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Three regions in mammalian messen- 
ger RNA precursors (pre-mRNA's) are 
important for the specificity and efficien- 
cy of RNA splicing. Initially, sequence 
analyses and genetic studies identified 
the 5' and 3' splice sites as regions which 
contain sequences that are both con-
served and essential for the process (I). 

11) and by the use of antibodies to U1 
snRNP1s (12). Binding analyses per-
formed during the course of in vitro 
splicing of a globin and an adenovirus 
pre-mKNA have shown that UI snRNP1s 
associate with the 5' splice site and U2 
snRNP's with the intron region where 
the RNA branch will be formed (10, 13). 

Abstract. A component present in splicing extructs selectively binds the 3' splice 
site oj'a precursor messenger RNA (pre-mRNA) transcript oj'a human beta-globin 
gene. Since this component cun be immunoprecipitated by either autountihodies of 
the Sm class or antibodies spec~jically directed against trimethylguanosine, it is a 
smull nucleur ribonucleoprotein (snRNP). Its interaction with the 3' splice site 
occurs rapidly even at O°C, does not require adenosine triphosphate, and is altered 
by certain mutations in the 3' splice site region. Binding is surprisingly insensitive to 
treatment of the extruct with micrococcul nucleuse. The U5 particle is the only 
ubundunt Sm snRNP with a capped 5' end that is equally resistant to micrococcul 
nucleuse. This suggests that, in addition to the UI and U2 snRNP's, U5 snRNP's 
participate in pre-mRNA splicing. 

More recently, characterization of the 
intermediates generated during in vivo 
and in vitro splicing have revealed the 
presence of a third important region. 
This site contains a specific adenosine 
residue, located between 22 and 37 nu- 
cleotides (nt) upstream from the 3' splice 
site, where the 5' end of the intron forms 
a 2', 5' -phosphodiester bond to create 
an unusual branched RNA structure (2- 
7), often designated a lariat. 

Recognition of the 5' splice site and 
the branch point have been shown to 
involve small nuclear ribonucleoproteins 
(snRNP1s) which react with autoantibod- 
ies called anti-Sm (8). This group of 
RNA-protein complexes in mammalian 
cells includes abundant particles con-
taining UI ,  U2, US, or U4 and U6 
snRNA's and an as yet unknown number 
of low abundance particles. That U1 and 
U2 snRNP1s are essential components of 
the splicing machinery has been demon- 
strated by site-directed cleavage of the 
RNA moiety of these two snRNP1s (9- 

Meanwhile, the identity of the compo- 
nent (or components) responsible for 
recognition of the 3' splice site has re- 
mained elusive. The consensus sequence 
derived for 3' splice sites consists of a 
pyrimidine-rich stretch of about ten nu- 
cleotides followed by NCAGJG (where 
N is any nucleotide and the slash indi- 
cates the position of the splice junction) 
( I) .Deletion of the entire 3' splice site 
region abolishes splicing (5, 6) while mu- 
tations affecting only the conserved AG 
dinucleotide allow formation of the 
branched intermediate but block intron 
excision and the final exon ligation step 
(5, 6, 14). On the basis of limited comple- 
mentarity to the 3' splice site consensus 
sequence, both U1 and U2 snRNA's 
have been proposed to participate in 3' 
splice site recognition (15, 16). Experi- 
mentally, partially purified UI snKNP's 
have been observed to bind to an artifi- 
cial RNA transcript carrying a 3' splice 
site but at a much lower efficiency than 
to one that included a 5' splice site (17). 

In another study, however, purified U1 
snRNP1s recognized the 5' but not the 3' 
splice site of a mouse beta-globin pre- 
mRNA transcript (18). These observa- 
tions have left unresolved the question of 
whether UI snRNP's or other splicing 
components are involved in specific rec- 
ognition of the 3' splice site region. 

Using several different antibodies to 
snRNP's, we have investigated the iden- 
tity of a component that recognizes the 
3' splice site region of wild-type and 
mutant human beta-globin transcripts in 
an in vitro splicing system. We show that 
some Sm snRNP binds specifically to the 
3' splice site and present evidence that 
the US snRNP is the most likely candi- 
date. 

An Sm snRNP is involved in 3' splice 
site binding. Our first hints that the 3' 
splice site might be recognized by an Sm 
snRNP came from T1 ribonuclease 
(RNase) protection experiments per-
formed with antibodies directed against 
either the Sm determinants on the 
snRNP proteins or the 2,2,7-trimethyl- 
guanosine (TMG) cap structure found on 
all the abundant U RNA's except U6 (8). 
These experiments were carried out in 
splicing extracts to which a labeled hu- 
man beta-globin transcript that con-
tained the first intron and flanking exons 
had been added (HpA6) (19, 20). Shortly 
after the addition of this substrate to the 
splicing mixture at O°C, antibodies and 
TI RNase were added. Fractionation of 
the immunoprecipitated material on 15 
percent polyacrylamide-8M urea gels 
(Fig. 1A) revealed several discrete RNA 
fragments when either antibody to Sm 
(anti-Sm) (lanes 3 and 8) or antibody to 
TMG (anti-TMG) (lane 5) (21) was used. 

Subsequent analyses of these frag-
ments after a second round of T1 RNase 
digestion both by gel fractionation (Fig. 
1B) and by two-dimensional fraction-
ation (fingerprint) and secondary analy- 
ses demonstrated that one of them (band 
B) was a 19-nt oligomer (UCUAUUUU- 
CCCACCCUUAG) that maps to the 3' 
end of the intron (Fig. 2). Two larger 
fragments containing the 3' splice site 
(B' and B", 27 and 37 nt, respectively) 
were also detected, but in lower yields 
than the B species (Fig. IA, lanes 3, 5, 
and 8). The fourth prominent fragment 
(band A) immunoprecipitated by anti-Sm 
and anti-TMG (Fig. 1 A, lanes 3, 5, and 8) 
was a 15-nt protected region (CAGIGU- 
UGGUAUCAAG) encompassing the 5' 
splice site. [The use of an [a-32P]CTP 
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(cytidine triphosphatetlabeled tran- 
script (Fig. 1) overemphasizes the effi- 
ciency of 3' splice site binding since band 
B contains seven CTP-labeled residues 
while band A contains only one.] 

The splicing extract used for the ex- 
periment shown in Fig. 1, lanes 1 to 6, 
contained exogenous adenosine triphos- 
phate (ATP), which is required for splic- 
ing to proceed (19, 22). However, even 
when no ATP was added to the splicing 
mixture, snRNP binding to the 3' as well 
as the 5' splice site occurred (Fig. lA, 
lanes 7 and 8). Binding to the 3' splice 
site was also observed later in the reac- 
tion (Fig. lA, lane 4). The appearance of 
many of the additional bands in this lane 
can be ascribed to transcript protection 
by U1 or U2 snRNP's as reported previ- 
ously (10) (legend to Fig. 1). 

The component involved in 3' splice site 
binding is neither the U1 nor the U2 
snRNP. To ascertain which of the Sm 
snRNP's might be involved in 3' splice 
site binding, we first examined pre- 
mRNA fragments immunoprecipitated 
by antibodies to U1 and U2 RNP's [anti- 
(U1)RNP and anti-(U2)RNP](21). As we 
anticipated from previous work (lo), at 
zero time in the splicing reaction U1 but 
not U2 snRNP's bound the 15-nt frag- 
ment (band A) containing the 5' splice 
site (Fig. lA, lanes 1 and 2). Also visible 
in both these immunoprecipitates was 
the 3' splice site, 19-nt fragment (band 
B), but in barely detectable amounts 
compared to the anti-Sm or anti-TMG 
signal (compare lanes 1 and 2 with lanes 
3 and 5). This extremely low level of 3' 
splice site binding was not noted in our 
previous study (10) because the tran- 
script in that case was labeled with [a- 
3 2 ~ ] G ~ ~  rather than [IX-~~PICTP. These 
observations raised the possibility that 
U1 or U2 snRNP's (or both) might be 
involved in 3' splice site binding, but that 
the antibodies somehow interfered with 
the snRNP's continued interaction with 
the 3' splice site or that the essential 
epitopes might become sequestered 
upon snRNP binding to the 3' splice site 
region. 

We therefore analyzed fragments im- 
munoprecipitated from splicing extracts 
in which U1 or U2 RNA had been selec- 
tively degraded by prior incubation with 
RNase H and an appropriate comple- 
mentary oligodeoxynucleotide (10). The 
ability of the U1 snRNP to bind the 5' 
splice site (Fig. 3, lanes 1, 3, and 4) was 
abolished when the 5' end of its RNA 
was trimmed (Fig. 3, lanes 5, 7, and 8). 
By contrast, the immunoprecipitability 
of the 3' splice site fragment with anti- 
Sm (Fig. 3, lanes 3, 7, and 11) or anti- 
TMG (lanes 4, 8, and 12) did not change 
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after digestion of the 5' end of either U1 
or U2 snRNA. The completeness of se- 
lective degradation of each targeted 
snRNA was verified by examining the 
small RNA's on gels and by analysis of 
splicing activity (not shown); in the ex- 
periment in Fig. 3, more than 95 percent 
of U1 or U2 snRNA was degraded, and 
in both cases less than 5 percent of the 
splicing activity remained. In addition, 
we found that the RNase H-degraded 
forms of U1 and U2 snRNP's remained 
immunoprecipitable by anti-Sm but not 
by anti-TMG. We conclude that the 
snRNP involved in binding the 3' splice 
site region cannot be either U1 or U2. 

Biding is affected by mutations at the 
3' splice site. If binding to the 3' splice 
site is physiologically meaningful, we 
would expect it to respond to mutations 

that alter use of the 3' splice site during 
in vivo or in vitro splicing (or both). We 
therefore analyzed Sm snRNP binding to 
three mutant beta-globin substrates con- 
taining alterations at or close to the 3' 
splice site region (5) (Fig. 2). The pA3' 
mutant has suffered a 25-nt deletion that 
removes the 3' splice site as well as 2 nt 
of the second exon (-23 to +2 relative to 
the 3' splice junction). This deletion 
abolishes splicing without activating any 
cryptic 3' splice site in vivo or in vitro 
(5). In the binding assay (Fig. 4), band B 
disappeared, and no new splice site frag- 
ment was immunoprecipitated by anti- 
Sm (lane 9). The pA@'GG mutant has a 
point mutation in the next to the last 
nucleotide of the intron. This mutation 
blocks splicing after formation of the 
lariat intermediate and also lowers the 

A - S protection analyses of 
Fig. 1. Binding and - ATP 

1 2  3 4 5  6 7 8  1 2 3 4 5 a human beta-globin 
pre-mRNA transcript 
(HPA6) in a splic- 
ing extract. (A) [a- 
32P]CTP-labeled RNA 
substrate (3 ng, 1 x 
lo6 cpm Cerenkov) 
(20), 10 pl of antise- 
rum, and 5 pl of T1 
RNase (29 unit/pl) 
were added in that or- 
der to 24-pl samples - of splicing mixture 
(10. 19) containing 15 
ul of nuclear extract, 

19 n C.- prepared as in (33); 

27 nt B' 
and the mixtures were 
maintained at O°C for 
30 minutes. In a 
separate experiment 

19 nt B 10 nr - C (lanes 6 to 8), two ali- 

15 nt A 

7 n t -  I quots were prepared 
without the addition 
of ATP or creatine 
phosphate (lanes 7 
and 8). Immuno- 
precipitation of Tl re- 

-rv E E sistant fragments was 
2 2 ~ 0  1 V) F m F  FiZ as described (10) with 

0- 
(D 

+ + + + anti-(U1)RNP (lanes 
- 2 m mh 1, 6, and 7), anti- 

cr2 (U2)RNP (lane 2), 
I anti-Sm (lanes 3 and 

8) or anti-TMG (lane 
5) (21). The sizes of the protected fragments were estimated by comparison with DNA 
molecular weight markers. The efficiencies with which anti-(Ul)RNP, anti-Sm, and anti-TMG 
precipitate the various splice site fragments differ. Lane 4 corresponds to an assay like that in 
lane 3 except that the splicing mixture was incubated for 60 minutes at 30°C with the labeled 
RNA before addition of T1 RNase and anti-Sm. The bands identified by arrowheads have been 
analyzed previously (10); the lowest arrowhead indicates the C fragment (lo), which we had 
estimated to be 27 nt but now find to be slightly shorter (about 23 nt). This fragment contains the 
p fragment and GCUG, indicating that at 60 minutes the 3' splice site is protected from T1 
RNase. (B) The identity of protected fragments was determined by their migration on a 20 
percent polyacrylamide8M urea gel in TBE buffer (90 mM tris base, 90 mM boric acid, 2.5 mM 
EDTA) and compared to a complete T1 digest of HpA6 (lane 1). B, B', and B" all contain a 
specific 19-nt fragment that maps to the 3' splice site. This oligomer was the only component of 
the B fragment (lane 3); B' and B (lanes 4 and 5) both contained an additional 7-nt fragment and 
B" an extra 10-nt fragment. The identity of the B fragment was confirmed by two-dimensional 
nucleotide fractionation and secondary analyses; those of B' and B" were deduced on the basis 
of gel migration. (The relative intensities of the TI products making up B' and B a r e  consistent 
with their content of C residues.) 
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efficiency of formation of this intermedi- 
ate (and-of the corresponding excised 5' 
exon) relative to the wild-type substrate 
(5). In the binding assay (Fig. 4, lane 1 I), 
immunoprecipitation of the 3' splice site 
fragment was strongly reduced; low 
amounts of an 18-nt fragment (band B*), 
which lacked the last residue of the wild- 
type 19-nt fragment after T1 digestion, 
appeared. The fill0 mutant is a substrate 
that has a G to A transition 21 nt up- 
stream of the 3' splice junction, creating 
an AG immediately upstream of the py- 
rimidine stretch. In vitro, this upstream 
AG is the one used almost exclusively as 
the 3' splice site (5). In the binding assay, 
this mutant displayed the same immuno- 
precipitation pattern (lane 6) as the wild- 
type substrate (lane 3). None of the 3' 
splice site mutations altered the binding 
of the 5' splice site fragment (band A) by 
U1 snRNP's (compare lanes 4,7, and 10 
with lane 1). 

The 3' splice site binding component is 
highly resistant to micrococcal nuclease. 

To analyze further the snRNP responsi- 
ble for 3' splice site binding, we first 
treated splicing extracts with increasing 
amounts of micrococcal nuclease. After 
inhibiting the nuclease with EGTA, 
splicing cofactors and the wild-type 
splicing substrate (HpA6) were added 
and T1 RNase protection assays per- 
formed (Fig. 5). Although low levels of 
nuclease abolished binding to the 5' 
splice site (band A) by U1 snRNP's (Fig. 
5, lanes 1,3,5,7, and 9), anti-Sm contin- 
ued to immunoprecipitate the 3' splice 
site fragment (band B). Moreover, bind- 
ing persisted even after extensive nucle- 
ase degradation (Fig. 5, lanes 2, 4, 6, 8, 
and 10). Thus, it seemed that either the 
RNA moiety of the snRNP involved in 3' 
splice site binding is highly resistant to 
micrococcal nuclease or that the snRNP 
becomes only partially degraded and can 
still recognize the 3' splice site region. 
Whatever the case, we deduce that the 5' 
capped end cannot have been released 
by micrococcal nuclease digestion from 

the snRNA in the snRNP responsible for 
3' splice site binding because band B 
remained immunoprecipitable by anti- 
TMG (lanes 11 to 15). 

To determine whether one of the abun- 
dant Sm snRNP's has a 5' end highly 
resistant to micrococcal nuclease, we 
performed the following experiment. A 
sonicated extract prepared from 3 2 ~ 0 4 -  

labeled HeLa cells (23) was treated with 
various amounts of micrococcal nucle- 
ase, and snRNP's were immunoprecipi- 
tated with anti-Sm. The labeled 
snRNA's were then extracted, treated 
with T1 RNase, and immunoprecipitated 
with anti-TMG. Because T1 RNase di- 
gestion generates a different 2,2,7-tri- 
methyl G-capped oligomer from each of 
the snRNA's U1, U2, U4, and US (Fig. 
6A, lanes 1 to 4), this procedure assesses 
the relative micrococcal nuclease sensi- 
tivity of the 5' ends of the RNA compo- 
nents in the various snRNP's. [Since U6 
snRNA has no m3G-cap (8), it could only 
be involved in 3' splice site binding by 

Fig. 2. Partial sequence of the wild-type human beta-globin transcript (HBA6) and protected regions. In the sequence (10,341 upper- and lower- 
case letters indicate exon and intron sequences, respectively. The asterisk over the adenosine residue indicates the site of branch formation (2). 
Protected regions are underlined and correspond to bands seen in Fig. 1, panel A. The mutations (5) used in Fig. 4 are also shown. 

Fig. 3 (left). Binding and protection analyses of the globin substrate 
after prior treatment of the splicing extract with oligonucleotides 
complementary to U1 or U2 RNA and RNase H. The reaction 
mixtures contained 40 p1 of nuclear extract, 20 p1 of polyvinylalcohol 
(13 percent), 4 pI each of ATP (12.5 mM), MgC12 (80 mM) and creatine 
phosphate (0.5M), 2 pI each of RNasin (30 unitlpl), RNase H (1.9 unit/ 
pl) and KC1 (lM), and 20 p1 of either 5'C (0. l mg/ml) (lanes 5 to 8) or 
El5 (0.063 mg/ml) (lanes 9 to 12), which are oligonucleotides comple- 
mentary to the 5' end of U1 and U2 RNA, respectively (10). One 
reaction mixture (mock) contained 20 p1 of H20 instead of oligonucle- 
otide (lanes I to 4). After incubation at 30°C for 1 hour, the HBA6 
transcript (4 pl, 2 x lo6 cpm) was added to the three reaction 
mixtures on ice, and each was split into four 25-pl portions. T1 RNase 
and anti-(U1)RNP (lanes 1, 5, and 9), anti-(U2)RNP (lanes 2, 6, and 
lo), anti-Sm (lanes 3,7,  and 1 I) or anti-TMG (lanes 4,8,  and 12) was 
added and the immunoprecipitated fragments were isolated as de- 
scribed (10). Fig. 4 (right). Binding and protection analyses of 
mutant beta-globin su,bstrates. Wild-type (HBA6) and three mutant 
transcripts (see Fig. 2) labeled with [u-'~P]GTP were assayed for 
snRNP binding at time zero, as in Fig. IA. Protected fragments were 
immunoprecipitated with anti-(U1)RNP (lanes 1, 4, 7, and lo), anti- 
(U2)RNP (lanes 2, 5, and 8), or anti-Sm (lanes 3, 6, 9, and l I). The 
identity of the 18-nt fragment (B*) generated from pAWm (lane I I) 
was confirmed by comparing its migration after TI treatment with a 
TI digest of the original transcript. In this experiment, 3' splice site 
binding appears low relative to that in Fig. IA since the transcripts 
were labeled with [u-'~P]GTP rather than [U-'~P]CTP. 

- ~ 0 ~ 6  0110 @A3' p*G'GO 

mock 5'C E l 5  
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virtue of its association with U4 in 
snRNP particles (24).] The results of 
such an assay are shown in Fig. 6A, 
lanes 5 to 11. We see that both U2 and 
U4 RNA's have highly sensitive 5' termi- 
ni since the recovery of their capped 5' 
ends dropped to less than 10 percent at 
the lowest concentration of micrococcal 
nuclease used (500 unidml). The capped 
oligomer derived from U1 RNA is also 
exposed; it disappeared after digestion 
with higher concentrations of micrococ- 
cal nuclease. Only U5 RNA has a very 
resistant 5' end: its capped oligonucleo- 
tide was retained and protected in the U5 
snRNP even after the extract was treated 
with the highest concentration of nucle- 
ase. This resistance of the 5' end of U5 
RNA parallels the remarkable nuclease 
insensitivity of the 3' splice site binding 
activity in the splicing extract (Fig. 5). 
However, because a cell extract pre- 
pared by sonication differs from a splic- 
ing extract, we repeated the binding and 
T1 protection experiments using a soni- 
cated cell extract and the labeled beta- 

Fig. 5. Binding and protection 
analyses of the human globin,pre- 
mRNA following micrococcal nu- 
clease pretreatment of splicing ex- 
tracts. Five 50 pI portions of nu- 
clear extract (see legend to Fig. 1) 
containing 1 pl of CaC12 (50 mM) 
were treated for 15 minutes at 
30°C with micrococcal nuclease at 
either 0 (lanes 1, 2, and 1 I), 500 
(lanes 3,4, and 12), 1000 (lanes 5, 
6, and 13), 5000 (lanes 7, 8, and 
14), or 10,000 (lanes 9, 10, and 15) 
unit/mf. After inactivation of the 
nuclease by adding 1 pl of EGTA 
(0.1M) to each portion, the splic- 
ing substrate ([a-32P]CTP-labeled - - - -  - -- - HpA6) and cofactors were added 

I as in Fig. IA (final volume 83 pi). 
A Each reaction was split into three 

25-p1 aliquots that were then im- 
munoprecipitated with either anti- 
(UI)RNP (lanes 1, 3, 5, 7, and 9), 

r E r  E r  E r  E r E T M G 
3V)3V)3V)3V) 3V) 

anti-Sm (lanes 2, 4, 6, 8, and lo), ----- or anti-TMG (lanes I I to IS) in the 
MICROCOCCAL presence of TI RNase, as de- 

NUCLEASE 0 0 0 8 0 00000 
0 0 0 0000 

scribed in Fig. IA. 
1 UNITS/ ml  1 10 g 0 10000 z '10Z 

Fig. 6. Analysis of the capped 5' ends of 
snRNP's after treatment with micrococcal A 1 2 3 4  5 6 7  891011 

nuclease. (A) 32P-labeled whole-cell extracts - 
B 1 2 3  4 5 6  7 8  

[prepared as in (23)l were treated with varying 
amounts of micrococcal nuclease (lanes 5 to 
1 I). SnRNP's were immunoprecipitated with 
anti-Sm (lanes 5 to 9) or anti-(U1)RNP (lanes 
10 and 11). After PCA (phenol:chloroform:is- 
oamylalcohol, 50:49 : 1) extraction and etha- 
nol precipitation with 50 pg of glycogen as 
canier, the digested snRNA's were treated 
with TI RNase (2.9 unit/pl) for 10 minutes at 
room temperature. Then, 50 p1 of a slurry 
containing anti-TMG bound to Protein A 

- 
0 OOOOC 
000 C 

sepharose (2.5 mg) were added in NET-2 
buffer [50 mM tris-HCI, pH 7.5, 150 mM m3Gp00AmUmAC\L\LAcCUG - - 
NaCI, 0.05 percent (by volume) NP-401 and . 3 ~ ~ p p ~ m u m ~ c u c u ~ L  _- , 
incubated for 30 minutes at 0°C. After three m 3 ~ p p p ~ m ~ m ~ $ ~ ~ ~  
washings with NET-2 buffer, the pellet was 

x r  - I --- - B 
extracted with PCA, precipitated with ethanol 
in the presence of carrier RNA, and loaded on m,Gp,pA ,U,CG - 1 
a 25 percent polyacrylamide-8M urea gel. To w - ,  - obtain intact 5' end fragments as markers, a - - 
portion of the labeled extract was extracted b 

with PCA and small RNA's were fractionated b 

on a 10 percent polyacrylamide-7M urea gel. 
The uniformly labeled UI, U2, U4, and U5 00 0 0 0 0 0 MICROCOCCAL I >oo 
snRNA's were cut out, eluted, and treated o o o o o NUCLEASE >oo 'no00 0 ~ " " ~ t , r n I l  
with T1 RNase before immunoprecipitation - m g  2 -- s'gg ?gg 
with anti-TMG (lanes I to 4). [TI RNase will -- 

Sm/TMG Ul/TMG U1 Sm not cut 3' to the 2' 0-methyl-G near the 5' end 
of U4 RNA; and the TI digestion of US snRNA (lane 4) was only partial. In addition, digestion of U 1 and US RNA's produced a small amount of a 
band migrating as a 4-nt fragment (band W, lanes 1 and 4). We do not know why these products, as well as the UI-derived 7-nt fragment (band X), 
appeared.] Densitometer tracing of lanes 5 and 9 was used to quantitate the disappearance of the various 5' end oligomers: 80- and 60-fold 
decreases for the U1 and U2 RNA 5' end oligomers, respectively, and at least a 25-fold decrease for the 5' end TI oligomer of U4 RNA were mea- 
sured. The recovery of the capped oligomer from U5 snRNA suffered only a 2.5-fold dimunition over a range of micrococcal nuclease 
concentrations from 0 to, 10,000 unitlml. (B) Binding and protection assays of the globin transcript with antibody-bound snRNP's. Fifty-p1 
portions (50-pl) of whole-cell extract (lo6 cells) (23) were incubated for 15 minutes at 30°C with micrococcal nuclease at 0 (lanes 1 and 5), 1000 
(lanes 2 and 6), 2000 (lanes 3 and 7), and 5000 (lanes 4 and 8) unitlml. After addition of EGTA, the treated extracts were incubated for 1 hour at 4OC 
with anti-(U1)RNP (lanes 1 to 4) or anti-Sm (lanes 5 to 8) already bound to Protein A Sepharose. After three I-ml washings with BBlX buffer 
(0.1M tris-HCI, pH 8.0,O.lM NaCI, 3 mM MgCI2, 0.1 rnM EDTA, 0.5 mM DTT, 0.05 percent NP-40), the resuspended pellet was incubated for 
another hour in 50 pI of BBlX buffer containing transcript (HpA6) DNA (500,000 cpm) and canier DNA (sonicated salmon sperm) (0.5 &mi). 
After another washing 50 p1 of BBlX buffer and 5 pi of TI RNase (29 unit/pI) were added and the mixture was incubated for 15 minutes on ice. 
The pellet was washed three times, and the labeled RNA fragments were extracted with PCA, precipitated with ethanol and fractionated on a 15 
percent polyacrylamide-8M urea gel in TBE buffer. Note several experimental differences from our previous unsuccessful attempts to detect 3' 
splice site binding by Sm snRNP's: a mouse beta-globin transcript was G-labeled and biochemically purified snRNP's were used (18). 
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globin pre-mRNA substrate. Even in 
such extracts both the 5' and 3' splice 
site fragments appeared in immunopre- 
cipitates generated with anti-Sm antibod- 
ies (Fig. 6B, lanes 5 to 8). Moreover, 5' 
splice site binding (band A) exhibited 
sensitivity to micrococcal nuclease 
whereas 3' splice site binding (band B) 
did not, comparable to the results ob- 
tained with the splicing extract (Fig. 5). 

Are US snRNP's involved in splicing? 
We have identified a component in mam- 
malian splicing extracts that interacts 
with the 3' splice site of the first intron of 
human beta-globin pre-mRNA. Because 
this component contains protein or pro- 
teins that have Sm determinants as well 
as a m3G-cap structure, we deduce that it 
is an Sm snRNP. That ~t is neither the U l  
nor the U2 snRNP has been demonstrat- 
ed by experiments with antibodies to 
m3G (anti-TMG) after selective removal 
of the 5' end of Ul  and U2 snRNA's; 
both the 3' splice site binding activity 
and the immunoprecipitability of the 
component are unchanged. Most impor- 
tant, the binding activity is resistant to 
micrococcal nuclease. Of the major 
snRNP's, only the snRNP containing US 
RNA has a comparable resistance to this 
nuclease, suggesting a role for the US 
snRNP in 3' splice site recognition. 

In our binding assays, regions immu- 
noprecipitated from the splicing reaction 
at time zero overlapped almost com-
pletely with the consensus sequence nec- 
essary for functioning of a 3' splice site. 
In the human beta-globin pre-mRNA, 
the major fragment was a single TI 
RNase oligomer corresponding to the 
last 19 nucleotides of the intron. Compa- 
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U - A-110 
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Fig. 7. A proposed secondary struc- 
ture for human US KNA. The se-
quence is that of USA KNA from (28) 
and (29) and the secondary structure 
from (28). Nucleotides 84 to 116 have 
been found to be protected from mi- 
crococcal nuclease digestion in iso- 
lated snRNP's (35) as well as in 
hnRNP-associated snRNP's (26). In 
the latter case, an additional protect- 
ed region was observed (from nucleo- 
tides 21 to 69). The capped 5' T1 
oligomer (8 nt) is also very resistant 
to micrococcal nuclease digestion as 
shown in Fig. 6. 

rable experiments with anti-Sm and a 
splicing substrate containing the first in- 
tron of the adenovirus major late tran- 
script likewise revealed 3' splice site 
binding, including an expected 18-nt 
fragment (3). Thus, with both tran-
scripts, the bound region did not extend 
beyond the 3' splice site but ended di- 
rectly at the intron-exon border. More- 
over, in the pAC"GG mutant, the nucleo- 
tide at position -1 (relative to the 3' 
junction) is not protected since the A to 
G transition at position -2 gave rise to 
an immunoprecipitated 18-nt fragment 
rather than a 19-nt fragment; yet this 
mutation dramatically reduced the im- 
munoprecipitability of the 3' splice site 
fragment (Fig. 4) as well as the formation 
of splicing intermediates (5). All the in- 
formation required for 3' splice site rec- 
ognition seems to reside within the 3' 19-
nt fragment from the beta-globin intron 
since it is selectively and efficiently im- 
munoprecipitated even when the tran-
script has been digested to completion 
with TI RNase before its addition to the 
extract (not shown). 

In addition to demonstrating that an 
Sm snRNP is involved in 3' splice site 
binding, our data indicate that the inter- 
action occurs very early during the splic- 
ing process. Neither added ATP nor in- 
cubation at 30°C is required. Many stud- 
ies (5, 6, 13, 14, 16, 25) have suggested 
that 3' splice site recognition is essential 
for recognition of the intron branch 
point, a process which involves U2 
snRNP's (10). The immunoprecipitation 
of longer 3' splice site fragments B' and 
B" (which contain additional upstream 
sequences of the beta-globin transcript) 

might reflect the association of other 
factors at or near the 3' splice site. 
Moreover, the observation that anti-
(U1)RNP and anti-(U2)RNP immunopre- 
cipitate a small amount of 3' splice site 
fragment (Fig. IA, lanes 1 and 2) could 
indicate a weak association between Ul  
and U2 snRNP's and the 3' splice site 
binding component. Later in the splicing 
reaction, a stronger association with the 
U2 snRNP surely occurs since anti-
(U2)RNP has been observed to immuno- 
precipitate 3' splice site-containing frag- 
ments in addition to the branch point 
region (10). On the other hand, binding at 
the 3' splice site region cannot by itself 
dictate which 3' splice junction will be 
used: we have observed for mutant P"~' 
(which utilizes a new upstream AG) that 
both the protected 3' splice site at time 0 
(Fig. 3) and the region protected by U2 
snRNP's at later times (13) are the same 
as those in the wild-type transcript (10). 
Thus, it could be that snRNP binding to 
the 3' splice site acts only to position the 
U2 snRNP and other components re-
quired for the first step of the splicing 
reaction. Once the lariat intermediate 
has been formed, the splicing machinery 
might then search for a 3' splice site, 
preferring the first AG downstream from 
the branch site. However, a certain dis- 
tance must be res~ected since an AG 
located too close to the branch point is 
ignored (7). 

Most unexpected was our finding that 
the substrate binding activity of an Sm 
snRNP can be almost completely resist- 
ant to micrococcal nuclease. Nuclease 
resistance has often been interpreted to 
indicate a lack of nucleic acid involve- 
ment in a particular cellular process. 
Here, this unusual property has allowed 
us to eliminate three of the four abundant 
Sm snRNP's as candidates for the 3' 
splice site binding component. The 
capped 5' termini of snRNP's containing 
U l ,  U2, and U4 [which exists together 
with U6 in a single particle (24)] are 
cleaved off at relatively low concentra- 
tions of micrococcal nuclease and there- 
fore cannot account for the unchanged 
immunoprecipitability of the 3' splice 
site fragment with anti-TMG. 

By contrast, at least eight nucleotides 
at the 5' end of US RNA in the US 
snRNP are almost completely resistant 
to degradation (Fig. 5A). Therefore, the 
3' splice site binding component must be 
either the US particle or a minor Sm 
snRNP with comparable nuclease resist- 
ance. High nuclease resistance of the US 
snRNP has been noted previously: when 
a heterogeneous nuclear ribonucleopro- 
tein (hnRNP) preparation containing 
snRNP's was subjected to micrococcal 
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nuclease treatment at concentrations 
similiar to those used here, internal pro- 
tected regions o f  US snRNA accounted 
for 80 percent o f  the entire molecule (26) 
(legend to Fig. 7 ) .  In addition, attempts 
to destroy US R N A  in splicing extracts 
b y  site-directed cleavage using several 
different complementary deoxyoligonu- 
cleotides and RNase H have so far been 
unsuccessful (10, 27). 

I f  US snRNP's are responsible for 
recognizing the 3' ends o f  the introns, 
the extreme conservation o f  US RNA in 
all organisms where it has so far been 
identified (28, 29) is not surprising. That 
US snRNP's are less abundant than U1 
or U2 snRNP's (about one-fifth) is not 
expected, but could be explained if US 
snRNP's have higher affinity for their 
specific binding regions on pre-mRNA's 
than U1 or U2 snRNP's. Alternatively, 
U1 and U 2  snRNP's may be required in 
several copies for the splicing o f  each 
intron or may be involved in some other 
nuclear process as well. Whether U5 
snRNP's interact with 3' splice sites 
through RNA-RNA or RNA-protein 
contacts (or even via some other compo- 
nent) is unknown. The only region o f  US 
that exhibits extensive complementarity 
with the entire 3' splice site consensus 
sequence (residues 55 to 70) is probably 
sequestered in secondary structure. In 
contrast, there are several CU sequences 
(at position 39-40, 71-72, 79-80, and 
104-105) that could pair with the con-
served AG at the 3' splice junction. It 
seems likely that proteins o f  the US 
snRNP may play an important role in 
substrate recognition. 

Work from several laboratories has 
demonstrated that pre-mRNA splicing 
occurs on a large complex (sedimenting 
at SO to 60s  in mammalian systems) 
termed the spliceosome (14, 30, 31). For 
spliceosome formation, both the 3' poly-
pyrimidine stretch and an intact 5' splice 
site are required in the pre-mRNA; ATP 
is also essential. W e  now know that at 
least three Sm snRNP's are components 
o f  the mammalian spliceosome, those 
containing U l ,  U2 ,  and probably US 
RNA. This raises the question o f  wheth- 
er the one remaining abundant Sm 
snRNP in mammalian cells, which con- 
tains both U4 and U6 RNA's, is also 
involved. In any case, it is likely that 
hnRNP proteins (32) are also compo- 
nents of  the spliceosome. Although much 
remains to be learned about spliceosome 

content and formation, it appears that 
multiple components assemble onto 'the 
pre-mRNA according to an ordered 
pathway before the covalent reactions o f  
the splicing process occur. Such a series 
of  steps is reminiscent o f  initiation com- 
plex formation during the start o f  protein 
synthesis. In splicing, however, more 
ribonucleoprotein subunits (here 
snRNP's) are involved than in ribo-
somes, perhaps because several nonad- 
jacent sites on the pre-mRNA must be 
recognized and brought together before 
transformation o f  the supercomplex into 
an entity with enzymatic activity. 
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