). The oli­
gonucleotides used in these studies are listed in Table I. 

Splicing Extracts-HeLa cells were grown to a density of 3-5 X 105 

cells/ml and nuclear extracts were prepared as described by Dignam et 
al. (34). Thirty-two liters of HeLa cells typically produced 30 ml of 
nuclear extract containing 8-12 mg/ml protein. When used as 35% of a 
splicing reaction mixture this material gave reproducible and efficient 
splicing. Preparation of ribonuclease H-treated extracts followed Black 
and Steitz (35). Reaction mixtures (0.8 ml) included 93% nuclear ex­
tract, 5 tJM cDNA-U4D, 20 J.LM cDNA-U5E, 25 J.LM cDNA-U6B, 1.5 mM 
ATP, 5 mM creatine phosphate, 2 mM MgC12 , and 0.05 unit/J.Ll RNase H 
(U. S. Biochemical Corp.). Reaction mixtures were incubated at 30 °C 
for 1 h, followed by the addition of 0.09 unit/J.Ll RNase-free DNase I 
(Stratagene) and incubation at 30 oc for an additional 15 min. Small 
aliquots of extracts were flash frozen in liquid nitrogen and stored at 
-80 °C. 

In Vitro Splicing-Adenovirus pre-mRNA was transcribed from a 
plasmid derived from the Bgl-cleaved pSPAd construct (36, 37) and 
supplied to us by Dr. D. Black. The Ambion SP6 in vitro transcription 
kit was used; full-length (417 nucleotide) transcripts were purified by 
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electrophoresis in a 5% polyacrylamide gel and electroelution . Splicing 
reactions (25, 100, 300, or 750 JJ.l} were conducted as described by 
Krainer et al. (38), except RNasin and polyvinyl alcohol were omitted 
and final concentrations of 1.5 mM ATP, 5 mM creatine phosphate, 2 mM 
MgC12 , 60 mM KCl, and 0.05 JJ.M pre-mRNA were used. Reaction mix­
tures lacking pre-mRNA were assembled with and without oligonucleo­
tides 5'-biotinyl-c0meRNA-U2A (8-10 JJ.M), c0meRNA-U4A (15 JJ.M), 
and cDNA-U5C (25 JJ.M) and incubated for 15 min at 30 •c; pre-mRNA 
was then added and incubation was continued for 1 h at 30 •c. 

Electrophoretic Analysis-Spliceosome complexes were analyzed by 
fractionation on nondenaturing 4% (80:1) polyacrylamide gels in 75 mM 
Tris glycine, pH 8.8. Samples (on ice) were adjusted to the same volume 
and composition by addition of cold H4 buffer (25 mM Tris-HCl, pH 7.8, 
60 mM KCl, 2 mM MgC12 , 2 JJ.g/ml aprotinin, and 2 JJ.g/ml leupeptin). 
Heparin was added to a level of0.17 mg/ml prior to electrophoresis at 
room temperature in a Bio-Rad Protean apparatus (30 min at 30 V 
followed by 1 h at 300 V and 1.5 h at 375 V). Splicing products were 
analyzed after isolation of the RNA from the splicing reactions (38). 
Reaction products were fractionated on 10% (19:1) polyacrylamide gels 
containing 7 M urea in Tris borate-EDTA buffer, pH 8.3. Pre-mRNA, 
spliced product, exon 1, released intron lariat, and the lariat-exon 2 
intermediate are each identified by their mobility (36). 

Isolation of A-Complex-Splicing reaction mixtures containing 
trapped A-complex (100, 300, or 750 JJ.l} were chilled on ice and 15 J.l.g of 
carrier yeast RNA was added. Samples were centrifuged for 10 min at 
10,000 x g and applied to a Pharmacia HR 10/30 Superose 6 FPLC 
column that had been equilibrated with ice-cold H4 buffer and adapted 
for use with a Waters HPLC system. A flow rate of 0.3 ml/min was 
maintained until the first (void volume) peak had been collected, at 
which point the rate was increased to 0.6 mllmin. In most instances the 
first 0.4 ml of the void volume peak from 100 JJ.l of reaction mixtures was 
used for electron microscopy. 

The first fraction (1.2 ml) of the Superose 6 void volume peak from 
0.75-ml splicing reaction mixtures was sometimes subjected to sucrose 
density gradient sedimentation. Samples were loaded on 37-ml10-40% 
gradients prepared in H4 buffer and centrifuged for 15 h at 20,000 rpm 
in a Spinco SW28 rotor. Fractions corresponding to sedimentation val­
ues of about 40-50 S were found to contain A-complex. 

Northern Hybridizations-RNA was isolated by phenol-chloroform 
extraction and fractionated on a 10% (19:1) polyacrylamide gel contain­
ing 7 M urea. The RNA was transferred electrophoretically to a GT 
nylon membrane (Bio-Rad) using 1 x hydrolink (J. T. Baker) buffer. 
Oligodeoxynucleotide probes were labeled with polynucleotide kinase 
(Pharmacia) and [32P)ATP (DuPont NEN) at a specific activity of 1-3 
mCiiJJ.mOI. Hybridizations were carried out overnight at 37 •c accord­
ing to the Bio-Rad protocol, and the blots were then washed three times 
with 6 X sse (0.9 M NaCl, 0.09 M sodium citrate, pH 7.0) plus 0.2% SDS 
at 23 •c for 30 min (each) followed by one wash at 37 •c for 10 min in 
the same solution. 

Immunoprecipitation- Anti-endoplasmic reticulum membrane pro­
tein 13D6/G8 (39) and anti-U1 70K protein (40) monoclonal antibodies 
were obtained as tissue culture supernatants from Dr. David Meyer 
and Dr. Sallie Hoch, respectively. Dr. E. DeRobertis contributed the 
anti-SM antibody (41). Antibodies in 1.5 M glycine plus 3 M NaCl, pH 
8.9, were immobilized on Ultralink Protein A Plus beads (Pierce) by 
rocking on a nutator at 23 •c for 1 h and washed with 20 bead volumes 
of 50 mM Tris-HCl, pH 8.0, plus 150 mM KCI. To block nonspecific sites, 
rocking was continued for 16 hat 4 •c in 50 mM Tris-HCl, pH 7.7, 150 
mM KCl, 2 mM MgC12 , 0.05% Nonidet P-40, 20 mg/ml acetylated bovine 
serum albumin, and 0.1 mg/ml yeast tRNA. The beads were then 
washed with a total of20 bead volumes ofiP buffer (50 mM Tris, pH 7.7, 
150 mM KCI, 2 mM MgC12 , 0.05% Nonidet P-40, 0.1 mg/ml acetylated 
bovine serum albumin, 0.1 mg/ml yeast RNA, and 0.05 mM dithiothre­
itol). A 300-JJ.l splicing reaction containing RNase H-treated nuclear 
extract was fractionated by Superose 6 chromatography and the early 
fraction (1 ml) was collected, adjusted to the IP buffer conditions, and 
divided into four aliquots (500 JJ.l: about 0.06 A28ofeach). Each aliquot 
was added to 50 JJ.l of immobilized antibodies, rocked at 4 •c for 2 h, and 
then washed with 40 bead volumes of IP buffer. Bound RNAs were 
recovered from the support by proteinase K digestion. 

Electron Microscopy-Samples were adsorbed to thin carbon support 
films , negatively contrasted using a double carbon technique (42), and 
examined at 80,000 x magnification using a JEOL 1200EX electron 
microscope operated at 80 kV. Computer-generated images were pro­
duced by scanning individual particles with a Macintosh scanner and 
Quadra computer with the OFOTO program. Contrast was enhanced 
using Adobe Photoshop software, and images were printed at 300 dpi. 

Localization of 5' -Biotinyl-cOmeRNA-U2A-Splicing reactions (100 

TABLE I 
Oligonucleotides used in these experiments 

Designation 

cDNA-U1A 
U2A 
U2B 
U4A 
U4D 
U5C 
U5E 
U6B 
cOmeRNA-U2A 
U4A 

A 

U2 -

u 1 -

u 4 -

u 5-
U6-

1 2 

Sequence 

CCACCTTCGTGATCAT 
AAAAGGCCGAGAAGCGAT 
AACAGATACTACACTTG 
GATACTGCCACTGCGCAAAGCT 
CGGGGTATTGGGAAAAGTTT 
CTTTAGTAAAAGGCGAAAG 
TTAAGACTCAGAGTTGTTCC 
GAACGCTTCACGAATTTGCGT 
CCAAAAGGCCGAGAAGCGAU 
GAUACUGCCACUGCGCAAAGCU 

B 

u 2-

u 1-

u 4-

u 5-

u 6-

1 2 

Complementary 
to nucleotides 

26-41 of U1 snRNA 
1- 18 of U2 snRNA 
28-44 of U2 snR A 
1-22 of U4 snR A 
66-85 of U4 snRNA 
32-50 of U5 snRNA 
64-83 of U5 snRNA 
75-98 of U6 snRNA 
1-20 of U2 snRNA 
1-22 ofU4 snRNA 

c 
u 2-

u 1-

u 4-

u 5-

U6-

1 2 

FIG. 1. Destruction of U4/U6 and U5 snRNP particles with 
complementary oligodeoxynucleotides and RNase H. A, HeLa 
cell nuclear extract was treated with 50 units/ml RNase H under 
splicing conditions for 1 h at 37 •c in the absence (lane 1) or presence 
(lane 2) of 5 JJ.M cDNA-U4D, 20 JJ.M cDNA-U5E, and 25 JJ.M cDNA-U6B. 
The RNA was isolated and fractionated on a 10% denaturing polyacryl­
amide gel and stained using ethidium bromide. B, RNA from the gel in 
A was transferred to a nylon membrane and probed with a mixture of 
32P-labeled cDNAs U1A, U2A, U4D, U5E, and U6B. C, the membrane in 
B was stripped and reprobed with 32P-labeled cDNAs U1A, U2B, U4A, 
U5C, and U6B. 

JJ.l} containing RNase H-treated nuclear extract were incubated with 
8-10 JJ.M 5' -biotinyl-cOmeRNA-U2A for 15 min at 30 •c; pre-mRNA was 
then added and incubation was continued for 1 h. After Superose 6 
chromatography, streptavidin-gold (5 nm, EY Laboratories) was added 
to the early fraction of the void volume peak at a final concentration of 
2 JJ.M. Samples were incubated for 1.5 h on ice and then prepared for 
electron microscopy as above. 

RESULTS 

A-Complex Formation: RNase H Destruction of the Tri­
snRNP-One way to halt spliceosome assembly at a specific 
stage is to destroy a component that is required later in the 
process (35, 43, 44). We have used RNase H treatment in 
conjunction with oligodeoxynucleotides that complement seg­
ments of U4, U5, and U6 snRNAs to destroy the tri-snRNP 
complex and cause the accumulation of A-complex. Oligonu­
cleotides used in this work are listed in Table I. 

Nuclear extracts were supplemented with cDNAs U4D, U5E, 
and U6B and incubated with RNase H. Fig. 1 illustrates elec­
trophoretic analysis of the result; snRNAs U4, U5, and U6 were 
present in control nuclear extracts but were undetectable in 
treated preparations whether in stained gels (Fig. lA) or if 
probed by Northern analysis using two different sets of com­
plementary oligonucleotides (Fig. 1, B and C). Much longer ex­
posure of these blots still did not reveal snRNAs U4, U5, and U6. 

Treated preparations were examined for the ability to assem­
ble splicing complexes and catalyze splicing. Control nuclear 
extracts sometimes included cOmeRNA-U2A or a 5'-biotinyl 
form of this oligoribonucleotide, both of which have been shown 
to trap theA-complex (16, 27, 30). Control and treated extracts 
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FIG. 2. Splicing reaction mixtures treated with RNase H in the presence of complementary oligodeoxynucleotides or assembled 
with complementary 2'-0 -methyl oligonucleotides efficiently trap spliceosomal A-complex. A , splicing reactions containing mock­
treated nuclear extract (lanes 1 and 2) or nuclear extract that had been treated with RNase H in the presence of cDNAs U4D, U5E, and U6B (lanes 
3 and 4 ) were carried out in the presence (lanes 2 and 4 ) or absence (lanes 1 and 3) of cOmeRNA-U2A. A 10-J.Ll portion of each reaction was brought 
to 0.17 mg/ml heparin, and spliceosome complexes were fractionated on a 4% (80:1) nondenaturing polyacrylamide gel. B , RNA isola ted from 10-J.Ll 
portions of each reaction above was fractionated on a 10% denaturing polyacrylamide gel. Lane 1 contained the input pre-mRNA; splicing reactions 
were run in the presence of cOmeRNA-U2A (lanes 3 and 5) and in its absence (lanes 2 and 4). Splicing by mock-treated nuclear extract (lanes 2 
and 3 ) is compared to nuclear extract treated with RNase H/cDNAs U4D, U5E, and U6B (lanes 4 and 5). C, splicing reactions containing nuclear 
extract that was untreated (lane 1), included 25 J.LM cDNA-U5C (lane 2 ), or included cDNA-U5C (25 J.LM), 5' -biotinyl cOmeRNA-U2A (10 J.LM), and 
cOmeRNA-U4A (15 J.LM) (lane 3 ) were fractionated as in A above. D, RNA products from 10 J.Ll of the splicing reactions inC were fracti onated on 
10% denaturing polyacrylamide gels. Lane 1 contained the input pre-mRNA and lane 2 shows the lariat intermediate and la riat products that 
accumulate in the absence of blocking oligonucleotides. Products of the reaction that included cDNA-U5C and that conta ining all three 
oligonucleotides are shown in lanes 3 and 4 , respectively. 

were incubated with 32P-labeled adenovirus pre-mRNA under 
splicing conditions. Portions of each reaction mixture were 
brought to 0.17 mg/ml heparin (to minimize dissociation of 
higher molecular weight complexes (30)) and fractionated by 
electrophoresis on nondenaturing 4% polyacrylamide gels (na­
tive gels); Fig. 2A shows that both the preparation treated with 
RNase H/cDNA and that trapped with cOmeRNA-U2A accu­
mulateA-complex but, unlike the unblocked control, little or no 
B- or C-complex is apparent. RNA from each reaction was 
isolated and fractionated by electrophoresis on 10% denaturing 
polyacrylamide gels. The intentionally overexposed gel in Fig. 
2B shows no evidence of the lariat intermediate or the excised 
lariat in either the RNase H/cDNA-treated preparation or the 
cOmeRNA-U2A-trapped extract, confirming that the formation 
of the B-, C- , and !-complexes is fully blocked in these extracts. 
The untreated extract, however, shows appreciable quantities 
of the lariat intermediate and excised lariat. 

A-Complex Formation: Disabling the Tri-snRNP with 2' -O­
M ethyl Oligoribonucleotides-A second approach to the isola­
tion of a homogeneous spliceosome population uses comple­
mentary 2' -O-m ethyl oligoribonucleotides to block RNA-RNA 
interactions that are necessary at a specific assembly step and 
thus trap a defined intermediate form of the complex (16, 27, 
29, 30). Although the cOmeRNA-U2A oligomer or its 5' -biotinyl 
equivalent traps the A-complex efficiently, subsequent at­
tempts to purify the A-complex showed U4/U5/U6 tri-snRNP 
contamination. To alleviate this problem we investigated A­
complex trapping using cOmeRNA-U4A to destabilize the 
U4/U6 snRNP (16, 29) and cDNA-U5C, which should block an 
interaction of stem/loop 1 of U5 snRNA with exons 1 and 2 of 
the pre-mRNA that is necessary forB- and C-complex forma­
tion. DNA/RNA hybrids involving this segment of U5 snRNA 
are not susceptible to RNase H degradation (44). 

Splicing reactions were conducted with nuclear extract that 
had been supplemented with cDNA-U5C alone or with eDNA­
USC, 5'-biotinyl-cOmeRNA-U2A, and cOmeRNA-U4A together 

as a "triple trap." Spliceosome complex formation was evalu­
ated by electrophoresis in nondenaturing gels (Fig. 2C) and the 
effectiveness of the traps was assessed by the amounts of lariat 
intermediate and excised lariat that could be detected in dena­
turing gels (Fig. 2D). It is clear that cDNA-U5C alone is unable 
to fully block the formation of B- and C-complexes, while the 
triple trap results in the accumulation of A-complex while 
allowing no detectable formation of B- or C-complexes and no 
accumulation oflariat forms . Addition of cOmeRNA-U4A alone 
also resulted in A-complex accumulation, and allowed forma­
tion of only small amounts of lariat products . 

A-Complex Isolation-Purification of the A-complex was 
based on the absence of other particles of similar size in RN ase 
H-treated and triple trap-blocked trapped splicing extracts. 
Reaction mixtures of 100, 300, or 750 I-Ll were fractionated on a 
Superose 6 (HR 10/30) FPLC column adapted for a Waters 
HPLC system; A-complex eluted in the void volume peak with 
the bulk of the radiolabeled RNA, while significant amounts of 
protein and nucleic acid were retarded (Fig. 3A). The void 
volume peaks were collected as three fractions: early, middle, 
and late. Fig. 3B shows an electron micrograph of the early 
fraction from a 100-!-Ll RNase H-treated preparation; a nearly 
homogeneous population of bipartite particles is seen. 

To further verify the identity of the preparation as A-com­
plex, early fractions from Superose 6 chromatography of750-!-Ll 
reaction mixtures of both RNase H-treated and triple trap 
blocked preparations were centrifuged through sucrose density 
gradients. In each case electron micrographs of material in 
fractions sedimenting at 40-50 S showed homogeneous popu­
lations of bipartite particles that were indistinguishable from 
those seen in the small scale preparations described above. 
Sample micrographs are shown in Fig. 4. Nondenaturing gel 
analysis and Northern hybridization showed that the 40-50 S 
sucrose fraction from the RNase H-treated preparation con­
tained A-complex but noB I C-orE I H-complex, and confirmed 
the presence of U1 and U2 snRNAs. 
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The A-Complex Is Composed ofUl and U2 snRNPs Bound to 
Pre-mRNA- Portions of the early, middle, and late fractions of 
the void volume peak were analyzed by nondenaturing gel 
electrophoresis (Fig. 5A). It is clear that the early fraction of the 
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FIG. 3. Superose 6 chromatography of trapped splicing reac­
tions allows isolation of a homogeneous bipartite particle. A , a 
750-,....J splicing reaction containing nuclear extract that had been 
treated with RNase Hand cDNAs U4D, U5E, and U6B was fractionated 
on a Superose 6 column and 1.2-ml fractions were collected starting 
with the appearance of the void volume peak. RNA in each fraction was 
quantitated by relating the amount of 32P in an aliquot of each fraction 
to the specific activity of the input pre-mRNA. B, a 100-,....J splicing 
reaction like that in A was fractionated as above except that the first 1.2 
ml of the void volume peak was collected in three 400-,....J fractions 
designated early middle and late. Material from the early fraction was 
adsorbed to a carbon support film and negatively contrasted in order to 
obtain the electron micrograph. e, A 280; 0 , pmol of pre-mRNA. 

FIG. 4. Sucrose density gradient 
sedimentation of the A-complex. 
Splicing reactions (750 ,....n were fraction­
ated on Superose 6, and the first 1.2 ml of 
each void volume peak was then fraction­
ated on a 37-ml sucrose density gradient 
(10-40%). Fractions sedimenting at 
about 40-50 S were prepared for electron 
microscopy. A, a field from a reaction mix­
ture in which the nuclear extract was 
treated with RNase H and cDNAs U4D, 
U5E, and U6B. B, a field from a reaction 
mixture which included cDNA-U5C and 
cOmeRNAs-U2A and -U4A. 

A 

peak from the RNase H-treated preparation is highly enriched 
for A-complex. The triple trap blocking strategy appears some­
what less efficient, but some or all of the E I H-complex in the 
latter case may result from the destabilization of A-complex by 
cOmeRNA-U2A; several SAPs that interact with the targetted 
segment of U2 snRNA are thought to stabilize the interaction 
of pre-mRNA with the U2 snRNP (45-47). In addition, the 
binding of [32P]c0meRNA-U2A to the A-complex in 100-p.l as­
sembly reactions was roughly quantitative when measured 
after Superose 6 chromatography, but after nondenaturing 
polyacrylamide gel electrophoresis its binding was markedly 
reduced. 

Previous preparations of the A-complex were formed on in­
complete pre-mRNAs lacking functional 5' or 3' splice sites or 
used a temporal trap, and it is unclear that U1 and U2 snRNPs 
were simultaneously bound to the pre-mRNA (11- 13, 47), the 
A-complex predicted by affinity chromatography (16). A 300-p.l 
splicing reaction using cDNNRNase H-treated nuclear extract 
was chromatographed on Superose 6 and equal portions of the 
early fraction were immunoprecipitated. The antibodies used 
were: anti-U1 (70-kDa), a monoclonal antibody to the 70-kDa 
protein of U1 snRNP (40); anti-SM, a human polyclonal anti­
body that recognizes the core proteins that comprise the SM 
domain of the U1, U2, U4, and U5 snRNPs (41, 48); and an 
antibody to an endoplasmic reticulum membrane protein, used 
as a control. After immunoprecipitation, the bound RNAs were 
isolated and fractionated on a 10% denaturing polyacrylamide 
gel and subsequently transferred to a nylon membrane. An 
autoradiograph of the membrane prior to Northern hybridiza­
tion showed radiolabeled pre-mRNA in the anti-U1 (70-kDa) 
and anti-SM immunoprecipitates, but not the control. Expo­
sures of the same membrane are shown after successive North­
ern hybridizations With radiolabeled cDNA-U1A (Fig. 5B) and 
a mixture of labeled cDNAs U2B, U4D, U5E, and U6B (Fig. 
5C). The presence of pre-mRNA, U1 and U2 snRNAs, but not 
U4, U5, or U6 snRNAs, is apparent prior to immunoprecipita­
tion (Fig. 5, B and C, lanes 5). More important, the presence of 
these three components in the sample immunopreciptated with 
anti-U1 (70-kDa) antibodies (Fig. 5, Band C, lanes 3) indicates 
that the A-complex in our preparation is composed of U1 and 
U2 snRNPs bound to the pre-mRNA. 

Electron Microscopy of the A -Complex-Electron micro­
graphs of the A-complex show bipartite particles in a limited 
number of orientations, as illustrated in the gallery of Fig. 6. In 
the "double carbon" or "sandwich" technique we used the sam-

B 

lOOnm lOOnm 
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FIG. 5. The bipartite A-complex is composed of Ul and U2 
snRNPs bound to the pre-mRNA. A, spliceosome complexes were 
purified by Superose 6 chromatography and analyzed by nondenaturing 
polyacrylamide gel electrophoresis. Lane 1 shows a reaction prepared 
with untreated nuclear extract, while the nuclear extract for lane 2 was 
treated with RNase H and cDNAs U4D, U5E, and U6B . A 750-l.d 
splicing reaction containing RNase H/cDNA-treated nuclear extract 
was fractionated on Superose 6; lanes 3-5 show material from the early, 
middle, and la te portions of the void volume peak, respectively. Lane 6 
shows the composition of the early fraction from chromatography of a 
splicing reaction that used untreated nuclear extract plus cDNA-U5C, 
5'-biotinyl-cOmeRNA-U2A, and cOmeRNA-U4A. B, analysis of RNA 
isolated from immunoprecipitates of the early fraction from chromatog­
raphy of a 300-,_,.1 splicing reaction prepared with RNase H-treated 
nuclear extract. RNA was fractionated on a 10% denaturing polyacryl­
amide gel , transferred to a nylon membrane, and probed with the 
32P-labeled cDNA-UlA. Lane 1 shows RNAs isolated from 2 ,.,.I of un­
treated nuclear extract and lane 5 contained the RNAs from 0.02 A280 of 
the early fraction prior to immunoprecipitation. Antibodies used were: 
anti-endoplasmic reticulum membrane protein (lane 2, control), anti-Ul 
(70-kDa) (lane 3), and anti-SM (lane 4). C, the membrane in B was 
stripped and reprobed with a mixture of 32P-labeled cDNAs U2B, U4D, 
U5E, and U6B. 

ple lies between two carbon films; the particles measure about 
230 X 270 A, and they are seen in a limited number of projec­
tions. In the most common view, a line of stain separates the 
ovoid particle into two sections, one of which is slightly smaller 
than the other. We have arbitrarily arranged the Figure to 
show the stain line horizontally, with the smaller segment of 
the particle to the top. The relative size of the two sections 
shows some variation; we interpret this as due to limited rota­
tion of the particle about its horizontal axis. The separation 
between the two sections is also somewhat variable, sometimes 
resulting in the appearance of a small cavity near one end of 
the stain line or a larger separation of the two components at 
one end of the horizontal line. The particles also appear in two 
views that are mirror images of one another; these can arise if 
one region of the A-complex is preferentially adsorbed to the 
carbon surface and the carbon is folded over itself to trap the 
particles in the carbon sandwich. These enantiomorphic views 
are most easily seen in comparison of the images in columns A 

and B of rows 3 and 4 in Fig. 6. 
Work with ribosomes has shown that antibodies can serve as 

topographical markers to localize modified oligodeoxynucleo­
tides that have been hybridized with specific segments ofrRNA 
in the ribosome (e.g. Ref. 49). We have used streptavidin-gold 
as an easily visualized but less precise marker to place 5 '­
biotinyl-cOmeRNA-U2A, forms of which have been well char­
acterized in their interaction with spliceosomes (16, 27, 30). 
Splicing reactions (100 1-1-l) containing cDNA/RNase H-treated 
nuclear extract were supplemented with 8- 10 /-1-M 5'-biotinyl­
cOmeRNA-U2A or 8-10 /-1-M radiolabeled cOmeRNA-U2A. After 
Superose 6 chromatography the early fraction of each void 
volume peak was collected. Radiolabeled oligonucleotide con­
centration in the early fraction was 5 /-1-M. In order to limit 
manipulation and nonspecifc complex formation, streptavidin­
gold (5 nm) was added to the 5'-biotinyl-cOmeRNA-U2A frac­
tion to a final level of 2 /-1-M and after 1.5 h on ice the samples 
were prepared for electron microscopy. Five independent ex­
periments were conducted and a total of 266 apparent spliceo­
some-streptavidin-gold complexes were identified and scored; 
examples are shown in Fig. 7. The predominant site ofstrepta­
vidin-gold binding (231 complexes) was at the head and neck 
region of the upper member of the complex, thus identifying 
this region as the 5' -end ofU2 snRNA. Control experiments in 
which the biotinyl-oligonucleotide was replaced by its unmod­
ified equivalent showed fewer than 10 apparent complexes, and 
the few instances in which a gold-labeled particle appeared to 
be associated with a spliceosome showed no preference for any 
specific site. 

DISCUSSION 

In attempts to isolate and structurally analyze the spliceo­
some A-complex we have adapted two previous analytical ap­
proaches and one preparative method, modifying and combin­
ing them to permit the rapid purification of significant amounts 
of homogeneous material. The trapping of A-complex by de­
struction of the tri-snRNP particle using a complementary 
oligodeoxynucleotide and RNase H treatment has been demon­
strated qualitatively (43, 44). Here several cDNAs were used to 
destabilize all three components of the tri-snRNP, and the 
procedure was scaled up to a preparative level. Alternatively, 
complementary 2' -0-methyl oligoribonucleotides that block 
specific steps in spliceosome assembly (but do not destroy the 
snRNPs) have been used to analyze the splicing pathway (16, 
27, 28, 30, 31). In this work the approach was scaled up to an 
appropriate preparative level and multiple blocks were em­
ployed so as to maximize the effectiveness of the trapping 
procedure. Gel chromatography, previously employed in the 
isolation of spliceosomes, was adapted to allow elution of A­
complex within 25 min rather than the 20-30 h of Reed et al. 
(14). The combination of effective traps and rapid chromato­
graphic separation results in isolation of a nearly homogeneous 
preparation of A-complex from small scale (100 1-1-l) reactions. 
Rapid isolation was considered important, since we hoped to 
avoid the use of cross-linking reagents. Larger scale prepara­
tions (750 1-1-l) can be further purified by gradient density sed­
imentation, although there appears to be considerable dissoci­
ation of the A-complex during this procedure. 

Both approaches above allow isolation of homogeneous A­
complex, but it appears from the nondenaturing gels of Fig. 2A 
that the cDNA/RNase H method results in more efficient re­
covery and better yields. This may result from the destabiliza­
tion of the interaction of pre-mRNA and U2 snRNP by cOm­
eRNA-U2A (45-47), a conclusion that is reinforced by our 
observation that native gel electrophoresis of the purified ma­
terial reveals partial dissociation of [32P]c0meRNA-U2A from 
theA-complex. Although the binding of isolated 17 S U2 snRNP 
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2 
FIG. 6. A gallery of electron micro­

graphs of the spliceosomal A-com­
plex. Rows 1-4 show slightly different 
orientations of the bipartite A-complex in 
which the separation between segments 
becomes slightly more apparent. Panels 
A3 and A4 show particles oriented to ap-
pear as mirror images of the other parti- 3 
cles in the row. Column E shows com­
puter generated enhancements of the 
corresponding images in column D. 

4 

A 

by cOmeRNA-U2A does not disrupt the U2 snRNP, as deter­
mined by nondenaturing gel electrophoresis (50), it is likely 
that the oligoribonucleotide perturbs proteins associated with 
the 5'-end of U2 snRNA to promote U2 snRNP dissociation 
from pre-mRNA under conditions used for electrophoresis. 
Nevertheless, it is clear that by the criteria used here the 
product isolated by the triple trap blocking approach is indis­
tinguishable from that prepared by cDNA/RNase H treatment. 
This suggests that the general approach of oligonucleotide 
blocking could be applied to the isolation and characterization 
of additional forms of the spliceosome. Electrophoretic analysis 
of the early fraction of either preparation indicates that the 
radiolabeled pre-mRNA is predominantly associated with the 
A-complex, electron microscopy shows a homogeneous prepa­
ration of particles, and Northern analysis and immunoprecipi­
tation establish that the A-complex isolated by our methods is 
composed of both U1 and U2 snRNPs attached to the pre­
mRNA. Furthermore, co-immunoprecipitation shows that the 
70-kDa protein and the core proteins that comprise the SM 
domain are intact. Several SAPs are also expected to be present 
in these particles, but we have not yet attempted to either 
demonstrate their presence or to identify them. 

Other workers have attempted to visualize the spliceosome. 
The micrographs of HeLa cell spliceosomes of Reed et al. (14) 
were made by metal shadowing of particles that appear to be of 
different size and complexity. They used nuclear extract that 
was enriched for C-complex by heating to inactivate a compo­
nent that is needed for 3' cleavage and exon linkage, but later 
work from the Reed laboratory (12) indicates that this trap is 
variable and that the composition of the C-complex differs from 
that reported earlier. It is therefore reasonable that several of 
the particles in their micrographs appear to include only two 
components and, given the differences between shadowing and 
negative staining, that their size and shape are consistent with 
the A-complex we see. Sibbald et al. (26) have visualized HeLa 
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cell splicing complexes by dark field scanning transmission 
electron microscopy. Their micrographs show three classes of 
complexes plus mRNA, identified by tagging biotinylated mes­
senger with streptavidin-20 run gold complexes. Although their 
technique is quite different and the gold particle is similar in 
size to the spliceosomes they see, some of their particles could 
also be equivalent to the A-complex seen here. Yeast spliceo­
somes have also been visualized (25), in this case by negative 
staining. Detailed characterization was limited by the very 
small amounts of material that could be isolated; the authors 
estimated the recovery of0.1 fmol ofspliceosomes from a 200-1-Ll 
reaction mixture, insufficient for the generation of micrographs 
showing many well defined particles. In addition, electron mi­
croscopy of yeast and HeLa cell snRNPs has shown significant 
differences (51), and it may be unrealistic to expect their 
spliceosomes to be identical in appearance. It is therefore not 
troubling that our A-complex micrographs do not appear to cor­
respond to any of the ovoid particles shown by Clark et al. (25). 

Individual purified snRNPs have been carefully character­
ized in the LUhrmann (48, 51-52) laboratory. Their micro­
graphs show U1 snRNP as a roughly round body with two 
unequal protuberances, giving it a somewhat fish-like profile 
(48, 51-53). The core proteins that assemble with the SM 
domain have been localized to the main body of the U1 particle 
(53). The 17 S U2 snRNP includes two globular segments. One 
part, the body, is present in the 12 S U2 snRNP; it includes the 
SM domain, the core proteins B', B, D1, D2, D3, E, F, and G, 
and the U2-specific proteins A' and B' ' . The other segment, the 
head, contains nine SAP proteins that are thought to be asso­
ciated with the 5'-end of the U2 snRNA (45). The two domains 
are separated from one another by an RNase-sensitive thin 
filament or neck, giving the 17 S U2 snRNP a "dum bell" shape. 

The characteristic profiles of the U1 and U2 snRNPs are 
discernable in our micrographs of A-complex in the gallery of 
Fig. 6. We show the particles oriented so that the U2 snRNP 
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FIG. 7. Identification of U2 snRNP 
a nd localization of the 5' segment of 
U2 snRNA in the A-complex. The A- 2 
complex was hybridized with 5'-biotinyl-
cOmeRNA-U2A, reacted with streptavi-
din-gold (5 nm), and visualized in electron e micrographs. Rows 1-J show slightly dif-
ferent orientations of the A-complex-oli-
gonucleotide-gold complex. Panel Al 
shows a mirror image view of the other 
particles in the row. Column E shows sim-
ilar images of free A-complex. 

3 

(j 

lies atop the U1 snRNP, with the line of stain separating the 
components. Rotation about the horizontal axis through the 
interface results in more or less exposure of the upper compo­
nent, and partial separation or ''breathing" of the components 
appears to sometimes allow greater penetration of stain be­
tween the subparticles. Contact between the two components is 
most obvious in the body segments that contain the core pro­
teins, and the amount of apparent interaction between U1 and 
U2 snRNPs is greater than predicted by many studies; in fact 
it has been suggested that U1 dissociates from the pre-mRNA 
when U2 binds (47, 54-57). SAPs, if present, do not appear to 
significantly alter the profiles of the individual snRNPs. Again, 
they may play a role in the interactions that maintain the 
structure we see. 

Labeling of the U2 snRNP with 5'-biotinyl-cOmeRNA-U2A 
and streptavidin-gold clearly identifies the upper component of 
theA-complex as U2 snRNP (Fig. 7). The gold label is attached 
to a protein which is further bound to the modified oligonucleo­
tide which is hybridized with the snRNA; there is certainly 
some flexibility in this chain of components, and it is apparent 
in the visualization of gold beside or on top of the head portion 
of the U2 snRNP. The site of the 5'-segment of U2 snRNA in 
theA-complex, although not placed at a high level of resolution, 
is very clearly in the head/neck region of the U2 snRNP. A 
similar localization for the 5'-end of the U2 snRNA has been 
postulated from studies in which isolated 17 S U2 snRNPs were 
exposed to high salt concentrations or treated with RNase H 
and a variant of cDNA-U2A (45), converting the 17 S dumbell 
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to a less symmetric, nearly globular 12 S particle that still 
contains the core proteins. The 5' segment of the snRNA is also 
physically close to the pre-mRNA branch point; the biotin 
marker is at nucleotide 20 ofU2 snRNA, and variants of cDNA­
U2B which encompass nucleotides 27-44 block binding of U2 
snRNP to the branch point sequence (27, 30, 36). Moreover, 
upon association of the tri-snRNP the 5' portion ofU2 snRNA 
binds the 3' -end of U6 snRNA and the branch point sequence; 
these events result in the juxtaposition of the 5' splice site, the 
branch point sequence, and the purported catalytic domain of 
U6 snRNA (6, 47). This indicates that the area marked by the 
gold label in Fig. 7 is at or near the assembling catalytic center 
of the spliceosome. 

Thus, the A-complex isolated by our approach can be func­
tionally defined as a bipartite structure composed ofU1 and U2 
snRNPs bound to the pre-mRNA, and trapped prior to the 
replacement of U1 by the tri-snRNP complex (47, 54). The 
region near the U2 head/neck junction appears to be part of the 
assembling catalytic center of the spliceosome, while the core 
proteins appear more likely to be in regions that are involved in 
stabilization of snRNP-snRNP interactions. Further identifica­
tion and mapping of the pre-mRNA and the protein and RNA 
components of each snRNP, using techniques that have been 
proven in studies of the ribosome (e.g. Refs. 49, 58, and 59), 
should now be straightforward. 
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