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An in vitro reconstitution/splicing complementation
system has been developed which has allowed the
investigation of the role of mammalian U2 and U5
snRNP components in splicing. U2 or U5 snRNP cores
are first reconstituted from purified native snRNP core
proteins and snRNA in the absence of cellular extract
and are subsequently added to splicing extracts
depleted of either U2 or U5 snRNP. When snRNPs
reconstituted with HeLa U2 or U5 snRNA were added
to U2- or U5-depleted nuclear extract, splicing was
complemented. Addition of naked snRNA, on the other
hand, did not restore splicing, demonstrating that the
core proteins are essential for both U2 and U5 snRNP
functions in splicing. Hybrid U2 or U5 snRNPs, re-
constituted with core proteins isolated from Ul or U2
snRNPs, were equally active in splicing comple-
mentation, indicating that the snRNP core proteins are
functionally interchangeable. U5 snRNPs reconstituted
from in vitro transcribed U5 snRNA restored splicing
to a level identical to that observed with particles
reconstituted from authentic HeLa U5 snRNA. In
contrast, splicing could not be restored to U2-depleted
extract by the addition of snRNPs reconstituted from
synthetic U2 snRNA, suggesting that U2 snRNA base
modifications are essential for U2 snRNP function.
Keywords: in vitro reconstitution/pre-mRNA splicing/Sm
proteins/snRNPs/snRNA modification

Introduction
Pre-mRNA splicing occurs via a two-step transesterifica-
tion reaction that is catalysed by a dynamic ribonucleo-
protein complex termed the spliceosome. Spliceosome
formation involves the association of the small nuclear
ribonucleoproteins (snRNPs) Ul, U2, U4/U6 and U5, and
numerous non-snRNP protein factors, with the pre-mRNA
substrate (for reviews, see Green, 1991; Moore et al.,
1993). Ul snRNP binds to the pre-mRNA first, followed
by U2 and, ultimately, by U4/U6 and U5 which are
pre-assembled into a tri-snRNP complex before their
incorporation into the spliceosome.
SnRNP particles consist of one or two small nuclear

RNAs (snRNAs) which possess a modified 5' cap struc-
ture. U 1, U2, U4 and U5 snRNAs contain a hyper-

methylated trimethylguanosine (m3G) cap (Reddy and
Busch, 1988), whereas U6 possesses a y-methylphosphate
cap (Singh and Reddy, 1989). The m3G cap, in conjunction
with core snRNP proteins (see below), forms the karyo-
philic signal required for the import of snRNPs into
the nucleus subsequent to their morphogenesis in the
cytoplasm (Fischer and Luhrmann, 1990; Hamm et al.,
1990a). The spliceosomal snRNAs, especially Ul, U2, U5
and U6, are also modified at numerous positions internally;
these modifications include base methylations and the
conversion of uridine to pseudouridine (5-P-D-ribo-
furanosyluracil) (Reddy and Busch, 1988). Interestingly,
these snRNA modifications are found, for the most part,
in functionally important regions. For example, the evolu-
tionarily conserved nucleotides of U5 snRNA loop I,
which are involved in essential interactions at both the 5'
and 3' splice sites (Newman and Norman, 1991, 1992;
Wassarman and Steitz, 1992), are modified at four out of
nine positions; these modifications are also evolutionarily
conserved (Szkukalek et al., 1995). A significant number
of modified nucleotides are also present in those regions
of U2 snRNA which interact with the pre-mRNA branch
site or with U6 snRNA (Reddy and Busch, 1988). How-
ever, at present nothing is known about the role of modified
nucleotides in splicing.
The spliceosomal snRNAs are complexed with two

classes of polypeptide. The first class, the so-called Sm
or core proteins (B, B', D1, D2, D3, E, F and G), are
common to Ul, U2, U5 and U4/U6 snRNPs (Luhrmann
et al., 1990). The snRNP core proteins interact with the
Sm site, an evolutionarily conserved structural element
present on Ul, U2, U4 and U5 snRNAs, which consists
of a single-stranded, uridylic acid-rich region that is
typically flanked by two hairpin loops (Branlant et al.,
1982). The snRNP Sm proteins appear to be identical in
all of the spliceosomal snRNPs. Differences in the Sm
protein composition of Ul, U2, U5 and U4/U6 snRNPs
have not been detected; proteins isolated from individual
particles exhibit the same electrophoretic and immuno-
logical properties (Luhrmann, 1988). Further, the morpho-
logy of the core RNP structures formed upon interaction
of the Sm proteins with the various snRNAs appears
identical under the electron microscope (Kastner et al.,
1990). However, the observation that certain regions of
the Sm site are not interchangeable between Ul and U5
snRNA has led to speculation that subtle differences exist
between those Sm proteins binding to Ul snRNA and
those binding to U5 snRNA (Jarmolowski and Mattaj,
1993). The existence of bona fide Sm protein variants is
unlikely given the recent experimental evidence suggesting
that each of the snRNP core proteins arises from a single
gene (Lehmeier et al., 1994; Hermann et al., 1995;
Seraphin, 1995). It is conceivable, however, that Sm
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proteins possessing, for example, differences in post-
translational modification, are specifically associated with
a given snRNP species.
The second class of snRNP proteins consists of the

particle-specific proteins which are found associated with
only one type of snRNP. Mammalian Ul snRNPs possess
three specific proteins (i.e. 70K, A and C) (Hinterberger
et al., 1983; Bringmann and Luhrmann, 1986), whereas
17S U2 snRNPs (Behrens et al., 1993b) and 20S U5
snRNPs (Bach et al., 1989) contain twelve and nine
specific proteins, respectively. Interestingly, some proteins
specifically associated with the mammalian 17S U2 snRNP
particle have recently been shown to be identical to those
comprising the essential splicing factor SF3a (Behrens
et al., 1993a; Brosi et al., 1993). Additional particle-
specific proteins include two polypeptides which associate
with 12S U4/U6 snRNPs (Gozani et al., 1994; J.Lauber
and R.Luhrmann, manuscript in preparation) and five
which are specifically present in 25S (U4/U6.U5) tri-
snRNP particles (Behrens and Luhrmann, 1991). In addi-
tion to these functionally active forms, snRNP particles
lacking defined subsets of particle-specific proteins can
be isolated biochemically (Luhrmann et al., 1990). For
example, 12S U2 snRNPs containing, in addition to the
Sm proteins, only two U2-specific proteins (A' and B")
have been isolated. Further, Ul, U2, U5 and U4/U6
snRNPs consisting solely of the Sm proteins (so-called
core snRNP particles) have also been described (Bach
et al., 1990).

Whereas the biochemical characterization of mamma-
lian snRNP constituents has steadily progressed, functional
characterization, particularly of the snRNP proteins, has
remained elusive. It is clear that the Sm proteins play an
important role in the biogenesis of snRNPs; they have been
shown to be required for snRNA cap hypermethylation
(Mattaj, 1986; Plessel et al., 1994), the formation of an
snRNP nuclear localization signal (Mattaj and De Robertis,
1985; Fischer et al., 1993), and, lastly, for the association
of Ul-specific proteins (Nelissen et al., 1994). Their role,
if any, in metazoan splicing is currently ill-defined; in vitro
studies by Wersig and Bindereif (1992) have suggested
that the Sm proteins, at least those associated with U4
snRNA, are dispensable for splicing. On the other hand,
genetic studies in yeast have demonstrated that at least
one of the Sm proteins, namely DI, is essential for splicing
in vivo (Rymond et al., 1993). A small subset of particle-
specific proteins have also been shown to be essential
splicing factors both in metazoans and yeast (Beggs,
1993). It is generally thought that most of the particle-
specific proteins are responsible for fulfilling a given
snRNP's specific function(s) during splicing (Will et al.,
1993).

Nonetheless, functional characterization of both the
RNA and proteins comprising the mammalian spliceo-
somal snRNPs has been hampered by the difficulty of
reconstituting splicing active snRNPs in vitro. Functional
reconstitution of Xenopus snRNPs or hybrid human-
Xenopus snRNPs has been accomplished in Xenopus
oocytes by microinjecting either purified, authentic Ul or

U2 snRNAs, or the genes that encode them, subsequent
to the depletion of endogenous Ul or U2 snRNAs by
oligonucleotide-directed RNase H cleavage (Pan and
Prives, 1988, 1989; Hamm et al., 1989, 1990b). The

microinjection of various snRNA mutants led to the
identification of functionally important domains of Ul
and U2 snRNA. A similar system has been established in
yeast splicing extracts; subsequent to oligonucleotide-
directed degradation of endogenous U2 or U6 snRNA,
splicing activity could be restored by the addition of in vitro
transcribed U2 or U6 snRNA, respectively (Fabrizio et al.,
1989; McPheeters et al., 1989). The reconstitution of
splicing active snRNPs upon addition of snRNA to splicing
extracts prepared from mammalian cells, however, has
only been achieved with the U4 and U6 snRNAs. Pikielny
et al. (1989) initially demonstrated that U4/U6 snRNPs
reconstituted in nuclear or S100 extract with in vitro
transcribed snRNA could be chased into spliceosomal
complexes. Wolff and Bindereif (1992) subsequently
established an in vitro reconstitution/splicing comple-
mentation system through which in vitro reconstituted
U4/U6 snRNPs were shown to be active, not only in
spliceosome formation, but also in splicing. In this system,
splicing extracts are first depleted of U4 or U6 RNPs by
streptavidin-agarose affinity selection with biotinylated
2'-O-Me RNA oligonucleotides, and in vitro transcribed
U6 or U4 snRNA, which reassemble into an snRNP
particle in the extract, are subsequently added (Wersig
and Bindereif, 1992; Wolff and Bindereif, 1992). This
system has allowed the investigation of structurally and
functionally important regions of the mammalian U4 and
U6 snRNAs (Wersig and Bindereif, 1990; Wolff and
Bindereif, 1993). However, attempts to establish a similar
system for mammalian U1, U2 and U5 snRNPs have,
until now, been unsuccessful.

Here, we describe the development of an in vitro
reconstitution/splicing complementation system which
allows the analysis of the functional contributions of U2
and U5 snRNP components. In the absence of cellular
extract, U2 or U5 snRNPs are first reconstituted from
purified native snRNP proteins and snRNA that has either
been isolated from snRNP particles or transcribed in vitro.
The in vitro reconstituted particles are then added to
splicing extracts depleted of U2 or U5 snRNPs and, before
splicing, particle-specific proteins which are present in the
extracts are allowed to assemble onto the 10S U2 or U5
snRNPs and form 17 and 20S particles, respectively.
SnRNPs reconstituted in this way are capable of restoring
splicing to extracts specifically depleted of a given snRNP
species. Using this system we demonstrate that the snRNP
Sm proteins are essential for U2 and U5 snRNP function
in splicing and are also functionally interchangeable. In
addition, we provide evidence that neither the presence
of an m3G cap nor the formation of pseudouridines is a

prerequisite for U5 snRNP splicing activity, since U5
snRNPs reconstituted from in vitro transcribed U5 snRNA
lacking a hypermethylated cap complement U5-depleted
extract. In contrast, U2 snRNPs reconstituted from syn-
thetic U2 snRNA do not restore splicing to U2-depleted
extract, suggesting that post-transcriptional base modifica-
tions are important for U2 snRNP structure and/or function.
The ability to complement splicing with synthetic U5
snRNA will allow future detailed investigations of structur-

ally and functionally important regions of the mammalian
U5 snRNA.
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Fig. 1. Scheme of the in vitro reconstitution/splicing complementation
assay. The U5 snRNP depletion of nuclear extract through a
biotinylated 2'-O-alkyloligoribonucleotide and streptavidin-agarose,
and the reconstitution of U5 snRNPs with U5 snRNA and native
snRNP proteins (TPs) are presented schematically.

Results
In vitro reconstitution of U2 and U5 snRNPs
Reconstitution of U2 and U5 snRNPs was achieved by a
two-step procedure which includes an initial, extract-free
incubation step (Figure 1). In this first step, purified
snRNA, that has either been isolated from snRNP particles
or transcribed in vitro, is incubated with native, RNA-
free, snRNP proteins (denoted total core proteins or TPs).
TPs were prepared from a mixture of U1, U2, U5 and
U4/U6 snRNPs or from purified Ul or U2 snRNPs by
dissociation in the presence ofEDTA and the ion exchange
resin, DE53 (Sumpter et al., 1992). The composition of
these native snRNP protein preparations is shown in
Figure 2. All three preparations contain predominantly the
snRNP core proteins, B, B', D1, D2, D3, E, F and G
(Figure 2A). Only a very limited number of snRNP-
specific proteins, such as the U1-A protein (Figure 2A,
lanes 2 and 3) or the U2-A' and U2-B" proteins (lanes 2
and 4) are present to a significant extent. Not surprisingly,
snRNPs reconstituted from TPs have been shown to be
comprised almost exclusively of the snRNP core proteins
(Sumpter et al., 1992). As shown in Figure 2B, snRNA
is quantitatively removed during the TP preparation such
that the native snRNP protein preparations used for snRNP
reconstitution are essentially RNA-free (compare lanes 1,
3 and 5 with 2, 4 and 6, respectively).

Since TPs lack the majority of 17S U2 snRNP-specific
proteins, as well as 20S U5 and 25S (U4/U6.U5) tri-
snRNP specific proteins, the reconstitution of splicing
active forms of U2 and U5 required an additional incuba-

D2 N
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-14 115
U6

2 3 4 5 6

Fig. 2. Protein and RNA composition of native snRNP protein
preparations. (A) SnRNP proteins used for U2/U5 snRNP
reconstitution were prepared under non-denaturing conditions as
described in Materials and methods and fractionated on a 12% SDS-
polyacrylamide, high TEMED gel (Lehmeier et al., 1990). Native
proteins were isolated from 5 jg anti-m3G purified Ul-U6 snRNPs
(lane 2), 5 jg Mono Q purified Ul snRNP (lane 3), and 5 jig Mono Q
purified U2 snRNP (lane 4). SnRNP proteins extracted under
denaturing conditions from Ul-U6 snRNPs (lane 1) and molecular
weight standards (Biorad) (lane 5) are shown for comparison.
Molecular weights are shown at the right and a subset of the snRNP
proteins are indicated at the left. Although the G protein is no longer
visible on this particular gel due to an abnormally long electrophoresis
time, it is consistently present in TP preparations (Sumpter et al.,
1992). (B) RNA composition of purified snRNPs and native snRNP
protein preparations. RNA was isolated by phenol/chloroform
extraction of 5 jg (protein) of Ul-U6 snRNPs (lane 1), Ul snRNPs
(lane 3), and U2 snRNPs (lane 5) or from 5 jg of native snRNP
proteins prepared from Ul-U6 snRNPs (lane 2), Ul snRNPs (lane 4),
or U2 snRNPs (lane 6). SnRNAs were fractionated on a 10%
polyacrylamide-7 M urea gel and visualized by staining with ethidium
bromide (Bringmann et al., 1986). The various snRNA species are
indicated on the left.

tion step with nuclear extract (Figure 1). As the in vitro
reconstituted particles were ultimately to be tested for
splicing activity, extracts specifically depleted of U2 or
U5 snRNPs were prepared by affinity selection with
biotinylated 2'-O-methyl or 2'-O-alkyl RNA oligonucleo-
tides complementary to U2 or U5 snRNA, respectively
(Barabino et al., 1990; Lamm et al., 1991), and the second
reconstitution step was performed directly in these depleted
extracts. Depletion was carried out at an ionic strength
sufficient to dissociate all 17S U2- (Behrens et al., 1993b)
and 25S tri-snRNP-specific proteins, as well as the majority
of 20S U5-specific proteins (Behrens and Liihrmann, 1991;
Blencowe et al., 1993); the optimal salt concentration for
depletion, as determined by titration experiments, was 0.8
M KCl. Analysis of the RNA composition of the depleted
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Fig. 3. Immunoprecipitation of reconstituted U2 and U5 snRNPs.
(A) Particles were reconstituted with 32P-pCp-labelled HeLa U2
snRNA in the presence (lanes 2, 3 and 5) or absence (lane 4) of native
snRNP proteins, incubated with U2-depleted extract and then
immunoprecipitated as described in Materials and methods with the
following antibodies: rabbit non-immune serum (NIS) (lane 2), anti-
m3G H20 (lane 3), and anti-Sm Y12 (lanes 4 and 5). Input
radiolabelled U2 snRNA is shown in lane 1. (B) Particles were
reconstituted with 32P-pCp-labelled HeLa U5 snRNA in the presence
(lanes 2, 3 and 5) or absence (lane 4) of native snRNP proteins,
incubated with U5-depleted extract, and then immunoprecipitated as
described in the Materials and methods with the following antibodies:
rabbit non-immune serum (NIS) (lane 2), anti-m3G H20 (lane 3), and
anti-Sm Y12 (lanes 4 and 5). Input radiolabelled U5 snRNA is shown
in lane 1. In both panels, RNA was isolated from the
immunoprecipitates, fractionated on a 10% polyacrylamide-7 M urea
gel, and detected by autoradiography. Similar results were also
obtained with synthetic U2 and U5 snRNA.

extracts demonstrated the selective removal of U2 or U5
snRNA from U2- or U5-depleted extract, respectively
(data not shown). Thus, U2-depleted extracts, while quant-
itatively lacking U2 snRNA and, presumably, U2 snRNP
core proteins, should contain sufficient amounts of U2-
specific proteins to support the formation of 17S U2
snRNPs after initial reconstitution of 1OS U2 snRNPs
with TPs. Similarly, U5-depleted extracts were expected
to support the formation of 20S U5 snRNPs after the
addition of in vitro reconstituted 1OS U5 snRNPs.
To test for the formation during our two-step reconstitu-

tion procedure of core U2 and U5 snRNPs, reconstitution
was carried out with radiolabelled U2 or U5 snRNA and
RNP formation was then assayed by immunoprecipitation.
As shown in Figure 3A, significant amounts of U2 snRNA
were precipitated by the anti-Sm monoclonal antibody,
Y12, (compare lane 5 with the background control in lane
2), demonstrating the association of core snRNP proteins
with U2 during the two-step reconstitution procedure.
The efficiency with which Y12-precipitable particles are
formed appears to be rather high (assuming equal pre-
cipitation efficiencies), since a similar amount of U2 is
precipitated by the monoclonal antibody, H20 (compare
lanes 3 and 5); the latter recognizes the m3G cap of U
snRNAs (Bochnig et al., 1987) and, thus, both naked U2
snRNA and reconstituted U2 snRNPs are precipitated.
Significantly, Y12-precipitable particles were not formed
to a significant extent when naked U2 snRNA was added
directly to the depleted extract (i.e. without prior incubation
with TPs) (Figure 3A, lane 4). Thus, one or more core
snRNP protein, which is required for the formation of
lOS U2 snRNPs, is limiting in the U2-depleted extracts.
Similar results were also obtained with in vitro reconstitu-
ted U5 snRNPs. As shown in Figure 3B (lanes 3 and 5),
significant amounts of U5 snRNA were precipitated by
H20 and Y12 under standard reconstitution conditions.
However, precipitation with Y12 was not observed if U5

snRNA was added directly to the U5-depleted extract (in
the absence of TPs) (lane 4). Thus, both U2- and U5-
depleted extracts appear to contain only limiting amounts
of snRNP core proteins, thus necessitating the addition of
TPs to the reconstitution mixture.

In vitro reconstituted U2 and U5 snRNPs are
active in splicing
We next tested whether the in vitro reconstituted U2 and
U5 snRNPs were active in splicing. Since the second
reconstitution step is carried out in splicing buffer and in
the presence of U2- or U5-depleted extract, the formation
of splicing active snRNPs after reconstitution could be
assayed directly by adding a radiolabelled pre-mRNA to
the mixture and incubating at 30°C. U5- or U2-depleted
extracts were first assayed for their ability to splice a
radiolabelled adenovirus pre-mRNA. As shown in Figure
4, splicing activity was significantly reduced in both the
U5- and U2-depleted extracts, although the pre-mRNA
substrate was efficiently spliced in mock-depleted extract
(ME) (compare lanes 1 and 2 in both Figure 4A and B).
Consistent with the known functions of U5 and U2
during spliceosome formation, native gel electrophoresis
demonstrated that A complex formation was significantly
reduced in the U2-depleted extract, whereas B complex
formation was inhibited in the U5-depleted extract (data
not shown). Splicing activity could, however, be restored
to the U5-depleted extract by the addition of Mono Q
purified lOS U5 snRNPs which contain solely the core
snRNP proteins (Figure 4A, lane 3), demonstrating that
the block to splicing was specifically due to the absence
of U5 snRNPs. Similarly, complementation of the U2-
depleted extract was achieved by the addition of 12S U2
snRNPs which contain the snRNP core proteins and two
of the more tightly-associated U2-specific proteins (i.e.
A' and B") (Figure 4B, lane 3). Significantly, the addition
of TPs alone (not shown in Figure 4, but see Figures 5
and 6), or HeLa U5 or U2 snRNA to their respective
depleted extract did not restore splicing (Figure 4A and
B, lane 4). The exogenously added snRNAs were not
significantly degraded in either splicing extract (data
not shown), demonstrating that the absence of splicing
complementation was not due to decreased U5 or U2
snRNA stability. However, U5 and U2 snRNA incubated
with TPs and depleted extract before splicing (i.e. under
standard reconstitution conditions) restored splicing to a
level similar to that observed with the native lOS U5 or
12S U2 snRNPs (Figure 4A and B, lane 5). The specificity
of splicing complementation with snRNA plus TPs was
confirmed by adding U5 snRNA and TPs to the U2-
depleted extract, and by adding U2 snRNA and TPs to the
U5-depleted extract; in both instances no complementation
was observed (Figure 4A and B, lane 6). Since splicing
complementation is observed only upon addition of both
snRNA and the core protein-enriched TP preparation, the
results presented in Figure 4 indicate that snRNP core

proteins are absolutely required for the formation of
splicing active U5 and U2 snRNPs. Although TP prepara-
tions also typically contain a limited number of particle-
specific proteins (see Figure 2A), subsequent hybrid
snRNP reconstitution experiments demonstrate that these
additional proteins are not responsible for the splicing
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Fig. 4. Splicing complementation of U5- or U2-depleted nuclear extract. (A) In vitro reconstitution/splicing reactions were performed with mock
depleted extract (ME) (lane 1), U5-depleted extract (lane 2) or U5-depleted extract plus the following: 100 ng of Mono Q purified 1OS U5 snRNP
(lane 3), 100 ng HeLa U5 snRNA (lane 4), 100 ng HeLa U5 snRNA and 650 ng purified snRNP protein (TPs) (lane 5) or 100 ng HeLa U2 snRNA
and 650 ng TPs (lane 6). (B) In vitro reconstitution/splicing reactions were performed with mock depleted extract (lane 1), U2-depleted extract
(lane 2) or U2-depleted extract plus the following: 100 ng Mono Q purified 12S U2 snRNP (lane 3), 100 ng HeLa U2 snRNA (lane 4), 100 ng HeLa
U2 snRNA and 650 ng purified snRNP protein (TPs) (lane 5) or 100 ng HeLa U5 snRNA and 650 ng TPs (lane 6). The position of the pre-mRNA,
and the splicing intermediates and products are indicated at the right of both panels. The amount of exogenously added U2 or U5 snRNA (100 ng) is
approximately equivalent (in the case of U2) or 2-fold greater (in the case of U5) than that present in the mock-depleted splicing reactions.

complementation observed with reconstituted U2 or U5
particles (see below).

SnRNP core proteins are functionally
interchangeable
Although biochemically indistinguishable, at least in terms
of their gel migration behaviour (Lehmeier et al., 1990),
the snRNP proteins common to all spliceosomal snRNPs
could conceivably exhibit small differences (e.g. differ-
ences in post-translational modification) which are specific
for a given snRNP species. To test whether the core

snRNP proteins associating with one snRNP species can

functionally replace those which associate with another,
native snRNP proteins were isolated from highly purified
12S Ul or U2 snRNPs, and hybrid U5 and U2 particles
were reconstituted and functionally assayed as described
above. As shown in Figure SA, U5-depleted extracts
were complemented to a similar extent by U5 particles
reconstituted with core proteins prepared either from a

mixture of snRNP particles (TPs) (lane 7) or from highly
purified Ul snRNPs (lane 8). U5 snRNA, TPs or Ul
proteins alone did not complement splicing to a measurable
extent (lanes 4-6). The U1 snRNPs from which the Ul
proteins were prepared do not contain detectable amounts
of U5 (Figure 2B) and, assuming that U5 core proteins in
the depleted extract do not associate during the second
step of reconstitution (significant amounts of these proteins
do not appear to be present in the U5-depleted extract),

these results demonstrate that U5 snRNPs containing Ul
core proteins are active in splicing. Similar results were

obtained with native snRNP proteins isolated from Mono
Q purified U2 snRNPs. Whereas TPs or U2 proteins alone
had no significant effect on splicing efficiency (Figure
5B, lanes 4 and 5), U5 snRNPs reconstituted from TPs or

U2 core proteins restored splicing to a U5-depleted extract
to a similar extent (Figure SB, lanes 6 and 7).
The ability of hybrid snRNP particles to complement

splicing was not limited to U5 snRNPs. Efficient comple-
mentation of U2-depleted extracts was observed not only
when reconstitution was performed with proteins isolated
from a mixture of snRNPs (TPs), but also with U2 snRNPs
reconstituted from Ul proteins (Figure SC, lanes 4 and
5). TPs or Ul proteins alone had no measurable effect on
splicing efficiency (data not shown). The results presented
in Figure 5 demonstrate that the core snRNP proteins
associating with one snRNP species are functionally
interchangeable with those from another. Since TPs pre-

pared from Ul or U2 snRNPs contain no U5-specific
proteins, these results also demonstrate that the formation
of splicing active U5 snRNPs upon pre-incubation with
TPs is not due to the association of a U5-specific protein
which is present in the TPs but missing in the U5-depleted
extract. Similarly, the splicing complementation observed
when U2 snRNA is pre-incubated with TPs cannot be
attributed merely to the presence of one or more U2-
specific protein in the TP preparation.
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Fig. 5. Complementation of U5- or U2-depleted extract with hybrid reconstituted particles. (A) U5-depleted splicing extracts are complemented by
U5 snRNPs reconstituted from Ul proteins. Reconstitution and splicing reactions were performed with mock depleted extract (lane 2), US-depleted
extract (lane 3), or US-depleted extract plus the following: 650 ng TPs (lane 4), 650 ng Ul snRNP protein (lane 5), 100 ng HeLa US snRNA
(lane 6), and 100 ng HeLa US snRNA plus 650 ng TPs (lane 7) or 650 ng Ul proteins (lane 8). The positions of the pre-mRNA (lane 1) and
splicing intermediates and products are indicated schematically. (B) US-depleted extracts are complemented by US snRNPs reconstituted from U2
proteins. Reconstitution and splicing reactions were performed with mock depleted extract (lane 1), US-depleted extract (lane 2), or US-depleted
extract plus the following: 100 ng HeLa U5 snRNA (lane 3), 650 ng TPs (lane 4), 350 ng U2 snRNP protein (lane 5), and 100 ng HeLa US snRNA
plus 650 ng TPs (lane 6) or 350 ng U2 proteins (lane 7). (C) U2-depleted extracts are complemented by U2 snRNPs reconstituted from Ul proteins.
Reconstitution and splicing reactions were performed with mock depleted extract (lane 1), U2-depleted extract (lane 2), or with U2-depleted extract
plus the following: 100 ng HeLa U2 snRNA (lane 3), 100 ng HeLa U2 snRNA plus 650 ng TPs (lane 4) or 650 ng Ul proteins (lane 5). The
addition of TPs or U1 proteins alone did not restore splicing to a significant extent (not shown).

U5 but not U2 snRNPs reconstituted from in vitro
transcribed snRNA can complement splicing
As a prerequisite to study the role of individual snRNA
nucleotides in snRNP function, we first tested whether
in vitro transcribed U5 snRNA was able to restore splicing
to a US-depleted extract. To test additionally whether the
5'-trimethylguanosine cap is essential for U5 snRNP
function, we prepared in vitro transcribed U5 snRNAs
with either an ApppG or m7GpppG cap structure. Since
the enzyme responsible for cap hypermethylation does not.
appear to be present in splicing extracts (cap hypermethyla-
tion is a cytoplasmic event) (Mattaj, 1986), it is unlikely
that the m7G cap is converted to the normally present
m3G form. The addition of HeLa or synthetic U5 snRNA
alone to US-depleted extract had no effect on splicing
(Figure 6A, lanes 6-8). However, when pre-incubated with
purified snRNP proteins, synthetic U5 snRNAs restored
splicing to a level identical to that obtained with HeLa
U5 snRNA, regardless of the cap structure (Figure 6A,
compare lanes 9 to 11). Thus, a trimethylguanosine cap
structure appears to be dispensable for U5 snRNA function
in splicing.

Similar splicing complementation studies were also
carried out with in vitro transcribed U2 snRNA. As

previously shown, efficient complementation of a U2-

depleted extract was obtained with purified 12S U2
snRNPs and U2 snRNPs reconstituted from HeLa U2
snRNA and TPs (Figure 6B, lanes 4 and 5). However, in
contrast to U5, U2 snRNPs reconstituted from in vitro
transcribed U2 snRNA and TPs did not stimulate splicing
to a significant extent (Figure 6B, lanes 6-8). The level
of product formation observed in lanes 6-8 is only slightly
higher than the background level arising from the residual
splicing activity present in U2-depleted extracts and repre-
sents an -2-fold increase, as compared with the 20-fold
increase observed with HeLa U2 snRNA. Significant
levels of complementation were not observed with U2
snRNPs reconstituted from synthetic U2 snRNA even

when the snRNA possessed a normal trimethylguanosine
5' cap (lane 8). Further, an increase in splicing activity
could not be achieved by adding higher amounts of
synthetic U2 snRNA (up to 500 ng) or by denaturing and
subsequently renaturing the snRNA before reconstitution.

U5 and U2 snRNPs reconstituted from synthetic
snRNAs lack pseudouridine modifications
In contrast to authentic HeLa US snRNA which contains
methylated nucleotides at positions 1, 2, 37, 41 and 45,
and pseudouridine (I) at positions 43, 46 and 53 (in the
case of USa RNA) (Reddy and Busch, 1988), in vitro
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Fig. 6. Complementation of U5- or U2-depleted extract with in vitro transcribed snRNAs. (A) Synthetic U5 snRNA restores splicing regardless of 5'
cap structure. Reconstitution and splicing complementation were performed with mock depleted extract in the absence (lane 2) or presence of
purified snRNP proteins (lane 3), with US-depleted nuclear extract (lane 4) or with U5-depleted extract plus the following: 650 ng TPs (lane 5),
100 ng HeLa U5 snRNA alone (lane 6) or with 650 ng TPs (lane 9), 100 ng ApppG capped U5 snRNA alone (lane 7) or with 650 ng TPs (lane 10)
and m7GpppG capped U5 snRNA alone (lane 8) or with 650 ng TPs (lane 11). (B) Synthetic U2 snRNA does not restore splicing to U2-depleted
extracts. Reconstitution and splicing complementation were performed with mock depleted extract (lane 2), U2-depleted extract (lane 3) or U2-
depleted extract plus the following: 100 ng Mono Q purified 12S U2 snRNP (lane 4), 100 ng HeLa U2 snRNA (lane 5), 100 ng ApppG capped U2
snRNA (lane 6), 100 ng m7GpppG capped U2 snRNA (lane 7), or 100 ng m3GpppG capped U2 snRNA (lane 8); 650 ng TPs were added to all of
the reconstitution/splicing assays. The position of the pre-mRNA and the splicing intermediates and products are indicated schematically at the right.

transcribed U5 snRNA lacks all internal modifications.
Thus, the ability of the latter to support in vitro splicing
in U5-depleted extracts suggested that internal U5 snRNA
modifications do not play an essential role in splicing. In
contrast, in light of the failure of synthetic U2 snRNA to
complement splicing, U2 snRNP function could require
base methylations or the formation of pseudouridine. In
the case of U2, a large percentage of its uridines (13 out
of 56) is normally converted to (Reddy and Busch,
1988). To determine whether U2 or U5 snRNA was
modified subsequent to in vitro transcription, we assayed
whether formation occurred during the in vitro recon-

stitution and in vitro splicing reactions. Consistent with
previous studies (Patton, 1991, 1994; Patton et al., 1994),

formation could be detected when in vitro transcribed,
radiolabelled U5 or U2 snRNA was incubated with both
S100 and nuclear extract (Figure 7A and B, lane 1).
However, when radiolabelled, synthetic U5 or U2 snRNA
was subjected to standard reconstitution conditions, no

formation could be detected (lane 2). Subsequent incuba-
tion at 30°C for up to 90 min (as occurs during the in vitro
splicing reaction) did not lead to the formation of detectable
levels of (lanes 3-5). These results suggest that at least
one form of base modification does not occur to a

significant extent during in vitro reconstitution and splicing
and thus the majority of particles reconstituted from
synthetic snRNA appear to lack pseudouridine.

Discussion
We have established a two-step in vitro reconstitution
system which generates U2 and U5 snRNPs that are
active in an in vitro splicing complementation assay. The
reconstitution/splicing complementation system described
here should facilitate future investigation of both structural
and functional aspects of the U2 and U5 snRNPs. The
reconstitution of functionally active U2 and U5 snRNPs
was accomplished by initially incubating purified snRNA
with native, RNA-free, snRNP core proteins (TPs), and
subsequently incubating with splicing extract that had
been specifically depleted of U2 or U5 snRNPs by
streptavidin-agarose affinity selection with biotinylated
2'-O-methyl or 2'-O-alkyl RNA oligonucleotides,
respectively. The formation of 1OS U2 and U5 snRNPs
during this two-step reconstitution procedure was demon-
strated by immunoprecipitation assays with the anti-
Sm monoclonal antibody Y12 (Figure 3). Further, they
demonstrated that core U2 or U5 snRNP formation did
not occur if U2 or U5 snRNA was added directly to the
U2- or U5-depleted extract respectively, suggesting that
the depleted extracts do not contain significant amounts
of free Sm proteins. Splicing was restored to a U2- or

U5-depleted extract after addition of both authentic HeLa
snRNA and TPs, but not after the addition of only one of
these components (Figure 4A and B). Since a subset of
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Fig. 7. Pseudouridine modification of in vitro transcribed U2 and U5 snRNA. Pseudouridine is not detected in synthetic U5 (A) or U2 snRNA (B)

after in vitro reconstitution and splicing. 32P-labelled, in vitro transcribed U5 or U2 snRNA was incubated in the presence of S100 and nuclear

extract for 60 min (lane 1) or, after two-step in vitro reconstitution (as described in Materials and methods), for 0 (lane 2), 30 (lane 3), 60 (lane 4) or

90 min, (lane 5) at 30°C. Reconstituted particles were immunoprecipitated with Y12 antibody and the precipitated RNA was isolated, hydrolysed

with nuclease P1 and subjected to one-dimensional chromatography on TLC plates as described in Materials and methods. As a negative control,

hydrolysed U5 or U2 snRNA that had not been incubated with extract is shown in lane 6. Radiolabelled pU and pP were detected by

autoradiography and their positions are indicated at the right of each panel. The reduction in the amount of radioactivity observed in lane 2 of Figure

7B is due to the loss of the sample during its preparation. However, T formation is not observed at the zero time point if an amount equivalent to

that present at later time points is analysed.

U2 snRNP-specific proteins (Behrens et al., 1993a; Brosi
et al., 1993), as well as the formation of an intact (U4/
U6.U5) tri-snRNP complex (Lamm et al., 1991; Blencowe
et al., 1993), have been shown to be essential for splicing,
the ability of in vitro reconstituted U2 and U5 snRNPs to

complement splicing would suggest that both 17S U2 and
20S U5, as well as 25S (U4/U6.U5) tri-snRNP complexes,
are formed at some point in the splicing extract.
The observation that naked U2 or U5 snRNA alone is

not able to restore splicing indicates that one or more

component essential for the reconstitution of functional
U2 or U5 snRNPs is not present in the depleted extracts.
Since the combination ofsnRNA and TPs restored splicing,
proteins present in the TP mixture must ultimately be
required for splicing complementation. Hybrid reconstitu-
tion experiments demonstrated that particle-specific
proteins present in TPs are not required and, thus, snRNP
core proteins must play an essential role. The requirement
for Sm proteins does not appear to be at the level of snRNA
stabilization. Significant degradation of exogenously added
U2 or U5 snRNA, whether authentic or transcribed in vitro,
was not observed in depleted extracts in the absence of
TPs. Based on immunoprecipitation studies, the essential
role of the Sm proteins may be at the level of RNP
formation. Namely, immunoprecipitation studies with the
anti-Sm protein antibody, Y12, confirmed that Sm proteins
do not associate with naked U2 or U5 snRNA to a

measurable extent after incubation with depleted extract

(Figure 3); rather, Sm protein association and thus the
formation of lOS U2 or U5 particles was dependent upon
the presence of TPs. Recent RNP assembly studies with

the U1 snRNP have demonstrated that the association of

the U1-specific proteins, 70K and C, is partially mediated

by Sm proteins (Nelissen et al., 1994). The requirement
for Sm proteins in our splicing complementation assay

could indicate that the subsequent association of U2- or

U5-specific proteins during 17S U2 and 20S U5 snRNP
formation is absolutely dependent upon the prior associa-
tion of the snRNP core proteins. Thus, the essential
role which the Sm proteins play in our reconstitution/
complementation system may simply be a structural one.

While it is conceivable that Sm proteins play a direct role
in spliceosome formation or splicing proper, the data
presented here do not allow any conclusions in this regard.
The absolute requirement of Sm proteins for splicing

complementation allowed us to investigate whether Sm
proteins associated with one snRNP species could func-
tionally replace those of another. In light of the observation
that the Sm site of U5 is not functionally interchangeable
with that of U1, at least when the transport activity of
such hybrid snRNAs is assayed in Xenopus oocytes
(Jarmolowski and Mattaj, 1993), the question as to whether
structural, and as a consequence, functional heterogeneities
exist between U1 and U5 Sm proteins is not a trivial one.

As shown in Figure 5A and B, hybrid U5 snRNPs
reconstituted from proteins isolated either from a mixture
of spliceosomal snRNPs or highly purified U1 or U2
snRNPs complemented a U5-depleted extract to a similar
extent. Since U5 snRNPs are significantly less abundant
than Ul or U2 snRNPs, it was not feasible to prepare TPs
from purified U5 snRNPs. The low percentage of U5 in
the TPs prepared from a mixture of snRNPs suggests that
even in the case of TPs, hybrid U5 snRNPs are probably
formed. Similarly, hybrid U2 snRNPs reconstituted from

proteins isolated from purified Ul snRNPs are active in

our reconstitution/complementation assay (Figure 5C).
These results demonstrate that Ul core proteins support
the formation of functional U5 snRNPs and thus the

association of U5-specific proteins during 20S U5 snRNP

formation does not require U5 core proteins. Similarly,
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the association of U2-specific proteins is not strictly
dependent upon the presence of U2 core proteins, sug-
gesting that the core RNP structure formed in hybrid
particles is similar to that of the wild-type particles. Since
Ul proteins are prepared from particles which contain
<1% of both U2 and U5 snRNPs, the reconstitution of
functional U2 and U5 snRNPs with Ul core proteins
cannot be attributed to contaminating U2 or U5 proteins.
On the other hand, we cannot rigorously exclude the
possibility that one or more U5 or U2 core protein,
potentially present in the depleted splicing extracts, associ-
ates during reconstitution. This is, however, unlikely given
the apparently low level of free core proteins present in
both U2- and U5-depleted extracts, and the fact that 10S
U2 and U5 snRNPs are pre-assembled in the absence of
any potentially competing Sm proteins that may be present
in the extract.
As a prerequisite for the functional analysis of mutant

U2 and U5 snRNAs, we tested whether in vitro transcribed
snRNAs are assembled into splicing active snRNPs in
our reconstitution/complementation system. Synthetic U5
snRNA, possessing either an m7GpppG or ApppG cap,
was as active in splicing as its endogenous counterpart
demonstrating that a trimethylguanosine cap structure is
dispensable for U5 function (Figure 6A). Interestingly, no
pseudouridine formation was detected with U5 snRNPs
reconstituted from synthetic U5 snRNA, even after pro-
longed incubation at 30°C in the U5-depleted extract
(Figure 7A). Although previous studies examining T
formation in reconstituted U5 and U2 snRNPs suggested
that nuclear extracts contain pseudouridine synthase
activity (the formation of sub-stoichiometric amounts of
pseudouridine were observed upon incubation in nuclear
extract) (Patton, 1991, 1994; Patton et al., 1994), the ratio
of nuclear extract to U5 snRNA was 150-fold higher
than that employed in our reconstitution/complementation
assay. Our results provide the first evidence that U5
snRNA base modifications are not essential to U5 snRNP
function. In particular, although we cannot at present rule
out an effect of internal base methylation, the conversion
of uridine at positions 43, 46 and 53 to T apparently has
no effect on the splicing activity of U5 snRNA. These
results are consistent with the previous observation that
T formation is not required for U5 snRNP assembly
(Patton, 1991) and would further suggest that it has no
influence upon (U4/U6.U5) tri-snRNP assembly, since
formation of the latter is a prerequisite for splicing. It
should be noted, however, that due to our inability to
detect low levels of pseudouridine (only 8% of the
uridine residues present in USa snRNA are T), we cannot
rigorously exclude the possibility that a small percentage
of the U5 snRNAs, in particular those which may take
part in the splicing reaction, do contain pseudouridine.

Interestingly, in contrast to U5, significant splicing
complementation was not observed with U2 snRNPs
reconstituted from synthetic U2 snRNA (Figure 6B).
Previous attempts to restore splicing to U2-inactivated
oocytes upon microinjection of in vitro transcribed HeLa
U2 snRNA were also unsuccessful (Pan and Prives, 1989).
On the other hand, low levels of splicing complementation
were observed when in vitro transcribed HeLa U2 was
added to yeast splicing extracts whose endogenous U2
snRNA had been degraded by oligonucleotide-directed

RNase H cleavage (McPheeters et al., 1989). The splicing
complementation block which we observe with synthetic
U2 snRNA has been narrowed down to a step after 10S
U2 snRNP formation and before the formation of pre-
spliceosomes (i.e. complex A). That is, the analysis on
native gels of splicing complex formation in U2-depleted
extract revealed that, in the presence of HeLa U2 snRNA
and TPs, pre-mRNA was efficiently chased into both
complex A and B (data not shown). In contrast, neither
complex A nor B was formed in the presence of synthetic
U2 snRNA and TPs. Thus, the inability of synthetic U2
snRNA to support splicing must be due to a defect
during or before an early stage of spliceosome formation.
Immunoprecipitation studies with in vitro transcribed U2
snRNA, identical to those shown in Figure 3, demonstrated
efficient formation of core U2 snRNPs during the two-
step reconstitution procedure. These results indicate that
the inability of synthetic U2 to support splicing is not due
to a decrease in its stability relative to that of HeLa U2
snRNA since similar amounts of core U2 snRNPs are
reconstituted in both cases (data not shown). Since TPs
contain a relatively high amount of A' and B", it does not
seem likely that reconstituted U2 snRNPs lack these U2-
specific proteins. However, conclusive evidence for the
formation of 17S U2 snRNPs is currently lacking. To
date, we have been unable to detect 17S U2 snRNP
formation by glycerol gradient centrifugation with both
HeLa and synthetic U2 snRNA, apparently due to the
insufficient sensitivity of our assay. That is, since particles
reconstituted with HeLa U2 snRNA restore splicing to
U2-depleted extracts, it follows that, despite our inability
to detect them, 17S U2 snRNPs are formed during the
two-step reconstitution with HeLa U2 snRNA. We are
currently attempting to refine our 17S U2 snRNP detection
methods, and thereby establish whether the inability of
synthetic U2 snRNA to support splicing is due to a defect
at the level of particle assembly or, alternatively, at an
early stage of spliceosome formation.
The inactivity of the synthetic U2 snRNA could be due

to a number of factors. A trivial explanation could be the
presence of three additional nucleotides at its 5' end.
These extra nucleotides could conceivably alter the con-
formation of the U2 snRNA and/or hinder the binding of
a functionally important U2 protein. However, in the
aforementioned oocyte complementation studies (Pan and
Prives, 1989), removal of two of these extra nucleotides,
such that only one additional nucleotide was present, had
no effect on the splicing activity of the synthetic U2
snRNA. A second possible explanation for the inactivity
of the synthetic U2 snRNA could be the lack of post-
transcriptional modification. Significant levels of pseudo-
uridine formation were not detected in the synthetic U2
snRNA after reconstitution of U2 snRNPs, even after
prolonged incubation at 30°C (Figure 7B). Since 22%
of the U2 uridine residues are normally converted to
pseudouridine, and we estimate that <1% of the total
counts are present as pseudouridine, the results presented
in Figure 7B indicate that only very low amounts of
pseudouridine (at most 5%) have potentially been formed.
Although we, at present, have no information regarding the
presence or absence of other types of internal modification
(namely base methylations), and also cannot rule out the
presence of low levels of pseudouridine, these initial
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results are consistent with the hypothesis that modified
nucleotides are required for U2 snRNA splicing activity.
Interestingly, even though the function of post-transcrip-
tional snRNA modifications is not known, they are usually
present in RNA domains that are highly conserved through-
out evolution and that are often involved in RNA-RNA
interactions. In U2 snRNA, modified nucleotides are
localized, for the most part, in the 5'-domain which is
involved in base-pairing interactions with both the branch
site of the pre-mRNA (Parker et al., 1987; Wu and Manley,
1989; Zhuang and Weiner, 1989) and with U6 snRNA
(Datta and Weiner, 1991; Wu and Manley, 1991; Madhani
and Guthrie, 1992). A requirement of base modification
for a stable U2/branch site interaction is consistent with
the inability of the synthetic U2 snRNA to support splicing
complex A formation. Modified bases could influence this
interaction either directly or indirectly, by stabilizing an
active conformation of the U2 snRNP. It is particularly
noteworthy that the interaction of the U2 snRNP with the
pre-mRNA has been shown to be highly dependent upon
the formation of a particular U2 snRNP conformational
state (Zavanelli and Ares, 1991). Mutational analyses of
the yeast U2 snRNA indicate that competing, mutually
exclusive conformations of the U2 snRNA exist (Zavanelli
et al., 1994). These conformations are distinguished by
the presence (in the case of the functional form) or absence
of stem-loops Ila and Ilb. Normally, formation of the
functionally active conformation of U2 is favoured. The
absence of pseudouridines could conceivably shift this
equilibrium such that the formation of an inactive con-
formation would be favoured. The latter could in turn
inhibit the formation of the 17S U2 snRNP. Recent
genetic studies by Wells and Ares (1994) suggest that the
functional association of those yeast U2-specific proteins
required for the incorporation of U2 into the spliceosome
(i.e. PRP 9, 11 and 21) is dependent upon the stable
formation of stem-loop Ila. Although the precise inter-
action sites of the mammalian homologues of these U2-
specific proteins (i.e. the 60, 66 and 110 kDa proteins) is
not known, they appear to interact with the 5' half of the
U2 snRNP (Behrens et al., 1993b; Brosi et al., 1993).
Thus, the association of these proteins may also be
sensitive to the conformation of stem-loop II of the
mammalian U2 snRNA. Although base modification (at
least pseudouridine formation) did not appear to be
required for U5 snRNA function, it should be noted that
the U2 snRNA is modified to a much greater extent than
U5 and, thus, it would not be surprising if the apparent
lack of base modification were to inhibit U2 snRNA
function. Experiments are now in progress to generate
synthetic U2 snRNAs modified in vitro and to test them
in our reconstitution/complementation system.
The ability to reconstitute splicing active U5 snRNPs

from synthetic U5 snRNA will facilitate the analysis of
both structural and functional aspects of the U5 snRNP.
In addition to establishing whether or not synthetic U5
and U2 snRNA bases are methylated during our in vitro
reconstitution/complementation assays, future studies,
using various U5 snRNA mutants, will be aimed at
investigating which regions of the mammalian U5 snRNA
are essential for spliceosome formation and splicing proper.
In addition, the incorporation of the photoactivateable
nucleoside, 4-thiouridine, should enable the detailed

investigation of US snRNA interactions during splicing.
Further, immunodepletion of a given U2- or US-specific
protein from our U2- or US-depleted extracts should
potentially allow the future investigation of the role
of mammalian snRNP particle-specific proteins in pre-
mRNA splicing.

Materials and methods
Preparation of snRNPs, snRNAs and native snRNP proteins
Nuclear and S100 extracts were prepared from HeLa cells (Computer
Cell Culture Center, Mons) as described by Dignam et al. (1983). A
mixture of Ul, U2, U5 and U4/U6 snRNPs was isolated from HeLa
nuclear extract by anti-m3G immunoaffinity chromatography (Bach
et al., 1990). Purified 12S Ul or U2 snRNPs were isolated from the
immunoaffinity purified snRNPs by Mono Q chromatography (Bach
et al., 1990). 10S (core) U5 snRNPs were also isolated by Mono Q
chromatography as described previously (Kastner et al., 1990). HeLa
U2 and U5 snRNAs, as well as native, RNA-free, snRNP proteins, were

isolated as described by Sumpter et al. (1992). Radiolabelled and non-

radiolabelled synthetic U2 snRNA were prepared by in vitro transcription
of SmaI linearized pMRGU2-27 (Jacobson et al., 1993) with T7
polymerase. The synthesis of U5 snRNA was performed with a plasmid
which contains the gene encoding the human U5a species. Transcriptions
were performed essentially as described by Fischer et al. (1991).
Chemically synthetized ApppG, m7GpppG and m3GpppG were added
to the transcription reaction as described (Fischer et al., 1991). 32P-labelled
U2 and U5 snRNAs, with a specific activity of l.9x 106 c.p.m./pmol
and 1.3x 106 c.p.m./pmol, were transcribed in the presence of [32P]UTP
(Amersham). Synthetic U5 and U2 snRNAs possess five and three
additional nucleotides at their 5' end, respectively.

In vitro splicing and preparation of snRNP-depleted extract
U5- and U2-depleted nuclear extracts were prepared by affinity selection
with complementary 2'-O-alkyl (for U5) or 2'-O-methyl (for U2)
biotinylated oligonucleotides and streptavidin-agarose beads essentially
as described by Lamond and Sproat (1994), except the KCI concentration
was increased to 800 mM. The following oligonucleotides have been
used: for U5 depletion, an oligonucleotide complementary to nucleotides
36-47 of the human U5 snRNA, 5'-dC*dC*dC*dC* UZGUZZZZG-
GCGdC*dC*dC*dC*dT-3'(where * denotes a biotinylated 2'-deoxy-
cytidine, Z a 2'-O-alkyl-2-aminoadenosine, and U, G, C represent 2'-
O-alkyl-ribonucleotides) (Lamm et al., 1991), and for U2 depletion, an

oligonucleotide complementary to nucleotides 1-20 of human U2
snRNA, S'-CCAAAAGGCCGAGAAGCGAUdC*dC*dC*dT-3' (where
* denotes a biotinylated 2'-deoxycytidine and A, U, G, C represent 2'-
O-methyl-ribonucleotides). The concentration of oligonucleotide required
for optimum depletion was determined empirically and found in both
cases to be 4.8 nmollml of HeLa nuclear extract. Mock-depleted extracts
were handled in a manner identical to that of the depleted extracts,
except oligonucleotide was omitted. Splicing reactions (12.5 pl) were

incubated for 90 min at 30°C with 1 ng of 32P-labelled MINX pre-
mRNA (Zillmann et al., 1988) and the splicing reactants and products
were isolated and analysed essentially as described by Wolff and
Bindereif (1992). Radiolabelled MINX pre-mRNA was prepared by
in vitro transcription of BamHI linearized pMINX with T7 polymerase
as described by (Wolff and Bindereif, 1992).

In vitro reconstitution
US or U2 snRNP reconstitution was carried out in two steps. In the first
step, endogenous or in vitro transcribed U2 or U5 snRNA (final
concentration 0.64 and 1.0 FM, respectively) and purified native snRNP
proteins (TPs) (final concentration 1.85 gM) were incubated for 30 min
at 300C and 15 min at 370C in reconstitution buffer: 20 mM HEPES-
KOH, pH 7.9, 50 mM KCl, 1.5 mM MgCl2, 0.2 mM EDTA, pH 8.0,
2 mM ATP, and 4 U/,l RNasin (Promega). In the second step, the
reconstitution mixture (2.5 gl) was added to a splicing reaction (total
volume 12 gl) containing 30% depleted extract, 10 mM HEPES-KOH,
pH 7.9, 52 mM KCI, 3.2 mM MgCl2, 0.1 mM EDTA, pH 8.0, 0.5 mM
ATP, 20 mM creatine phosphate, 40 jg/ml yeast tRNA, 10% glycerol
and 1.6 U/g1 RNasin, and then incubated for 30 min at 0°C. Splicing
was performed directly in the reconstitution mixture by adding 0.5 gl
(1 ng) pre-mRNA (see above).
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Immunoprecipitation of reconstituted snRNPs
U5 and U2 snRNAs were 3'-end-labelled with [32P]pCp (Amersham),
using the method of England and Uhlenbeck (1978), and were gel
purified (on 10% polyacrylamide-7 M urea gels) before reconstitution.
Immunoprecipitations with the monoclonal antibodies H20 (Bochnig
et al., 1987) and Y12 (Lerner and Steitz, 1979) were performed as
previously described (Hackl et al., 1994). Immunoprecipitated RNA
was extracted with phenol/chloroform, precipitated with ethanol, and
fractionated on a 10% polyacrylamide-7 M urea gel (Bringmann and
Luhrmann, 1986).

Pseudouridine modification assay
[32P]UTP-labelled U2 or U5 snRNA was incubated under standard
reconstitution conditions (see above) or, for the positive control, in the
presence of S100 and nuclear extract as described by Patton (1991).
Subsequent to reconstitution, samples were incubated for 0, 30, 60 or
90 min at 30°C (i.e. under splicing conditions, except pre-mRNA was
not added). To enrich for U2 or U5 snRNA which could potentially
partake in the splicing reaction, reconstituted particles were isolated by
immunoprecipitation with Y12 as described above. The immunoprecipita-
ted RNA was isolated by phenol/chloroform extraction and precipitated
with ethanol. Pseudouridine formation was assayed essentially as
described by Patton (1991). Briefly, precipitated RNA was redissolved
in buffer containing 20 mM sodium acetate (pH 5.2) and nuclease P1
at a final concentration of 100,ug/ml, and incubated at 37°C for 60 min
The hydrolysed samples were chromatographed on cellulose TLC PEI
plates (Macherey-Nagel) in buffer containing isopropanol/HCI/H20
(70:15:15, v/v/v). The plates were subsequently air dried and subjected
to autoradiography.
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