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In the U12-dependent spliceosome, the U4atac/U6atac snRNP represents the functional analogue of the
major U4/U6 snRNP. Little information is available presently regarding the protein composition of the former
snRNP and its association with other snRNPs. In this report we show that human U4atac/U6atac di-snRNPs
associate with U5 snRNPs to form a 25S U4atac/U6atac.U5 trimeric particle. Comparative analysis of minor and
major tri-snRNPs by using immunoprecipitation experiments revealed that their protein compositions are very
similar, if not identical. Not only U5-specific proteins but, surprisingly, all tested U4/U6- and major tri-snRNP-
specific proteins were detected in the minor tri-snRNP complex. Significantly, the major tri-snRNP-specific
proteins 65K and 110K, which are required for integration of the major tri-snRNP into the U2-dependent
spliceosome, were among those proteins detected in the minor tri-snRNP, raising an interesting question as to
how the specificity of addition of tri-snRNP to the corresponding spliceosome is maintained. Moreover,
immunodepletion studies demonstrated that the U4/U6-specific 61K protein, which is involved in the formation
of major tri-snRNPs, is essential for the association of the U4atac/U6atac di-snRNP with U5 to form the
U4atac/U6atac.U5 tri-snRNP. Subsequent immunoprecipitation studies demonstrated that those proteins de-
tected in the minor tri-snRNP complex are also incorporated into U12-dependent spliceosomes. This remark-
able conservation of polypeptides between minor and major spliceosomes, coupled with the absence of signif-
icant sequence similarity between the functionally analogous snRNAs, supports an evolutionary model in which
most major and minor spliceosomal proteins, but not snRNAs, are derived from a common ancestor.

The major or U2-dependent spliceosome, which catalyzes
the removal of the vast majority of introns from nuclear pre-
mRNA molecules, is a large 50S-60S ribonucleoprotein com-
plex composed of the so-called major snRNPs U1, U2, U4/U6,
and U5 and numerous non-snRNP-associated proteins (re-
viewed in references 4 and 27). It assembles on the pre-mRNA
via an ordered pathway that involves dynamic interactions be-
tween the different snRNPs and also between snRNPs and the
pre-mRNA (27, 28, 33). First, the U1 and the U2 snRNPs
recognize the 5� splice site and the branch site, respectively,
forming the prespliceosome. After the integration of the
U4/U6 and U5 snRNPs as a preformed 25S U4/U6.U5 tri-
snRNP complex and subsequent rearrangements, a mature
spliceosome is formed.

More recently, a second spliceosome has been identified.
This minor or U12-dependent spliceosome recognizes a dis-
tinct set of very rare nuclear pre-mRNA introns (so-called
U12-type introns) that contain unique 5� splice site, branch
site, and 3� splice site sequences (5, 11). The minor spliceo-
some contains a different set of snRNPs, namely, U11, U12,
and U4atac/U6atac, but shares the U5 snRNP with the major
spliceosome (12, 34–36). As shown both in vitro and in vivo,
the U11, U12, and U4atac/U6atac snRNPs represent func-
tional counterparts of the major U1, U2, and U4/U6 snRNPs,
respectively (12, 15, 17, 34, 35, 43). During assembly of the
minor spliceosome, the U11 and U12 snRNPs, in the form of
a stable 18S U11/U12 complex, recognize cooperatively the 5�

splice site and the branch point sequence of the pre-mRNA,
respectively (9). Subsequently, the U4atac/U6atac and U5
snRNPs associate with the pre-mRNA; after numerous struc-
tural rearrangements, a catalytically active spliceosome is
formed.

In general, the minor and major snRNAs are engaged in
analogous snRNA/snRNA and snRNA/pre-mRNA interac-
tions such that a similar, dynamic RNA network is formed.
Within the U4atac/U6atac di-snRNP, the U4atac and U6atac
snRNAs undergo base pairing with each other like the major
snRNAs U4 and U6 within the U4/U6 snRNP (35). Although
the overall sequence conservation levels are not very high
between these minor and major snRNAs, the structures of the
U4atac/U6atac and U4/U6 snRNA duplexes are very similar
(35). Upon recruitment of U5 and either the U4atac/U6atac or
the U4/U6 snRNP into the spliceosome, the base pairing in-
teraction in both di-snRNPs is disrupted and U5 interacts with
exon sequences at the 5� and 3� splice sites (10, 39). U6atac
base pairs with the 5� splice site, displacing U11, and also
interacts with U12 to form what is thought to be the catalytic
core of the minor spliceosome (15, 17, 35, 43), whereas in the
major spliceosome, U6 replaces U1 at the 5� splice site and
base pairs with U2.

Each of the major spliceosomal snRNPs consists of one or
(in the case of U4/U6) two snRNAs, a common set of core
proteins (the Sm proteins), and snRNP-specific polypeptides.
The U4/U6 di-snRNP interacts with U5 to form a U4/U6.U5
tri-snRNP particle which contains at least 29 different polypep-
tides, many of which are essential for splicing. Some of these
proteins are also present in either the 13S U4/U6 or 20S U5
snRNPs, while others are only found in the 25S trimeric par-
ticle (21, 40). In addition to the Sm core proteins, seven U5-
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associated proteins, with molecular masses of 220, 200, 116,
102, 100, 40, and 15 kDa, have been identified in the U4/U6.U5
tri-snRNP. Several of these proteins, namely, the 220K protein
(hPrp8), the 200K protein (a DEXH box RNA helicase), the
116K protein (a putative GTPase that is homologous to the
ribosomal elongation factor EF-2), and the 40K protein (a WD
repeat protein), interact with each other, forming an RNA-free
complex (1). In addition to these U5 proteins, the major tri-
snRNP particle contains several U4/U6-specific polypeptides.
These include the 61K protein, which is essential for tri-snRNP
formation (22); the 15.5K protein, which interacts with the 5�
stem-loop of both U4 and U4atac snRNAs (29); and three
proteins, 20K (a cyclophilin), 60K (a WD repeat protein), and
90K, which form a complex with each other (14, 37). Three
tri-snRNP-specific SR-related proteins, 27K (8), 65K, and
110K (21), are also present. Although the 110 and 65K pro-
teins are loosely associated with 20S U5 snRNP particles, they
are predominantly found in 25S tri-snRNPs and mediate the
recruitment of the tri-snRNP to the prespliceosome (21). Re-
cently, a novel class of proteins, namely, that comprising the
human Sm-like proteins 2 through 8 (hLSm2 through hLSm8),
was shown to be present in human U4/U6.U5 tri-snRNPs and
to interact with U6 snRNA by recognizing the oligo(U) tail at
its 3� end (2, 23).

Although much has been learned about the snRNA compo-
nents of the minor spliceosome, less is known about its protein
composition. At least two protein families, namely, those of the
Sm and the SR proteins, are shared between the major and
minor spliceosomes (13, 26). Elucidation of the protein com-
position of the 18S U11/U12 di-snRNP particle revealed that it
contains both unique proteins and four subunits of the hetero-
meric splicing factor SF3b (SF3b-155, -145, -130, and -49)
which are also associated with the U2 snRNP (42). More
recently, p14, a branch site interacting protein that is also an
SF3b component, was shown to be shared by U2 and U11/U12
snRNPs (41). Previous studies have shown that the U5-specific
220K protein (hPrp8) is a component of both spliceosomes
(19), raising the questions of whether other U5-associated pro-
teins are also shared and which of them are involved in medi-

ating the interaction of the U5 snRNP with the U4atac/U6atac
di-snRNP particle.

Here, we have biochemically characterized the human
U4atac/U6atac snRNP in more detail. We first demonstrated
that U4atac/U6atac snRNPs associate with U5 snRNPs to
form a minor 25S U4atac/U6atac.U5 tri-snRNP particle. We
next investigated whether this complex contains not only U5-
specific but also U4/U6- or major tri-snRNP-specific proteins.
For this purpose, we performed immunoprecipitation experi-
ments with antibodies against a variety of proteins that are
present in the major tri-snRNP. These investigations revealed
that the protein composition of the minor U4atac/U6atac.U5
tri-snRNP is remarkably similar to that of the major tri-
snRNP. Moreover, the U4/U6 snRNP-specific 61K protein was
shown to mediate the association of the U4atac/U6atac snRNP
with U5. Finally, immunoprecipitation experiments revealed
that most of those proteins associated with both the major and
minor tri-snRNP particles were also present in U2- and U12-
dependent spliceosomes. The extensive conservation of pro-
teins between the two spliceosomes strongly supports the idea
that one of the spliceosomes evolved in the presence of the
other.

MATERIALS AND METHODS

Preparation of snRNPs from HeLa nuclear extract. Splicing-active nuclear
extracts were prepared from HeLa cells (Computer Cell Culture, Mons, Bel-
gium) according to the procedures described in reference 7. Total U snRNP
particles were purified from nuclear extract by anti-m3G affinity chromatography
at 250 mM NaCl and then fractionated by centrifugation on a 10 to 30% glycerol
gradient containing 150 mM KCl as described previously (18). The positions of
the U snRNPs were determined either by silver staining (25) or Northern blot-
ting (see below).

Immunoprecipitation and Northern blotting of snRNAs. Twenty microliters of
antiserum was incubated with 20 �l of preswollen protein A-Sepharose beads
(PAS; Pharmacia) in 400 �l of phosphate-buffered saline (PBS) (130 mM NaCl,
20 mM KPO4 [pH 8.0]) for 2 h at room temperature. The beads were first washed
three times with PBS containing 0.1% Nonidet P-40 and then once with PBS and
subsequently were resuspended in 300 �l of PBS. A total of 100 �l of snRNP
particles from the 25S or 13S region of a 10 to 30% glycerol gradient (see above
and Fig. 1) was added to the PAS-bound antibodies. The mixture was then
incubated for 3 h at 4°C with end-over-end rotation. The PAS beads were washed
five times with 500 �l of IPP150 (20 mM Tris-HCl [pH 8.0]–0.1% Nonidet P-40

FIG. 1. U4atac/U6atac snRNPs cosediment with U5 snRNPs as a 25S complex in glycerol gradients. Sedimentation behavior of anti-m3G
affinity-purified U snRNP particles on a 10 to 30% glycerol gradient is shown. snRNAs present in each fraction were isolated and separated on
a 10% polyacrylamide–7 M urea gel. The sedimentation coefficients of the major snRNP peaks are indicated at the top, and the identities of the
RNAs are marked on the left. Major snRNAs were visualized by silver staining (upper panel), whereas the minor U4atac and U6atac snRNAs were
detected by Northern blotting (lower panel).
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containing 150 mM NaCl). Alternatively, to determine the salt stability of
U4atac/U6atac.U5 tri-snRNP, the last wash was performed by incubation for 1 h
at 4°C in IPP buffer containing NaCl at the indicated concentrations (Fig. 2).
Bound RNAs were recovered by incubating the beads with 100 �l of PK buffer
(100 mM Tris-HCl [pH 7.5], 12.5 mM EDTA [pH 8.0], 150 mM NaCl, 1%
[wt/vol] sodium dodecyl sulfate [SDS]) containing 100 �g of proteinase K for 30
min at 37°C, extracting with phenol-chloroform, and precipitating with 2 volumes
of ethanol. RNAs were then separated on a 10% polyacrylamide–7 M urea gel
and electroblotted on a nylon membrane (Biodyne B membrane; Pall).

Following a 6-h prehybridization at 42°C in hybridization buffer (50% [vol/vol]
formamide, 0.5% [wt/vol] SDS, 5� Denhardt’s solution, 6� SSC [1� SSC is 0.15
M NaCl plus 0.015 M sodium citrate], 25 mM NaPO4 [pH 6.5], 0.1 mg of salmon
sperm DNA/ml), the membrane was first hybridized with 32P-labeled DNA
probes specific for the minor U4atac and U6atac snRNAs for 40 h at 42°C. The
membrane was washed twice with 2� SSC–0.5% SDS, twice with 2� SSC–0.1%
SDS at room temperature, and then once with 2� SSC–0.1% SDS at 50°C.
snRNAs were subsequently visualized by autoradiography. The DNA probes
were removed by boiling the membrane in DH buffer (15 mM NaCl, 1.5 mM Na
citrate, 0.1% SDS) for 10 min, and the membrane was subsequently hybridized
with probes against the major U4, U5, and U6 snRNAs under the same condi-
tions. All probes were generated by random primer labeling of plasmids with a
Prime It II kit (Stratagene).

Immunodepletion and Western blotting of nuclear extracts. For immu-
nodepletion of HeLa nuclear extracts, antiserum against a C-terminal peptide of
the U4/U6-specific 61K protein was affinity purified on a SulfoLink column
(Pierce) containing the immobilized peptide according to the instructions of the
manufacturer. The salt concentration of 400 �l of nuclear extract in buffer C (7)
was adjusted to 700 mM NaCl. The extract was then incubated twice with 60 �l
of PAS charged with the affinity-purified antibodies for 2 h at 4°C with end-over-
end rotation and, after removal of PAS, dialyzed for 4 h against buffer D (20 mM
HEPES-KOH [pH 7.9], 20% [vol/vol] glycerol, 100 mM KCl, 0.2 mM EDTA, 0.5
mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol) in a Slide-A-Lyzer 3.5
K apparatus (Pierce). For complementation studies, the bound 61K protein was
eluted from the PAS in 200 �l of buffer D containing 0.5 mg of the antigenic
peptide/ml and then added back to the depleted extract. Mock-depleted extracts

were treated in an identical manner, except that the PAS beads were either
preblocked with bovine serum albumin and tRNA or incubated with preimmune
serum. The two methods yielded essentially identical results. Western blotting
analysis with the antiserum against the 61K protein (diluted 1:1,000) was per-
formed as previously described (20).

For sedimentation analysis, depleted and mock-depleted extracts were diluted
1:1 with gradient buffer (20 mM HEPES-KOH [pH 7.9], 150 mM NaCl, 1.5 mM
MgCl2, 0.5 mM dithioerythritol) after dialysis and loaded on a linear 4-ml 10 to
30% (wt/vol) glycerol gradient. After centrifugation for 14 h at 29,000 rpm in a
Beckman SW60 rotor, the gradient was harvested manually from the top. RNAs
were isolated from the gradient fractions by phenol-chloroform extraction fol-
lowed by ethanol precipitation and separated on a 10% polyacrylamide–7 M urea
gel, and the U4atac and U6atac snRNAs were detected by Northern blotting.
Immunoprecipitation of snRNPs from mock-depleted, 61K-depleted, or 61K-
complemented extract was performed with antibodies directed against the Sm
proteins (monoclonal antibody Y12, kindly provided by Iain Mattaj, European
Molecular Biology Laboratory, Heidelberg, Germany), the U5-specific 116K or
the U4/U6-specific 60K proteins, as previously described (20). The precipitated
snRNAs were recovered and analyzed by Northern blotting as described above.

In vitro pre-mRNA splicing. U12-dependent splicing was performed with in
vitro-transcribed 32P-labeled P120 pre-mRNA (34), with a specific activity of
2.5 � 106 cpm/pmol, as previously described (41). Standard 12.5-�l splicing
assays contained 7.5 �l of nuclear extract with final concentrations of 12%
(vol/vol) glycerol, 0.12 mM EDTA (pH 8.0), 0.3 mM dithioerythritol, 44 mM
HEPES-KOH (pH 7.6), 60 mM KCl, 2.5 mM MgCl2, 0.48 mM ATP, 20 mM
creatine phosphate, 2.6 �M anti-U2 deoxyoligonucleotide (5�-AGA TAC TAC
ACT TGA TC- 3�) and 3 � 104 to 5 � 104 cpm of 32P-labeled P120 pre-mRNA
and were incubated for 6 h at 30°C. Splicing reactions were preincubated for 10
min at 30°C to promote RNase H degradation of targeted U2 snRNA prior to
the addition of the P120 pre-mRNA substrate. U2-dependent splicing was per-
formed for 60 min at 30°C with 32P-labeled pre-mRNA derived from the ade-
novirus major late transcription unit (44). The splicing conditions were the same
as those described for the U12-dependent pathway except that no antisense
oligonucleotide was added.

Immunoprecipitation of U2- and U12-dependent spliceosomes. Following in
vitro splicing, heparin was added to each reaction to a final concentration of 0.5
mg/ml to minimize nonspecific interactions. After incubating for an additional 5
min at 30°C, PAS-bound antibodies were added to the splicing reactions and the
mixture was incubated with end-over-end rotation for 16 h at 4°C. All washing
and RNA recovery steps were identical to those described above. Precipitated
RNA species were separated on 14% polyacrylamide–8 M (MINX) or 8%
polyacrylamide–8 M (P120) urea gels, respectively, and visualized by autoradiog-
raphy.

RESULTS

Sedimentation behavior of U4atac/U6atac snRNPs in glyc-
erol gradients. As the U4atac/U6atac snRNP is the functional
counterpart of the U4/U6 snRNP and the U5 snRNP appears
to be shared by both spliceosomes (34), we first investigated
whether U4atac/U6atac and U5 snRNPs also interact to form
a U4atac/U6atac.U5 complex. For this purpose we separated
anti-m3G immunoaffinity-purified snRNPs on a 10 to 30%
glycerol gradient. Figure 1 shows the distribution of the
snRNAs throughout such a gradient. The upper panel shows
the sedimentation behavior of the major snRNPs U1, U2,
U4/U6, and U5 as detected by silver staining. While the U1
and U2 snRNPs sedimented predominantly in the 12S region,
the majority of U5 and U4/U6 snRNPs cosedimented as a 25S
U4/U6.U5 complex. In addition, 20S U5 snRNPs, as well as
13S U4/U6 snRNPs, were observed.

To detect the positions of the less abundant U4atac and
U6atac snRNAs in the gradient, Northern blot analysis was
performed (Fig. 1, lower panel). Consistent with results dem-
onstrating that the U4atac and U6atac snRNAs interact with
each other and thus form di-snRNP particles (35), a fraction of
snRNPs containing these snRNAs peaked in the 13S region of
the gradient. Significantly, most of the complexes containing

FIG. 2. Major and minor tri-snRNP particles exhibit similar salt
stabilities. Tri-snRNP particles from the 25S region of a 10 to 30%
glycerol gradient (see Fig. 1) were immunoprecipitated with preim-
mune serum (lanes 2, NIS) or an antibody against the U5-specific 116K
protein (lanes 3 to 8). Bound particles were incubated with buffer
containing 150 to 600 mM NaCl as indicated. Coprecipitated RNAs
were separated on a 10% polyacrylamide–7 M urea gel, and Northern
blotting was performed with probes against the major U4, U6, and U5
snRNAs (upper panel) or the minor U4atac and U6atac snRNAs
(lower panel). Lanes 1 show 100% of the input material.
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U4atac and U6atac snRNAs sedimented in the 25S region,
suggesting that U4atac/U6atac snRNPs also interacted with
U5 snRNPs to form a 25S U4atac/U6atac.U5 tri-snRNP com-
plex like that of their counterparts in the major spliceosome.
Note that the apparent underrepresentation of the U6atac
snRNA compared to that of U4atac is most likely due to
differences in the hybridization efficiencies of the two probes.
Of the peak fractions of U4/U6 and U4atac/U6atac snRNAs in
the 25S region, a higher percentage of the U4atac/U6atac
snRNAs appears to exhibit the faster sedimentation behavior,
suggesting that the minor particle may contain additional pro-
teins or that its structural organization might be different.

The minor and major tri-snRNPs exhibit similar levels of
salt stability. To investigate whether the proposed minor 25S
tri-snRNP particle has a structural organization similar to that
of the major 25S tri-snRNP particle, we analyzed the associa-
tion behavior of U5 snRNPs with either U4atac/U6atac or
U4/U6 snRNPs at increasing salt concentrations. For this pur-
pose, we immunoprecipitated particles from the 25S region of
glycerol gradients with an antibody against the U5 snRNP-
specific 116K protein and then subjected the PAS-bound par-
ticles to increasing concentrations of NaCl (Fig. 2). The
snRNAs of the precipitated particles were isolated and then
separated by gel electrophoresis and analyzed by Northern
blotting by using 32P-labeled probes specific for either U4, U6,
and U5 snRNAs (Fig. 2, upper panel) or U4atac and U6atac
snRNAs (lower panel). Significantly, both U4/U6 and U4atac/
U6atac snRNAs were precipitated with the antibody against
the U5-116K protein at lower salt concentrations (Fig. 2, lanes
3 and 4). These results clearly confirm that the U4atac and
U6atac snRNPs indeed associate with U5 snRNPs, forming a
U4atac/U6atac.U5 tri-snRNP complex. When the bound par-
ticles were washed with increasing concentrations of NaCl, U5
snRNP remained stably associate with the PAS-bound anti-
body whereas both U4/U6 and U4atac/U6atac snRNAs disso-
ciated (Fig. 2, lanes 5 to 8). Interestingly, both tri-snRNPs
began to dissociate at about 350 mM NaCl (Fig. 2, lanes 6),
demonstrating that they exhibit very similar salt stabilities. This
result suggests that the structural organizations of these parti-
cles may be similar. Taken together, these data provide further
evidence that the U4atac/U6atac snRNPs integrate into the
spliceosome as part of a preformed U4atac/U6atac.U5 com-
plex. The existence of a minor tri-snRNP was suggested pre-
viously by in vitro spliceosome assembly studies, which dem-
onstrated that U4atac and U6atac associate with the
prespliceosome at the same time as the U5 snRNP (35).

Minor and major tri-snRNP particles share several pro-
teins. To determine the protein composition of the minor
U4atac/U6atac.U5 tri-snRNP, we first tried to affinity select
this complex from 25S gradient fractions using biotinylated
antisense oligonucleotides directed against U4atac or U6atac
snRNA. However, due to consistently high background pre-
cipitation, it was not possible to obtain sufficiently pure minor
tri-snRNPs. Therefore, as an alternative approach, we per-
formed immunoprecipitation experiments with antibodies
against proteins of the major tri-snRNP and in each case com-
pared the precipitation patterns of the minor and major
snRNPs (Fig. 3). For this purpose, the snRNAs of the precip-
itated particles were separated by gel electrophoresis and an-
alyzed by Northern blotting as shown in Fig. 2.

We first tested all available antisera against U5-associated
proteins, using fractions from the 25S region of the gradient.
As expected, antibodies against the U5-specific 220, 116, 100
(hPrp28p), and 40K proteins precipitated major tri-snRNPs,
albeit with differing efficiencies (Fig. 3A, lower panel, lanes 2
to 5). Since the precipitation efficiency of the anti-100K anti-
serum (Fig. 3A, lane 5) was very low, we used a second anti-
body against this protein to confirm its presence in minor
tri-snRNP particles (Fig. 3B). Interestingly, tri-snRNPs con-
taining the U4atac/U6atac snRNAs were precipitated by each
of these antibodies with efficiencies similar to that of the major
tri-snRNP (Fig. 3A, upper panel, lanes 2 to 5). Only minimal
background precipitation of both minor and major snRNPs
(less than 1% of the input material) was observed when im-
munoprecipitations were performed with nonimmune serum
(Fig. 3A, lanes 11). These results provide strong evidence that
the U5-specific 220, 116, 100, and 40K proteins are compo-
nents of the minor tri-snRNP particle. Since the 220, 116, and
40K proteins are known to form a stable, RNA-independent
complex with the U5-specific 200K protein (1), it is very prob-
able that this protein is also present in the minor tri-snRNP.
Unfortunately, our antiserum, which is specific for the U5-
200K protein in Western blotting experiments, did not recog-
nize native U5-containing particles (not shown). The presence
of U5-220 in the minor tri-snRNP is consistent with previous
studies demonstrating that the U5-220/hPrp8p protein is com-
mon to both spliceosomes (19). These data confirm that the
majority of known U5-specific proteins are intrinsic compo-
nents of the minor tri-snRNP particle.

We next investigated whether the minor tri-snRNP also con-
tains major tri-snRNP-specific proteins. Thus, we first tested
antibodies against the 110 and 65K proteins (Fig. 3A, lanes 6
and 7), which are only present in low amounts, if at all, in
isolated 20S U5 snRNP particles but are very abundant in 25S
major tri-snRNPs (21). These antisera precipitated both minor
and major tri-snRNPs with similar efficiencies. Antibodies
against the tri-snRNP-specific 27K protein also precipitated
both minor and major tri-snRNPs (Fig. 3A, lanes 10). How-
ever, while most of the tested antibodies precipitated minor
and major particles to comparable extents, the anti-27K anti-
body precipitated major tri-snRNPs significantly more effi-
ciently (51% of the input material) than minor tri-snRNPs (3%
of the input material). A likely explanation for this difference
is that the 27K protein is less stably associated in the minor
particle or that the epitope for the antibody is not accessible in
the minor tri-snRNP, suggesting that its protein components
may either be arranged in a different way or that it may contain
additional, novel polypeptides (see Discussion).

The finding that tri-snRNP proteins are shared by the major
and minor complexes prompted us to test whether U4/U6
snRNP-associated proteins were also present in the minor
tri-snRNP complex. Indeed, antibodies against the U4/U6-
specific 60 and 61K proteins also precipitated both minor and
major tri-snRNP particles (Fig. 3A, lanes 8 and 9). Unfortu-
nately, our antibodies against the U4/U6-specific 20 and 90K
proteins did not recognize native U4/U6- or U4atac/U6atac-
containing particles (data not shown). However, given that the
20K and 90K proteins form a stable complex with the 60K
protein (14, 37), the former proteins most likely are also
present in U4atac/U6atac.U5 tri-snRNPs.
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Since U6atac snRNA contains a 3�-terminal oligo(U) tail
similar to that of the U6 snRNA and this region is essential for
binding of the so-called Sm-like proteins hLSm2 through
hLSm8 to U6 (2), we next investigated whether hLSm proteins
are also present in minor U4atac/U6atac.U5 tri-snRNPs. For
this purpose, we performed immunoprecipitation experiments
with antibodies against two hLSm proteins (hLSm2 and
hLSm4) and snRNPs from the 25S region of the gradient (Fig.
3C). For comparison, we also tested an antibody against the
SmF protein. Interestingly, antibodies against hLSm2 and
hLSm4 as well as the canonical SmF protein also recognized
both minor and major particles (Fig. 3C, lanes 2 to 4). Since
hLSm and Sm proteins form higher-ordered complexes even in
the absence of RNA (2, 16, 30), it is highly likely that, as is the
case with the major tri-snRNP, not just the investigated pro-
teins but rather the complete sets of Sm and hLSm proteins are
present in the minor tri-snRNP. In sum, these data suggest that
the majority of proteins present in the major tri-snRNP are
also found in the minor U4atac/U6atac.U5 complex.

To determine whether proteins which are associated with
major tri-snRNPs are also present in the U4atac/U6atac di-
snRNP, we performed immunoprecipitations with U snRNPs
migrating in the 13S region of the gradient (Fig. 4). Indeed,
13S U4atac/U6atac di-snRNP particles were precipitated
above background level with an antibody against the U4/U6-
60K protein (compare lanes 2 and 6 of Fig. 4). Thus, the 60K
protein and very likely its interaction partners, the U4/U6-20
and 90K proteins, were present (see above). U4atac/U6atac or
U4/U6 snRNPs were precipitated only weakly, if at all, by
anti-61K antibodies (Fig. 4, lanes 3), suggesting that the pro-

FIG. 3. Antibodies against several major tri-snRNP proteins also precipitate U4atac/U6atac.U5 tri-snRNP particles. Immunoprecipitations
were performed with fractions from the 25S region of a 10 to 30% glycerol gradient (see Fig. 1) and antibodies against the following proteins:
(A) lanes 2 to 5, the U5-specific proteins 220, 116, 40, and 100K, respectively; lanes 6,7, 9, and 10, the tri-snRNP specific proteins 110, 65, 61, and
27K, respectively; lanes 8, the U4/U6-specific protein 60K; lanes 11, preimmune serum (background precipitation); (B) lanes 2, a second antiserum
against the U5-100K protein; lanes 3, preimmune serum (background precipitation); (C) lanes 2 and 3, antibodies against the hLSm2 and hLSm4
proteins; lanes 4, the SmF protein; lanes 5, preimmune serum (background precipitation). Precipitated minor (upper panel) or major (lower panel) RNAs
were analyzed as for Fig. 2. Lanes 1 of panels A and C show 100% of the input material, and lanes 1 of panel B show 15% of the input material.

FIG. 4. Antibodies against U4/U6 snRNP proteins also precipitate
13S U4atac/U6atac di-snRNP particles. Immunoprecipitations were
performed with fractions from the 13S region of a 10 to 30% glycerol
gradient (see Fig. 1) and antibodies against the following proteins:
lanes 2, the U4/U6-specific 60K protein; lanes 3, the U4/U6-specific 61K
protein; lanes 4, the U6-specific hLSm2 protein; and lanes 5, the SmF
protein. Lanes 6 show the background precipitation with preimmune
serum. Precipitated minor (upper panel) or major (lower panel) RNAs
were analyzed as for Fig. 2. Lanes 1 show 12.5% of the input material.
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tein dissociated from the particle during either gradient cen-
trifugation or the precipitation procedure (see below). Inter-
estingly, antibodies specific for the hLSm2 and SmF proteins
also precipitated 13S U4atac/U6atac snRNPs (Fig. 4, lanes 4
and 5), demonstrating that hLSm proteins as well as Sm pro-
teins are components of U4atac/U6atac di-snRNPs. The latter
result is consistent with previous studies demonstrating the
presence of Sm proteins in the U4atac/U6atac di-snRNP par-
ticle (35). These data demonstrate that U4/U6 snRNP proteins
are present not only in the minor tri-snRNP complex but also
in the 13S U4atac/U6atac particle.

The 61K protein is essential for the formation of 25S
U4atac/U6atac.U5 tri-snRNPs. Recent results from our labo-
ratory have revealed that the 61K protein is essential for U4/
U6.U5 tri-snRNP formation (22). To investigate whether the
61K protein plays a similar role in minor tri-snRNP formation,
we prepared 61K-immunodepleted HeLa nuclear extracts by
using an anti-peptide anti-61K antibody that was coupled to
protein A Sepharose. The 61K protein was efficiently removed
(�95%), as demonstrated by immunoblotting (Fig. 5A). To
ensure that only the 61K protein, and not snRNPs, was re-
moved, the depletion reaction was performed at 700 mM salt.
Under these conditions, the 61K protein was completely dis-
sociated from both major and minor snRNP particles, as evi-
denced by glycerol gradient centrifugation and immunopre-
cipitation experiments (reference 20 and data not shown).
Consistent with this result, material eluted from the PAS-
bound 61K antibodies with an excess of the antigenic peptide,
subsequent to depletion, contained the 61K protein almost
exclusively (data not shown).

After the depletion reaction was performed, the extract was

dialyzed against buffer containing 100 mM KCl to allow reas-
sembly of snRNP particles. To elucidate the effect of the re-
moval of the 61K protein on the formation of minor tri-snRNP
particles during dialysis, we first performed glycerol gradient
centrifugation with both mock-depleted and 61K-depleted nu-
clear extract. RNAs from the gradient fractions were first sep-
arated by denaturing gel electrophoresis, and the U4atac and
U6atac snRNAs were detected by Northern blotting. As shown
in Fig. 5B (upper panel), the majority of the U4atac/U6atac
snRNPs in the mock-depleted extract were present as intact
25S tri-snRNP particles, whereas a smaller amount (�25%)
peaked in the 13S region of the gradient. In contrast, virtually
all of the U4atac/U6atac snRNPs migrated as 13S di-snRNP
particles in the 61K-depleted extract (Fig. 5B, lower panel).
This result demonstrates that the minor tri-snRNP particle
does not reassemble in the absence of the 61K protein.

Subsequent to dialysis, we also performed immunoprecipi-
tation experiments with the mock-depleted and depleted ex-
tracts to test for tri-snRNP formation. In these experiments we
also investigated the effect of adding back 61K protein that had
been eluted from the PAS-bound anti-61K antibodies under
native conditions (see above). An antibody that is directed
against the Sm proteins (Y12) served as a positive control. As
shown in Fig. 5C, lanes 1 to 3, this antibody precipitated
U4atac/U6atac snRNPs from the mock-depleted, depleted,
and complemented extracts, demonstrating that they were not
co-depleted during the depletion procedure. Consistent with
the results obtained by glycerol gradient centrifugation,
U4atac/U6atac snRNPs were strongly coprecipitated from
mock-depleted extract with anti-U5-116K antibodies (Fig. 5C,

FIG. 5. The U4/U6-specific 61K protein is essential for the formation of 25S U4atac/U6atac.U5 particles. (A) Western blot analysis was
performed with either mock-depleted (Mock) (lane 1) or 61K-immunodepleted (�61K) (lane 2) HeLa nuclear extract by using antiserum against
the U4/U6-specific 61K protein. (B) Mock-depleted (upper panel) or 61K-immunodepleted (�61K) (lower panel) HeLa nuclear extract was
fractionated on a 10 to 30% glycerol gradient. The RNA from each fraction was extracted and separated on a 10% polyacrylamide–7 M urea gel,
and the sedimentation behavior of the U4atac and U6atac snRNAs in the gradient was determined by Northern blotting. The sedimentation
coefficients of the snRNP peaks are indicated at the top. (C) Immunoprecipitation experiments were performed with mock-depleted (Mock) (lanes
1, 4, and 7) or 61K-depleted (�) HeLa nuclear extract (lanes 2, 5, and 8) or 61K-depleted extract complemented with the 61K protein (�61) (lanes
3, 6, and 9) and the following antibodies: Y12 (anti-Sm) (lanes 1 to 3), anti-U5-116K (lanes 4 to 6), and anti-U4/U6-60K (lanes 7 to 9).
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lane 4), demonstrating that they were associated with the U5
snRNP in a tri-snRNP particle. In contrast, no coprecipitation
was observed in the depleted extract (Fig. 5C, lane 5), suggest-
ing that the tri-snRNP was completely dissociated. Addition of
the 61K protein to the depleted extract restored the coprecipi-
tation of the U4atac/U6atac snRNP (Fig. 5C, lane 6), demon-
strating that the tri-snRNP could be reassembled in the pres-
ence of the 61K protein. In contrast, when we used an antibody
against the U4/U6-specific 60K protein, which is present not
only in minor tri-snRNPs but also in 13S U4atac/U6atac di-
snRNP particles, U4atac/U6atac snRNPs were precipitated
from all three extracts (Fig. 5C, lanes 7 to 9). Consistent with
the data shown in Fig. 5, this result additionally confirms that
removal of the 61K protein did not affect the stability of 13S
U4atac/U6atac di-snRNPs.

Antibodies against major U4/U6.U5 tri-snRNP proteins pre-
cipitate U2- and U12-dependent spliceosomes. As shown in the
previous sections, antibodies raised against proteins associated
with major tri-snRNPs also recognized minor tri-snRNP par-
ticles. Thus, we next investigated whether the tested proteins
are also present in the U2- and U12-dependent spliceosomes.
For this purpose, we performed in vitro splicing with a 32P-
labeled template containing either a U2- (MINX) or a U12-
dependent (P120) intron and then carried out immunopre-
cipitations with various antisera. Precipitated RNAs were
separated by gel electrophoresis and visualized by autoradiog-
raphy (Fig. 6). To prevent the formation of U2-dependent
spliceosomes on the P120 pre-mRNA, splicing was performed
after inactivation of the U2 snRNP with an oligonucleotide
directed against the U2 snRNA.

After incubating the MINX or the P120 pre-mRNA under
splicing conditions for 1 or 6 h, respectively, both products and
intermediates were formed (Fig. 6A, lane 1, and 6B, lanes 1
and 13). Interestingly, several of the tested antibodies precip-
itated the U2- and the U12-dependent pre-mRNA, as well as
the splicing intermediates and products, above background
(Fig. 6A and B [left and right panels], lanes PAS), albeit with
very distinct precipitation efficiencies. These include antibod-
ies directed against the U5-specific 220K, 116K, and 40K pro-
teins (Fig. 6A, lanes 2, 3, and 6, and 6B, lanes 2, 3, and 5) and
the tri-snRNP-associated 110K and 65K proteins (Fig. 6A,
lanes 4 and 8, and 6B, lanes 14 and 7), as well as an antiserum
against the SmF protein (Fig. 6A, lane 12, and 6B, lane 11).
Each of these precipitated the two spliceosomes to similar
extents. In contrast, antibodies against the U4/U6-specific 60K
and 61K proteins and the tri-snRNP-specific 27K proteins pre-
cipitated a low level of the MINX splicing complexes but none
of the P120 complexes (Fig. 6A, lanes 7, 9, and 10, and 6B,
lanes 6, 8, and 9). Moreover, the antibody against the U5-100K
protein, which recognizes both major and minor tri-snRNP
particles (Fig. 3A and B), completely failed to precipitate U2-
and U12-dependent spliceosomes (Fig. 6A, lane 5, and 6B,
lane 4), suggesting that the epitope for the antibody may not be
accessible in either spliceosome. Alternatively, U5-100K may
dissociate during spliceosome assembly or as a result of the
addition of heparin prior to immunoprecipitation. Interest-
ingly, some of the antisera, especially those against the U5-
220K, the U4/U6-60K, and the hLSm2 proteins, clearly pre-
cipitated a larger amount of mRNA than the pre-mRNA or
splicing intermediates. A notable difference between the two

spliceosomes was observed with anti-hLSm2 antibodies, which
precipitated the P120 pre-mRNA and splicing products and
intermediates (Fig. 6B, lane 10) with a significantly higher
efficiency than that of MINX (Fig. 6A, lane 11). Taken to-
gether, these data show clearly that most of the tested minor
and major tri-snRNP proteins are also present in U12- and
U2-dependent spliceosomes and remain associated through-
out the catalytic steps of splicing.

DISCUSSION

The protein composition of major and minor tri-snRNPs is
largely conserved. Characterization of the protein composition
of the U4atac/U6atac.U5 tri-snRNP complex by immunopre-
cipitation experiments revealed that most, if not all, proteins
are shared between minor and major tri-snRNPs. Consistent

FIG. 6. Major tri-snRNP proteins are present in both U2- and
U12-dependent spliceosomes. U2- or U12-dependent spliceosomes
were assembled on 32P-labeled MINX (A) or P120 (B) pre-mRNA,
respectively, and immunoprecipitations were performed with the same
subset of antibodies which was used to precipitate 25S tri-snRNP
particles (see Fig. 3 and 4). The identity of each antibody is indicated
above each lane. (A) Lane 1 shows 100% of the input material. Pre-
cipitated RNAs (pre-mRNA, splicing intermediates, and products), as
designated on the left, were separated on a 14% polyacrylamide–8 M
urea gel and detected by autoradiography. Lane 13 shows background
precipitation using protein A Sepharose without antiserum. (B) Lanes
1 and 13 show 50 and 25% of the input material, respectively. Precip-
itated RNAs were separated on 8% polyacrylamide–8 M urea gels and
detected by autoradiography. Lanes 12 and 15 show background pre-
cipitation using protein A Sepharose without antiserum.
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with the fact that the U5 snRNP is part of both particles, all of
the tested U5-specific polypeptides were present in minor tri-
snRNPs. Interestingly, our data revealed that U4/U6- and ma-
jor-tri-snRNP-specific proteins were also present in U4atac/
U6atac.U5 particles. Moreover, U4/U6-specific proteins were
also shown to associate with 13S U4atac/U6atac snRNPs (Fig.
4). Significantly, according to the results of database searches,
none of the tested U4/U6- or tri-snRNP-specific proteins ap-
pears to belong to a larger protein family. For this reason, it is
not very likely that the minor tri-snRNP possesses variants of
the major proteins, which are still recognized by our antibod-
ies.

The predicted secondary structures of U4atac and U6atac
are remarkably similar to those of the U4/U6 snRNAs (35),
supporting the idea that major and minor snRNAs may asso-
ciate with the same proteins. Interestingly, it could be shown
that the intramolecular stem-loop structure of U6 snRNA can
indeed functionally replace the U6atac snRNA stem-loop (32).
Despite the fact that the U4/U6 and U4atac/U6atac snRNA
duplexes exhibit analogous secondary structures, the overall
sequence similarity between the corresponding snRNAs is not
very high (approximately 40% between both U6 and U6atac
and U4 and U4atac snRNAs) (35). Conserved nucleotides are
mostly clustered in regions that are involved in RNA-RNA
interactions within the spliceosome (i.e., between U6atac
and U4atac, U12, or the pre-mRNA substrate). However, the
5� stem-loops of U4atac and U4, which protrude from the two
intermolecular helices formed with U6atac and U6, respec-
tively, are very similar in sequence and structure. Previous
studies, including RNase H protection assays, have shown that
the loop region of the 5� stem-loop of the U4 snRNA is tightly
associated with proteins in HeLa nuclear extracts (3). Re-
cently, it has been demonstrated that the 15.5K protein of the
human U4/U6.U5 tri-snRNP binds directly and specifically to
the 5� stem-loops of both U4 and U4atac snRNAs in vitro (29).
Unfortunately, we were not able to precipitate either major or
minor tri-snRNP particles with an antibody against the 15.5K
protein, and thus we could not confirm that the 15.5K protein
is also present in the U4atac/U6atac snRNP and/or minor
tri-snRNP complex. Significantly, studies in our laboratory
have shown that the 61K protein, which is also present in major
and minor particles (see Fig. 3A, lane 9), could be cross-linked
to both U4 and U4atac snRNAs near the 5� stem-loop and that
its association was dependent on the presence of the 15.5K
protein (S. Nottrott, H. Urlaub, and R. Lührmann, unpub-
lished data), supporting the idea that the 15.5K protein may
serve as a nucleation factor, mediating the association of sev-
eral identical proteins with both the U4/U6 and U4atac/U6atac
snRNPs.

As our immunoprecipitation studies were limited to a subset
of tri-snRNP proteins, it is presently not clear whether the
complete set of major tri-snRNP proteins was present in the
minor complex. In addition, these studies did not allow us to
determine whether unique proteins also associate with the
U4atac/U6atac.U5 tri-snRNP. Affinity-purified human 18S
U11/U12 snRNPs, for example, have been shown to contain
several novel proteins in addition to polypeptides (i.e., subunits
of SF3b) that are also found in the U2 snRNP (41, 42). How-
ever, at least one result of our immunoprecipitation studies
suggests that some attributes of the major and minor particles,

aside from the sequences of their snRNAs, could be distinct.
Using an antibody against the major tri-snRNP-specific, SR
domain-containing 27K protein (8), we precipitated the major
tri-snRNP very well while the minor tri-snRNP was only poorly
recognized (Fig. 3A, lanes 10). This differential precipitation
could reflect differences in the association behavior of the 27K
protein; i.e., under the same salt conditions it may be stably
associated with major tri-snRNPs but largely dissociated from
minor ones. It is possible that the minor particle is lacking
U4/U6.U5 tri-snRNP proteins that help stabilize binding of the
27K protein. An alternative explanation for the weak precipi-
tation of minor particles is that there may be a reduced acces-
sibility of the epitope recognized by the anti-27K serum. This
reduction in accessibility could arise if the same set of tri-
snRNP proteins were arranged in different ways in each par-
ticle or if the minor particle contained additional U4atac/
U6atac.U5-specific proteins. Finally, it is conceivable that the
27K protein is simply not present in U4atac/U6atac.U5 tri-
snRNPs but is recruited to the U12-dependent spliceosome by
other means. Unfortunately, our attempts to isolate U4atac/
U6atac.U5 tri-snRNPs using biotinylated antisense oligonucle-
otides and streptavidin agarose beads were not successful. A
clear answer to the open question as to whether unique pro-
teins are present in the minor tri-snRNPs will depend on the
future isolation of this snRNP complex or the U12-dependent
spliceosome itself.

The U4/U6 snRNP-specific 61K protein is essential for mi-
nor and major tri-snRNP formation. Since U5 and U4/U6
snRNPs associate via protein-protein interactions, the identi-
fication of apparently identical proteins in the minor tri-snRNP
suggests that similar molecular mechanisms are responsible for
the formation of the major and minor tri-snRNPs. Indeed, the
salt stability of the minor tri-snRNP mirrored that of the major
tri-snRNP complex (Fig. 2), consistent with the idea that U5
and either U4atac/U6atac or U4/U6 di-snRNPs interact with
each other via the same protein-protein interactions. One of
the proteins shared by both complexes, the U4/U6-61K pro-
tein, was shown by immunodepletion studies to be required for
the association of U4atac/U6atac snRNPs with the U5 snRNP.
Significantly, this protein has also been shown to mediate the
interaction of the U4/U6 snRNP with U5 and, moreover, to be
essential for the splicing of a U2-dependent pre-mRNA sub-
strate (22). Thus, at least one essential bridging interaction
appears to be conserved in both types of tri-snRNPs. Unfor-
tunately, we were not able to determine whether the 61K
protein is also required for U12-dependent splicing; attempts
to splice the P120 pre-mRNA with either 61K- or mock-de-
pleted nuclear extract failed due to a severe reduction in U12-
dependent splicing activity stemming from the immunodeple-
tion procedure.

A large number of proteins are shared by the major and
minor spliceosomes. Immunoprecipitation studies further re-
vealed that most of those proteins which we detected in the
U4atac/U6atac.U5 tri-snRNP were also present in the U12-
dependent spliceosome. Significantly, a very similar precipita-
tion pattern was obtained with splicing complexes formed on a
U2- or U12-type pre-mRNA. In addition to the pre-mRNAs,
splicing intermediates and products were also coprecipitated
by several of the anti-sera tested. A similar result was previ-
ously reported for the U5-220K (hPrp8) protein (19); antibod-
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ies against this protein also precipitated both spliceosomes,
including those that had undergone the first and second cata-
lytic steps of splicing. Several of the tested antisera also pre-
cipitated intermediates, in particular sera against U5-116K,
U5-40K, the tri-snRNP-specific 65K protein, and SmF. Due to
their generally lower precipitation efficiencies, it was not clear
if the remaining antibodies also precipitated splicing interme-
diates to a significant extent. Interestingly, although the pre-
cipitation efficiencies are comparable, there was a clear differ-
ence between the precipitation patterns of the sera specific for
the 116 and 40K proteins in both spliceosomes (Fig. 6A, lanes
3 and 6, and Fig. 6B, lanes 3 and 5); with the latter serum,
significantly more excised intron relative to mRNA was pre-
cipitated, suggesting that the 40K protein could be part of
intron-containing postspliceosomal complexes. Several anti-
bodies, such as anti-U5-220 and hLSm2, also appeared to pre-
cipitate higher amounts of the MINX mRNA relative to the
other RNA species (Fig. 6A, lanes 2 and 11). However, addi-
tional experiments are required to clarify whether certain tri-
snRNP proteins are preferentially found in the mRNP or ex-
cised intron complex in either spliceosome. Nevertheless, our
data indicate that most of the tested proteins remain associ-
ated with U12- and U2-dependent spliceosomes during the
catalytic steps of splicing.

Data presented here, together with those of several other
previous studies, indicate that both a subset of U2 and most
tri-snRNP-associated proteins, as well as non-snRNP proteins
of the SR family, are present in both spliceosomes (13, 19, 42).
The identification of such a large number of shared proteins
between minor and major spliceosomes suggests that similar
protein-protein and protein-RNA networks are formed in both
splicing machineries. Several of the shared proteins, such as
components of SF3b and U5-220 (hPrp8p), appear to be core
components of the major spliceosome, consistent with the idea
that the structure of the catalytic core of the minor spliceo-
some is conserved. Furthermore, several proteins thought to
be involved in structural rearrangements during spliceosome
assembly and splicing catalysis also appear to be shared, sug-
gesting that the dynamics of the splicing reactions are achieved
by similar mechanisms. Of particular interest is the apparent
presence of a putative GTPase, namely the U5-116K protein,
and several RNA unwindases, including the U5-100K protein
(Prp28p in Saccharomyces cerevisiae), a DEAD box protein
involved in rearranging snRNP interactions at the 5� splice site
during spliceosome assembly. In S. cerevisiae, Prp28p has been
shown to be involved in the displacement of U1 from the 5�
splice site (6). The presence of its human orthologue, U5-
100K, in 25S U4atac/U6atac.U5 snRNP particles suggests that
it may also be involved in the displacement of the U11 snRNP
from the 5� splice site.

How are major and minor tri-snRNPs distinguished during
spliceosome formation? The formation of a mixed spliceo-
some, consisting of U1 and U2 snRNPs and the minor U4atac/
U6atac.U5 tri-snRNP or U11/U12 snRNP and the major U4/
U6.U5 tri-snRNP, has not been observed to date. Given that
the minor and major tri-snRNPs differ minimally, if at all, in
terms of their protein compositions, what mechanisms ensure
that the correct tri-snRNP is recruited to the major or minor
prespliceosome?

During prespliceosome formation, specific base pairing

interactions between the U11 snRNA and the U12-type 5�
splice site and the U12 snRNA and the U12-type branch site
favor the association of these minor snRNPs over U1 and
U2 snRNPs. Proteins uniquely associated with the former
snRNPs may also contribute to their specific interactions
with U12-type introns. In addition, U11 and U12 snRNPs
form a stable 18S complex and interact with the pre-mRNA
as such, thereby ensuring the pairing of the proper splice
sites and apparently preventing the formation of a mixed
prespliceosome. Similarly, discrimination of the subse-
quently interacting tri-snRNP likely relies on specific inter-
actions between the U6atac snRNA and the U12 snRNA
and/or the U12-type 5� splice site (or conversely, between
U6 and U2 and the U2-type 5� splice site in the major
spliceosome). However, the initial docking of the tri-snRNP
complex may involve protein-protein contacts. Indeed, in
the major spliceosome, the U2 snRNP-associated protein
SPF30 has been shown to tether the major tri-snRNP to the
major prespliceosome, apparently via interactions with the
tri-snRNP 90K protein (24, 31). Whether a similar protein-
protein contact also contributes to tri-snRNP addition in the
minor spliceosome is not known; to date, it is not clear
whether SPF30 is also present in the U12-dependent spli-
ceosome. On the other hand, our data clearly show that the
major tri-snRNP-specific 110 and 65K proteins were present
in the minor particle. These SR-related proteins are indis-
pensable for the recruitment of the major tri-snRNP to the
prespliceosome and potentially mediate tri-snRNP addition
through interaction with other SR proteins (21). Since SR
proteins are also required in the minor splicing pathway
(13), and since other SR domain-containing proteins, such
as the tri-snRNP-specific 27K protein (8, 38), are present in
the minor spliceosome, the 110 and 65K proteins may also
mediate the addition of the tri-snRNP to the minor prespli-
ceosome via a similar mechanism. The association of the
major tri-snRNP with minor prespliceosomes via similar
protein-protein interactions may initially block the assembly
of a functional spliceosome, due to the inability of U6
snRNA to base pair with the 5� splice site and the U12
snRNA. Nonproductive interactions of the major tri-snRNP
during minor spliceosome assembly, which block the asso-
ciation of the less abundant minor tri-snRNP, may contrib-
ute to the relatively slow kinetics of U12-dependent splicing
in vitro. Conceivably, such interactions may be monitored,
and ultimately disrupted, in some way by a yet-to-be-iden-
tified proofreading mechanism, thereby enhancing the as-
sembly of functional minor spliceosomes.

Implications for the evolutionary relationship of the major
and minor spliceosomes. The recent identification of the mi-
nor spliceosome has led to intriguing questions regarding its
origin and evolutionary relationship to the major spliceosome.
Three potential models for their relationship have been pro-
posed: the so-called fission-fusion, codivergence, and parasitic
invasion models (5). In the first two models, both types of
spliceosomes are homologous; i.e., they are derived from a
common ancestor. Thus, the present differences in the snRNAs,
snRNP, and non-snRNP proteins are the result of the diver-
gence of the two spliceosomes during the course of evolution.
Proteins carrying out very important, identical functions in
both spliceosomes may have diverged little or not at all, thus
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giving rise to the phenomenon of shared spliceosomal proteins.
However, the absence of sequence similarities between U1 and
U11 snRNAs and U2 and U12 snRNAs, as well as the very
limited homologies between U4 and U4atac snRNAs and U6
and U6atac snRNAs, favors a hypothesis of nonhomologous
origins for these snRNAs. In this respect the parasitic invasion
model is more attractive. In this model, a parasitic group II
intron invaded a number of genes of a common ancestor of
animals and plants which had a preexisting spliceosome.
Subsequent fragmentation of the intron gave rise to novel
snRNAs, and the utilization of many of the proteins of the
preexisting spliceosome led to the formation of novel snRNPs
with distinct snRNAs but many shared proteins. That such a
large number of spliceosomal proteins are conserved, including
some that do not appear to perform essential functions, is
nonetheless a very unexpected finding. The future character-
ization of the minor U12-dependent spliceosome may reveal
additional surprises and help to further elucidate the evolu-
tionary relationship of both spliceosomes.
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