
Afiinity Chromatography of Splicing 
Complexes: U2, U5, and U4+U6 Small 

Nuclear Ribonucleoprotein Particles 
in the ~ ~ l i & o s o m e  

The splicing process, which removes intervening se- 
quences from messenger RNA (mRNA) precursors is 
essential to gene expression in eukaryotic cells. This site- 
specific process requires precise sequence recognition at 
the boundaries of an intervening seauence. but the mech- 
anism of this recognition is nocund'erstood. The splicing 
of mRNA precursors occurs in a multicomponent com- 
plex termed the spliceosome. Such an assembly of compo- 
nents is likely to play a key role in specifying those 
sequences to be spliced. In order to analyze spliceosome 
structure, a stringent approach was developed to obtain 
s~licing: com~lexes free of cellular contaminants. This 
tppro&h is a' form of afThity chromatography based on 
the high specificity of the biotin-streptavidin interaction. 
A minimum of three subunits: U2, U5, and U4+U6 
small nuclear ribonucleo~rotein  articles were identified 
in the 35s spliceosome s&cture,&which also contains the 
bipartite RNA intermediate of splicing. A 25s presplicing 
complex contained only the U2 particle. The multiple 
subunit structure of the s~liceosome has im~lications for 
the regulation of a spliting event and for' its possible 
catalysis by ribozyme or ribozymes. 

S PLICING OF MESSENGER RNA (MRNA) PRECURSORS (PRE- 

mRNA) occurs by a two-step cleavage-ligation process (1-3). 
In the first step, cleavage at the 5 '  splice site accompanies 

linkage of the 5 '  end of the intervening sequence via a 2',5'- 
phosphodiester bond to an adenosine residue at the branch site (2- 
4). This generates a bipartite intermediate containing the 5' exon 
EWA and a lariat RNA containing the entire intervening sequence 
(IVS) and 3' exon. In the second step, spliced RNA and the free 
intervening sequence RNA are generated by cleavage at the 3' splice 
site and linkage of the exons by a normal 3',5'-phosphodiester 
bond. 

Before the first cleavage-ligation step, a multicomponent, 40 to 
60s complex is assembled on mammalian (50 to 60s) (5, 6) and 
yeast (40s) (7) pre-mRNA substrates. Such a complex, termed 
spliceosome, was anticipated since the two RNA's in the intermedi- 
ate would have to be confined in a single structure for efficient 
reaction. As would be expected, the two RNA's in the intermediate 

(the 5' exon and the lariat IVS -3' exon) are a distinctive feature of 
the spliceosome. Other requirements for formation of the spliceo- 
somi are (i) incubation in-the presence of adenosine triphoiphate 
(ATP) (5-3, (ii) activity of U1 small nuclear ribonucleoprotein 
particles (snRNP's) as demonstrated by inhibition with specific 
antiserum to U1 snRNP (5, 6), and (iii) functional splice site 
sequences in the pre-mRNA (5, 6). Mutations that attenuate or 
block spliceosome formation include point mutations at the 5' and 
3' splice sites (6, 7), deletion of the polypyrimidine tract near the 3' 
splice site (6), and, in yeast only, mutations in the branch site (7). 

A characteristic lag is observed before the appearance of the 
products of splicing during incubation of reaction mixtures made 
from extracts of mammalian cells (8-10). Such sigmoidal reaction 
kinetics reflects the requirement for assembly of the spliceosome as 
an early step in the splicing process. Consistent with this observa- 
tion, the 60s complex can be converted into the products of splicing 
with reaction kinetics lacking the characteristic lag (5). 

The constituents and their arrangement in the spliceosome are of 
interest since the structure of the spliceosome is probably the final 
determinant in the specificity of splicing. The snRNP's are likely 
candidates for spliceosome components. First, various antisera 
specific for the U class of snRNP's have been found to inhibit 
splicing (1, 11, 12). These data, in combination with results of 
experiments where splicing was inactivated by oligonucleotide- 
directed cleavage of either U1 or U2 snRNA's (13, 14) demonstrate 
the importance of snRNPYs in the process. Furthermore, immuno- 
precipitation with specific antisera has provided evidence for the 
presence of U l  and U2 snRNP's in the 50 to 60s spliceosome (5). 
Experiments in which protection against ribonuclease was com- 
bined with irnmunoprecipitation have demonstrated binding of 
three distinct snRNP's with specific regions of the pre-mRNA (13, 
15). By this criterion, U2 snRNP protects the branch site region of 
pre-mRNA in an ATP-dependent fashion (13; also, for protection 
experiments, see 16). U1 snRNP protects the 5'  splice site region in 
an ATP-independent fashion (13) and another snRNP, possibly U5 
snRNP, protects the 3' splice site region of pre-mRNA in an ATP- 
independent fashion (15). These data suggest that a minimum of 
three snRNP's interact stably with pre-mRNA, and it therefore 
follows that these are likely constituents of the spliceosome. 

In this article, we present a method for affinity purification of the 
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spliceosome and analysis of its snRNP constituents. The affinity 
purification scheme is based on the specificity of the interaction of 
biotin and streptavidin. This technique has been used successfidly to 
isolate plasma membrane proteins (17) and hormone receptors (18). 

Aftinity purification method. The problems inherent in the 
identification of the components of the spliceosome are predomi- 
nantly related to contamination by U1  and U2, the abundant 
snRNP's. That is, in the glycerol gradient system used to resolve the 
60s spliceosome, fractions in the 60s  region are contaminated by 
snRNP's that trail from the 10 to 15s region. To  purifj the 
spliceosome from free or loosely bound factors, a scheme based on 
affinity purification of pre-mRNA was developed (Fig. 1). In this 
scheme, pre-mRNA was synthesized in the presence of a low level of 
the biotin-UTP (uridine triphosphate) conjugate (19). The resulting 
biotin-labeled pre-mRNA was used as a substrate for splicing under 
standard conditions in a nuclear extract of HeLa cells. The entire 
reaction mixture was fractionated by sedimentation in a glycerol 
gradient, and complexes from distinct peaks were selected by 
binding to streptavidin-agarose beads. The high affinity of the 
biotin-streptavidin interaction (dissociation constant = 10-"1~) 
(20) gave specific retention of these complexes. The beads were 
extensively washed, and specific, bound components were eluted 
and analyzed. 

Transcription reactions contained 32P-labeled UTP to monitor 
the percentage of incorporation of biotin-UTP and to allow detec- 
tion of pre-mRNA-related species. Conditions were established 
where an average of five biotin-UTP residues were incorporated in a 
465-nucleotide (nt) RNA chain. Biotin-UTP (Fig. 2A) is a poor 
substrate for SP6 polymerase. However, at a biotin-UTP level of 
1.25 percent of the total nucleoside triphosphate pool, an 80 percent 
yield of product was obtained compared to a control reaction which 
lacked biotin-UTP (Fig. 2A). In addition, this amount of biotin- 
UMP (uridine monophosphate) incorporation did not result in the 
partitioning of biotin-labeled RNA into the interphase during the 
extraction with phenol. 

The biotin-labeled pre-mRNA was compared as a substrate for 
splicing with the normal, unmodified substrate. Incubation of the 
biotin-labeled substrate in a HeLa cell nuclear extract showed that 
the RYA products and intermediates of the reaction appeared with 
the same time course and had the same gel mobility as those of the 
unmodified substrate (Fig. 2B). 

The ability of the biotin-labeled pre-mRNA to form splicing 
complexes was also tested in comparison to the control substrate. 
The pattern of complexes obtained with the two substrates was 
essentially identical (Fig. 2C). To reduce the binding of nonspecific 
factors to splicing complexes, heparin, a negatively charged polymer, 
was added to splicing reactions before they were subjected to 
fractionation on glycerol gradients. The pattern of complexes ob- 
tained by this method is shown in Figs. 2C and 3A. Three 
complexes containing full-length pre-mRNA were resolved. These 
complexes sediment at 15S, 25S, and 35s. Formation of the latter 
two complexes required the addition of ATP. The 35s complex is 
the spliceosome as judged by the presence of both RNA's character- 
istic of the intermediate in splicing. The 25s complex is probably a 
prerequisite complex in the formation of the spliceosome (21). 
Material in the 15s region formed in variable amounts (i) in the 
absence of ATP (Fig. 3A), (ii) during incubation at 4"C, and (iii) 
with an RNA substrate lacking known splice sites (22). Thus some 
fraction of the 15s  material probably represents nonspecific binding 
of cellular components to RNA. The efficiency of formation of the 
25 and 35s complexes with biotin-labeled pre-mRNA was identical, 
within experimental error, with that of normal substrate RNA (23). 

Analysis of the RNA components of the affinity purified 
spliceosome reveals the presence of U2, U4, US, and U6 RNA's. 

Form spliceosome with 
biotinylated RNA 

1 Bind to streptavidin 

Streptavidin - Specif ic 

7 

Contaminants 

Elute 

Fig. 1. Scheme for affinity purification of spliceosome components. A 
hypothetical splicing complex is shown (see text). 

The RNA components of the 35s spliceosome have been identified 
as follows. A saturating level of biotin-labeled pre-mRNA was 
incubated in a HeLa cell nuclear extract for 15 minutes, and the 
complete reaction was treated with heparin and then sedimented in a 
glycerol gradient to fractionate the various complexes (Fig. 3A). 
Material from each distinct sedimentation class, 15S, 25S, and 35S, 
was then incubated directly with streptavidin-agarose to select those 
complexes containing biotin-labeled pre-mRNA. The streptavidin- 
agarose-bound material was extensively washed and individual 
components were eluted. The cellular RNA species present were 
labeled as follows. Eluted fractions were extracted with phenol, 
precipitated with ethanol, and incubated with [32P]pCp and T4  
RNA ligase. This method labels only those RNA species with a 3' 
hydroxyl group. As a control, identical splicing reactions lacking 
pre-mRNA (Fig. 3B, lanes 2,4, and 6) were fractionated according 
to size and treated in parallel with those containing biotin-labeled 
substrate (Fig. 3B, lanes 1, 3, and 5). 

Selection of components bound to the biotin-labeled pre-mRNA 
from the 35s spliceosome fraction yielded RNA species that comi- 
grated with U2, U4, U5, and U6 RNA's (Fig. 3B, lane 5). Selection 
of components with streptavidin-agarose from the equivalent frac- 
tions of the control gradient were not enriched in these snRNA's. 
Also purified from the 35s fraction containing the biotin-labeled 
spliceosome was an unidentified RNA species X that migrated in the 
vicinity of transfer RNA (75 to 85 nt). These results suggest that 
this set of snRNA's form specific complexes with the pre-mRNA 
substrate in the spliceosome. 

Material from the 25s region of the above gradient was analyzed 
in the same way. Selection of RNA bound to the biotin-labeled pre- 
mRNA from the 25s complex yielded enrichment for only one 
cellular RNA species, U2 snRNA (Fig. 3B, lanes 3 and 4). Other 
cellular RNA species were present at equivalent levels in the biotin- 
labeled and control reactions. This represents nonspecific back- 
ground in the experiment since the amount is independent of the 
presence of biotin-labeled pre-mRNA substrate. Purification of the 
15s complex did not reveal any specific RNA components bound to 
biotin-labeled pre-mRNA (Fig. 3B, lanes 1 and 2). 

The specificity of the biotin-streptavidin selection is shown by the 
use of pre-mRNA lacking biotin (Fig. 3B, lane 7). As we anticipat- 
ed, no s n W s  above background were selected during chromatog- 
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raphy of these 35s tiactions on streptavidin-agarose. This control 
shows that the streptavidin-agarose matrix by itself does not select 
snRNP components from tiactions containing spliceosomes. 

To demonstrate that genuine complexes were purified, rather 
than nonspecific complexes formed afier gradient tiactionation, the 
following experiment was done. Immediately before selection on 
streptavidin-agarose, biotin-labeled substrate was added to the 25 or 
35s region of a control gradient that lacked substrate RNA. These 
mixtures were then purified as described above. No snRNAYs were 
purified by binding to streptavidin-agarose (Fig. 3C, lanes 2 and 5) 
even though these fractions of the gradients contained abundant 
snRNPys before chromatography (23). 

To further identify the RNA species purified from the 35s 
spliceosome, the [32~]p~p-labeled RNAys were subjected to partial 
ribonuclease (RNase) T1 digestion. The distribution of G residues 
relative to the labeled 3' terminus dictates the pattern obtained; 
thus, comparison of partial digestions of two RNAys should reveal 
their relatedness. The RNase T1 products of the &ity purified 
species (Fig. 4A, single line above lanes) were resolved in parallel 
with 32~-labeled snRNA markers (Fig. 4A, cross-hatched bar above 
lanes). The pattern of partial digestion products of the RNA species 
eluted from the alKnity purified 35s complex matched those of the 
corresponding marker snRNA's (Fig. 4 4 .  Thus, both comigration 
in gels and comparison of patterns of RNase T1 partial digestion 
suggest that the 35s spliceosome contains U2, U4, U5, and U6 
snRNAYs. Interestingly, U1 snRNP, a factor shown to be essential 
for splicing, was not enriched in either the 25s or 35s complex (see 
below). 

To ensure that the RNA's were correctly identified, [32~]pCp- 
labeled snRNAys U2, U4, U5, U6, and X from the 35s spliceosome 
were also subjected to partial RNase T1 digestion in parallel with 
purified U1 snRNA. The pattern of U1 snRNA digestion products 
did not match any of the RNAys isolated from the 35s spliceosome, 
including species X (Fig. 4B). Hybridization of purified species X to 
M13 single-strand recombinants containing sequences complemen- 
tary to the entire human U1 gene showed that this species is not 
related to U1 RNA (23). These data provide evidence that U1 
snRNA is not present in the 35s spliceosome. 

A Western blot analysis was made in order to confirm the 
presence of genuine snRNP proteins in the 35s spliceosome (Fig. 
5). Complexes in tiactions sedimenting at 25s and 35s were 
purified as described above, and the proteins were separated by gel 
electrophoresis. The resolved proteins were transferred by elemo- 
phoresis to a nitrocellulose sheet and probed with monoclonal 
antibodies specific for either the Sm- or U1-snRNP antigen. The 
Sm-specific antibody detects the Sm antigen, which is present on 
polypeptides B, B', D, and E, common to snRNPys of the U class; 
whereas the U1-specific antibody detects only the 68-kD polypep- 
tide (24-26). 

The prominent Sm-specific polypeptides B and B' were found in 
both the 35s (Fig. 5, lanes 9 and 10) and 25s complexes (23). The 
remaining Sm-specific polypeptides D and E were not detected. 
Stoichiometry of snRNPYs. The approximate stoichiometry of 

the snRNA's in the 35s complex was determined by recovering the 
[32~]p~p-labeled RNA species (Fig. 3B, lane 5, and 3C, lane 4) 
from gels and measuring the radioactivity (Table 1). In order to 
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calculate the molar ratios of the various snRNA's it is necessary to 
know the efficiency of [32~]pCp labeling of each species since 
considerable variations in efficiency have been observed (27). This 
was estimated by [32~]pCp labeling of purified nuclear RNA's and 
deriving a specific activity (counts per minute per micromole) for 
each snRNA species. The specific activities were then used to 
calculate a molar ratio for each snRNA species (Table 1). 

The approximate stoichiometry of snRNA's in the 35s complex 
suggests that U2, U4, US, and U6 snRNA's are each present at one 
copy per 35s complex (Table 1). Others have shown that U2 and 
U5 snRNP's are distinct complexes which sediment at 10s (28) and 
8S or 30s (25, 29), respectively, while U4 and U6 snRNA's are 
associated in a single complex which sediments at 10s (29,30). We 
then infer that the three snRNP's, U2, US, and U4+U6, are present 
in approximately unit stoichiometry in the 35s spliceosome. The 
sum of the molecular weights of the three snRNP particles 
(0.6 x lo6 to 1.1 x lo6 daltons) (31) is within the range expected 
for a complex that has a sedimentation coefficient of 35s. 

A role for the U4+U6 RNP particle. Our method for purifica- 
tion of splicing complexes is a novel adaptation of affinity chroma- 
tography based on the specificity of the biotin-streptavidin interac- 

tion. A biotin-labeled pre-mRNA was used as a substrate for the 
formation of splicing complexes, and the resulting complexes were 
selected by binding to streptavidin-agarose. This method for splic- 
ing complex purification permits direct identification of any factors 
stably bound to pre-mRNA. This is particularly important in the 
study of the role of snRNP's in splicing as it does not rely on 
antibody reagents specific for snRNP's. Using afhity chromatogra- 
phy, we have identified four distinct snRNA constituents of the 35s 
spliceosome: U2, U4, US, and U6 snRNA's. 

Previous work has suggested that U1, U2, and possibly US RNP 
particles might be involved in the pre-mRNA splicing process (I, 
11-15). A role for the U4+U6 partide has heretofore not been 
suggested, although it has been proposed that this particle, specifi- 
cally U4 snRNA, might be involved in polyadenylation (32). Our 
results suggest strongly that the U4+U6 particle functions in the 
splicing process. It should be noted that the substrate RNA used 
here contains no polyadenylation site. 
An additional component, species X, was identified from the 35s 

~pliceosome region (Fig. 3). This species does not comigrate with 
any of the HeLa cell snRNA species that have been identified to 
date. It may be a 3' terminal hgment of one of the snRNAYs, U2, 
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Fig. 3. Detection of snRNA components of the afhity purified, 35s 
spliceosome. Biotin- and [32P]UTP-labeled pre-mRNA was incubated for 15 
minutes in a HeLa cell nudear extract to generate splicing complexes. These 
reactions were treated with heparin and size-fractionated by sedimentation in 
glycerol gradients. (A) 32P profile of glycerol gradient used for aftinity 
chromatography (+ATP). A splicing reaction incubated without ATP 
(-ATP) serves as a marker for the ATP-independent 15s peak. The adient 
fractions containing the various biotin-containing complexes (15S, f%xions 
7 and 8; 25S, fractions 11 and 12; 35S, fractions 15 and 16) were then 
selected by biding to streptavidin-agarose. After the selected complexes 
were washed, individual components were eluted. To detect RNA species 
present in the eluted fractions, these were extracted with phenol, precipitated 
with ethanol and labeled at the 3' end with [32P]pCp and T4 RNA ligase. 
Control splicing reactions (B, lanes 2, 4, and 6) were those incubated 
without substrate. As another control, a non-biotinylated substrate RNA 
was used to form splicing complexes, and the 35s gradient fractions were 
selected on streptavidin-agarose (B, lane 7). For the matrix control, only 
gradient buffer was added to the streptavidin-agarose (B, lane 8, designated 
SA). For the M1, RNA purified fiom the total nudear extract was labeled as 
above to serve as markers; for M2, biotin-labeled substrate RNA was used to 
generate complexes. (C) As a control, the 25s (C, lane 2) and 35s (C, lane 5) 
regions of a gradient lacking substrate RNA were combined with biotin- 
labeled substrate immediately before the add!on to streptavidin-agarose. 

255 35s 
1 2 3 4 5 6 Substrate 

a t T = O  
added back 

Preparative scale (0.3 ml) splicing reactions, constituted as described (5), 
contained saturating IeveIs (0.01 mglml) of pre-mRNA. The reaction 
mixtures were incubated for 15 minutes at 30°C. and heparin (4 mdml) was 
added; incubation was continued for 8 minutes at 30"~:  The &ti& reaction 
was sedirnented in dvcerol eradients containing 0.025M KC1 as described 
(5): except that th~&ntrifu'g"tion time was 5.3 hours. Size markers were 
d m e n t e d  in parallel gradients and without heparin treatment. Gradients 
were collected in 20 fractions, 0.550-ml each, and the gradient profile was 
obtained by scintillation counting of a 20-4  sample of each. Two fractions 
containing the peak fraction for the 15S, 25S, and 35s peaks were then 
added to 50 4 of packed streptavidin-agarose (BRL). Streptavidin-agarox 
had been reviously washed in 1 ml of buffer A (10 percent glycerol, 20 mM 
~epes,~E!7.5,1 mM MgU2, 0.1 mM EDTA) and M KCJ, followed by two 
washings with 1 ml of buffer A plus 0.025M KC1 containing carrier bovine 
serum albumin (BSA) at 0.1 mglml, glycogen at 0.1 mglml, and 1 mM UTP. 
Binding was carried out for 1.5 hour at 4°C in the presence of carrier. The 
beads were washed five times with 1 ml of buffer A containing 0 . M  KCI; 
the bound material was eluted at 90°C, over a 5-minute period in 1 percent 
SDS, 0.001M EDTA, and 50 pg each of BSA and glycogen. The eluate was 
extracted with phenol and precipitated with ethanol, and labeled with 
[32P]pCp and T4 RNA ligase (27). RNA species were resolved on a 10 
percent polyacrylarnide, &U urea gel. 
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U4, US, or U6, or it may represent an unidentified snRNA, such as 
the HeLa equivalent of sea urchin U7 snRNA, which is similar in 
size (60 nt) (33). The relative quantity of species X selected in the 
35s spliceosome is similar to that of the other RNA's (Table 1) and 
therefore its presence is significant. 

The 35s spliceosome contains polypeptides with Sm-spec& 
determinants suggesting that the snRNA's are present as snRNP 
particles. An estimate of the stoichiometry of the snRNA's suggests 
that each particle is present at one copy per 35s complex (Table 1). 
Thus, the 35s spliceosome is likely to contain a minimum of three 
subunits: the U2, US, and U4+U6 RNP particles. 

Surprisingly, U1 snRNP was not found in the 35s spliceosome. It 
has been suggested that U1 s n W  is the recognition factor for the 
5' splice site (28); in fact, it has been shown to bind to sequences in 
this region (34). We have previously used irnmunoprecipitation 
analysis to detect both U1 and U2 snRNP particles in the 60s 
spliceosome (5). Attempts at analysis of the nonheparin-treated 60s 
spliceosome, with the &ity chromatography technique described 
here, have been unsuccesshl due to a high background of cellular 
RNA that sediments with the streptavidin-agarose beads. One 
possible explanation of the apparent contradiction noted above is 
that U1 snRNP is normally part of the spliceosome, but that the 

Table 1. Approximate stoichiometry of snRNA species purified from the 35s 
spliccosome. 

Fraction of total 
snRNA Raw 

32P RNA ratio* 
( c P ~ ) *  (lo5 ) I ~ O I ) ~  

U2 0.1410 0.2766 1.00 
u1 
U4 0.1489 0.2615 0.95 
U5 0.3378 0.2991 1.08 
U6 0.1305 0.3787 1.37 
X 0.2056 ND ND 

*Numbers were determined b scintillation C O U ~ M ~  of the el slices in Fi . 3, lanes 5 
and Fig. 4C, and were adjustelby subtracting the backgroun% in the conm? lanes (Fig. 
3B, lane 6, and Fig. 3C, lane 6). tThese values are in counts per minute (cpm) but 
are corrected for variations in labeling efficiency. First, a specific activicy (counts per 
minutes per microgram) for each snRNA was determined by densitomtry scanning of 
the autoradi"ff"rah and of the n e r  of eth+un bromidestained el containing 
snRNA's labe with ["P]pCp. s s r f i c  amwy was then c a n e r d m  counts per 
minute per micromole with the use of e known molecular mass of each snRNA (49). 
The snRNA's were isolated and labeled as in Fig. 3. To obtain the values in this column, 
the c m values were normalized by the s r i f i c  a&& ( e m 1  10-3 for U2 
(0.5&7), U4 (0.5693), U5 (1.1293), or U (0.3446) A's. Theses ific activities 
indicate that the labelin of U5 snRNA was two to three times more &nt relative to 
U2, U4, and U6 snRNff%. *Approximate molar ratio based on the assum 
one copy of U2 snRNA is p t  per 3 p c m e  Ibex values are q u a l i ~ ~ % ~  
unkown variation in cthidium bromide staining of each snRNA species. ND; not 
determined. 

Fig. 4. Partial T1 digestion of &ty-purified RNA species identifies known 
snRNAYs. (A) ["P]pCplabeled RNA species isolated from 35s gradient 
fractions by selection on streptavidin-agarox (single line above lanes) were 
gel-purified and treated with RNase T1 under conditions to give partla1 
digestion (43). Markers for the known snRNA7s (cross-hatched bar above 
lanes) U2, U4, and U6 were purified fiom the 15s region, and US snRNA 
was purified h m  the 30s region of a gradient-fractionated HeLa cell nudear 
extract. Marker snRNA's were [32P]pCplabeled, gel-purified and treated 
with RNase T1 in parallel with the af.finity purified RNA species. Products 
of RNase T1 digestion were resolved on a 20 percent polyacrylamide 8.3M 
urea gel. Positions of common T1 fragments are indicated by arrowheads. 
XC, xylene cyanole; BPB, bromophenol blue. (B) U1 snRNA purified from 
the 15s region of a gradient-fractionated nudear extract was treated as in 
(A), in parallel with affinity purified snRNA species U2, U4, US, U6, and 
umdentified RNA species X. 

sedimentation conditions (that is, treatment with heparin) used in 
this study caused its removal. In this case, U1 snRNP would have to 
be much less stably bound than the other snRNP particles. An 
alternative possibility is that U1 snRNP is a factor that only acts 
transiently in splicing and is not a part of the fully assembled 
spliceosome. If this is the case, the previous findings that U1 snRNP 
bids pre-mRNA in an ATP-independent fashion would d e c t  the 
transi&t role of the particle. It is worth recalling in this regard that 
during incubation of pre-mRNA under splicing conditions, the 
fraction of substrate RNA associated with U1 snRNP decreases (5, 
13). This may reflect displacement of the particle during spliceo- 
some formation. Obviously, elucidation of the role of U l  snRNP in 
splicing will require M e r  analysis of splicing complexes as well as 
genetic studies. 

The ATP-dependent 25s splicing complex was also purified by 
aftinity chromatography and was found to contain U2 snRNP and 
no other snRNP component. The role of the 25s complex in 
splicing has also been analyzed by resolution of splicing complexes 
by gel electrophoresis (21). This complex forms rapidly on intron 
sequences encompassing the polypyrimidine tract and branch site 
upstream of the 3' splice site. Kinetic analysis suggests that the 25s 
complex is an intermediate in the generation of the 35s spliceosome. 

It is somewhat surprising that the 25s complex does not contain 
any snRNP other than U2 snRNP. Chabot et ul. (15) have reported 
that an snRNP that is neither U1 nor U2 snRNP binds rapidly in an 
ATP-independent fashion to sequences at the 3' splice site. Thus, 
again, if some snRNP other than U2 snRNP is involved in 
recognition of the 3' splice site, then this particle only acts transient- 
ly in splicing or has been stripped from the complex during heparin 
treatment, or gradient purification. 

Role of snRNP7s in splicing: -hPlications for regulation? The 
finding that multiple snRNP's are present in the spliceosome is 
intriguing for a number of reasons. 

1) The requirement for assembly of multiple snRNPYs into a 
single structure on a precursor RNA suggests an analogy with the 
assembly of the subunits of a ribosome (35). In the process of 
initiation of translation, a ribonucleoprotein particle, the 40s ribo- 
somal subunit, combines with another RNA protein complex, 
initiator transfer RNA, mRNA and factors, to form a stable 
multicomwnent com~lex at the site of the initiation codon (36). , , 
This pm& requires ;he binding of a high-energy cofactor, guano- 
sine triphosphate (GTP), and hydrolysis of ATP, probably in a 
scanning process following recognition of the 5' cap structure. The 
subsequent binding of another ribonucleoprotein particle, the 60s 
subunit, requires the action of a number of transient factors as well 
as hydrolysis of GTP. This process is superficially similar to the 
splicing process where multiple snRNP's are assembled on specific 
sites in the precursor RNA in an ATP-dependent fashion. The 
ultimate splicing complex is very stable and its structure specifies the 
sites of cleavage and ligation. - 
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- . .. Fig. 5. Western blot analysis of a h i -  
ty purified spliceosome proteins. To 
detect protein components, eluted 
fractions prepared as for Fig. 3 were 
precipitated with trichloracetic acid 
and resolved on a 12.5 percent dis- 
continuous polyacrylamide-SDS gel 
(44). Proteins (200 to 6.2 kD) were 
transferred elecaophoretically to ni- 
trocellulose (45) and probed first 
with antibody to Sm (Y-12) (46) and 
antibody to Ul(2-73) (47), and then 
with a second antibody (see below) 
conjugated to alkaline phosphatase. 
Western blot was developed as de- 
scribed below. Total nuclear extract, 
4 p1 and 0.4 pI (lanes 1 and 2, 
respectively) provides markers for the 
U1-specific (68 kD) and Sm-specific 

(B', B, D, and E) polype 'des. Pmtained protein markers (lane 3) indicate 
approximate posit~ons o&, 97,68,43,25.7, 18.4, 12.3,6.2, and 3 kD. 
The nitrocellulose filter was blocked for 1 hour in 40 ml of blotto (5 percent 
Carnation nonfat dry milk, 0.0% tris,pH 8.0) (48), followed by incubation 
(1 hour) with 1 ml of primary antibody (approximately 4 mg) plus 20 ml of 
blotto. After the filter was washed three times with 40 ml of the blotto 
solution (10 minutes per washing), the second antibody (antibody to mouse 
IgG, conjugated to alkaline phosphatase; Promega Biotec) was incubated 
with the filter for 1 hour. The filter was washed in 40 ml of blotto for 10 
minutes, and then washed with four 40-ml portions of 0.1% phosphate- 
buffered saline. Detection was by incubation of the filter with color 
substrates 5-bromo-4-chloro-3-indolyl phosphate (0.33 mgtml) and nitro 
blue tetrazolium (0.17 mglml) in 0 . M  ms, pH 9.5, 0 . M  NaCI, 0.005M 
MgCI2. Lane 4 is a blank lane; lanes 5 and 6, no biotin; lanes 7 and 8, no 
RNA substrate; lanes 9 and 10, biotinylated substrates. F and G are snRNP 
proteins not recognized by either antibody (a-Sm or a-Ul) .  

2) The necessity for multiple snRNP's to assemble in a splicw- 
some structure is a possible control point for a splicing event. That 
is. altered amounts or ratios of snRNP's in the cell mav affect 
regulation of the splicing process in situations where one or more 
snRNP is limiting. Another possibility is that a given snRNP in the 
complex may be replaced by a different, or modified, snRNP to give 
an altered rate of reaction. Such a situation may be important in the 
biological context of tissue specific splicing events (37). In this 
regard, the finding that different U1 snRNAys are produced during 
Xmopecs development is quite interesting (38). This scenario requires 
flexibility in spliceosome structure to permit the incorporation of 
different combinations or types of snRNPs. Whether all spliceo- 
soma contain the same set of snRNPs can be direalv tested with 
the afbty chromatography protocol developed here. 

3) The cleavage and ligation reactions during splicing may be 
catalyzed by the RNA constituents of the snRNP's in the spliceo- 
some (39). That is, the role of snR.Nl"s in the spliceosome may be to 
precisely align phosphate esters to be broken and joined. Here it is 
of interest that a mitochondria1 pre-mRNA containing a group I1 
inmn, which generates produ& and intermediate k N k s  &at 
closely resemble those of a nuclear pre-mRNA splicing event, 
undergoes self-splicing (40). This finding suggests that the highly 
structured group I1 intervening sequence not only aligns phosphate 
bonds but is responsible for the catalytic activity that results in 
splicing. In the nuclear pre-mRNA case, that splicing activity may be 
intrinsic to the snRNA constiments of the spliceosome is an 
intriguing possibility. 

REFERENCES AND NOTES 

1. P. J. Grabowski, R A. Padgett, P. A. Sharp, CcU 37,415 (1984). 
2. R A. Padgett, M. M. Konarska, P. J. Grabowski, S. F. Hardy, P. A. Sharp, Sdcncc 

225,898 (1984). 

3. B. Ruskin, A. R Krainer, T. Maniatis, M. R Green, W 38,317 (1984). 
4. M. M. Konarska. P. I. Grabowski. R A. Padmxt P. A. Shar~. N m  /Lo&) - ,  . , 

3i3.552 (1985 j. ' 

5. P. J. Grabowski, S. R. Seiler, P. A. Sh W 42,345 (1985). 
6. D. Frendew and W. Keller, W., . 22. 
7. E. Brody an&. Abehn, Sdmz 22g, 963 (1985). 
8. N. Hernandez and W. Keller, Cell 35, 89 (1983). 
9. S. F. Hardy, P. J. Grabowski, R. A. Padgett, P. A. Sharp, N m  (Lada) 308, 

375 (19841. ,-- --,- 
10. AR. Krainer, T. Mania&, B. Ruskin, M. R Green, Cdl36, 993 (1984). 
11. R. A. Padgett, S. M. Mount, J. A. Stcia, P. A. Sharp, M. 35,101 (1983). 
12. A. Kr&ner W. Keller B. A , R. Liihrmann, ibid. 38,299 (1984). 
13. D. L.  la& B.  ha&. J. Steia M. 42.737 f 1985). . ~ ,  
14. A. R. ~rainkr and T. hidatis, M.; p. 725. 
15. B. Chabot, D. L. Black, D. M. LeMaster, J. A. Steia, Sdmz 230,1344 (1985). 
16. B. Ruskin and M. R. Gmn, Cell 43,131 (1985). 
17. G. A. Orr, J. Bid. Chnn. 256, 761 (1981). 
18. M.-T. Haeuptle, M. L. Aubett, J. Djiane, J.-P. Kraehcnbuhl, W. 258, 305 

(1983). ,-- --,- 
19. The RNA substrate for splicing was transaibed by SP6 RNA &$"-ha 

DNA tern late containin adenovirus-2 sequences. The pre- A IS 465 nt in 
length ancfcontains the kt (Ll) and second (L2) leader exom and a shortened 
form (233 nt) of the first IVS. This pre-mRNA has reviously been shown to be an 
eflicient substrate for both s lieing (4) and assembt of a spliceowme (5). 

20. N. M. Green, A h .  Pntcin 8hnn. 29.85 (1985). 
21. M. M. Konarska and P. A. Sharp, Cell, in prcss. 
22. P. J. Grabowski and P. A. Sharp, unpublished data. The RNA substrate lac 

splice sites was synthesized from the pSP64 vector [D. A. Melton, P. A. Krci % 
R. Rebaghati, T. Maniatis, K. Zinn, M. R. Green, Nvdcic A d  Rcs. 12,9035 
(1984)l containin the 1.38-kb Em RI-Hid 111 nt of A DNA (SP6 conml 
tem late DNA; dm England Biolabs). Three -%A fragments of size 1.38, 
0 .5 l  and 0.22 kb were generated from pooled di a t s  of template DNA by Eco 
RI, Pst I or Sca I. The entire mixture of control &A h ents was urified and 
incubated under splicing conditions in parallel with prc-&~. ~ h c  dlce control 
RNA h ents produced only a 15s peak when the splicing reaction containing 
these Rd% was assa ed by glycerol gradient sedimentation. 

23. P. J. Grabowski and J. A. Sharp, unpublished. 
24. M. Hinterberger, I. Pettersson, J. A. Steitz, J. Bid. Chcm. 258, 2605 (1983); I. 

Pettmon, M. Hinterberger, T. Mimori, E. Gottlieb, J. A. Steia, M. 259,5907 
(1984). 

25. C. S. Kinlaw, S. K. Dusing-Swam, S. M. Bcrg*,Md. Cdl. Bid. 2,1159 (1982). 
26. C. S. Kinlaw, B. L. Robberson, S. M. B e r m  J. Bid. Chnn. 258, 7181 (1983). 
27. T. E. Englund, A. G. Bruce, 0. C. Uhlenbcck, Mcthodr E+. 65,65 (1980). 
28. M. R. Lemer, 1. A. Bwle, S. M. Mount, S. L. Wolin, J. A. Steitz, Natuw (London) 

- --, - - - \ - - - - I .  

29. P.Brin annctd . ,EMBOJ.  3, 1357(1984). 
30. C. ~ a s E o t o  and J. A. Steitz, NvdcicAddt Rcs. 12,3283 (1984). 
31. The molecular site of U2 and U4+U6 snRNP's ranees from 200 m 250 kD (24. 

25); whereas, US snRNP r approximate1 200 to-600 kD (25, 29); & P. J 
Grabowslu and P. A. Sham. un~ubhshed & a .  

32. S. M. Ber Narwc (hLm,d;m) 309,179 (1984). 
33. G. Galli, #?Hofstetter, H. G. Stunnenbcrg, M. L. Birnstid, W 34,823 1983). 
34. S. M. Mount, I. Pettemn, M. Hinterberger, A. Karmas, J. A. Steia, U !43, 509 

IlQR.?) 
\ - - - - I .  

35. P. A. Sharp, M. 23.643 (1981). 
36. K. Moldave, Annu. Rev. Biorhm. 54, 1109 (1985). 

37. ?i 1Ad 29% 
P. J. Grabowski, M. M. Konarska, S. R Sciler, P. A. Sharp, W. 55, 

38. D. J. ~ 0 t h ;  M. W. Kirschner, D. Caput, J. E. Dahlbcrg, E. Lund, CcU 38,681 
11 ow\ 
\-.-A/. 

39. P. A. Sharp, .W. 42,397 (1985); T. R. 
J. Grabowslu, A. J. Zaug, J. Sands, D. 
llOR3) , - . - - , . 

40. C. L. Pcebks ct d . ,  W. 44.213 (1986); R. van d a  Been ct d . ,  M., p. 225. 
41. R L d z k  and M. Chambcrlin, Eds., R M  P d m  (Cold Spring Hvbor 

Monograph Series, Cold Spring Harbor Laboratoly, Cold Spring Harbor, NY, 
1976). 

42. M. M. Konatska, R A. Padgat, P. A. Sharp, Cdl 38,731 (1984). 
43. H. Donis-Keller, A. M. Maxam, W. Gilbert, NvdcicAcidt Rcs. 4,2527 (1977). 
44. U. K. Lacmmli and M. Favrc. I. Md. Bid. 80.575 f 1983): M. Dcmareini and M. , . ,. 

Inouye Butt&. 133,32911978). 
45. H. Todin,  T. Staehelin, J. Gordon, Pnu. NarlAcad. Sd. USA.  76, 4350 (1979). 
46. E. A. Lerner, M. R. Lemer, C. A. Janeway, Jr., J. A. Steia, W. 78,2737 (1981). 
47. P. B. Billings, R. W. Men, F. C. Jenscn, S. 0. Hoch, J . Z d .  82,1176 (1982). 
48. D. A. Johnson, J. W. Gautsch, J. R. Sportsman, J. H. Elder, GcnrAnd. Tccbnipa 

1. 3 f 1984). 
49. R ~ ; d d  , ~ v d c i c ~ d d r  Rcs. 13 (su pl.), 155 (1985). 
5 0  We thad R. Canhew and ~ . _ C h a h  for shah6  their experiences with biotin- 

saeptavidin during their urification of a on factor; R. Canhew, M. 
Konarska, A. Lamon4 c boore, and s S e ~ ~ ~  and for reading the 
manuscript; 0. Uhlenbeck for discussions on the e5eiency of pC labeling; H. 
Busch for discussion on the possible identity of species X; M. Kggs Ib 
of HeLa cells and monodonal antibodies; and M. Siafaca for p tion of the 
manuscn Supported by the Helen Hay Whimey Foundation T G . ) ,  Charles 
A. King kwzdoctOral fellowship &om the Medical Foundation, Inc. (P.J.G.), 
NIH grants 34277 and GM32467, and NCI core grant CA 14051 (P.A.S.). 

30 May 1986; a q t e d  8 August 1986 

I9 SEPTEMBER 1986 RESEARCH ARTICLES I299 




