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Due to 3’ end modifications, mammalian U6 small nu-
clear RNA (snRNA) is heterogeneous in size. The major
form terminates with five U residues and a 2',3'-cyclic
phosphate, but multiple RNAs containing up to 12 U
residues have a 3’-OH end. They are labeled in the pres-
ence of [a-3?P]UTP by the terminal uridylyl transferase
activity present in HeLa cell nuclear extracts. That
these forms all enter the U6 snRNA-containing particles,
U4-U6, U4-U5-U6, and the spliceosome, has been demon-
strated previously. Here, we report an interaction be-
tween the heterogeneous nuclear ribonucleoprotein
(hnRNP) C protein, an abundant nuclear pre-mRNA
binding protein, and the U6 snRNAs that have the long-
est uridylate stretches. This U6 snRNA subset is free of
any one of the other snRNPs, since anti-Sm antibodies
failed to immunoprecipitate hnRNP C protein. Further-
more, isolated U4U6 snRNPs containing U6 snRNAs
with long oligouridylate stretches are disrupted upon
binding of hnRNP C protein either purified from HeLa
cells or produced as recombinant protein from Esche-
richia coli. In view of these data and our previous pro-
posal that the U6 snRNA active in splicing has 3'-OH
end, we discuss a model where the hnRNP C protein has
a decisive function in the catalytic activation of the
spliceosome by allowing the release of U4 snRNP.

Splicing of mRNA precursors occurs in a large ribonucleo-
protein complex called the spliceosome. The reaction requires
five U snRNAs! packaged into four individual snRNPs (U1, U2,
U4-U6, and U5) and an as yet undetermined number of non-
snRNP proteins. Spliceosome assembly involves the ordered
interaction of Ul and U2 snRNPs through RNA base pairing
with the 5'-splice site and the sequence around the branch
point, respectively, and then the entry of the other snRNAs in
the form of U4:U6-U5 tri-snRNP (for a recent review, see Ref.
1). It is known that U4 and U6 snRNAs are base-paired
through two intermolecular helices (stem I and stem II) form-
ing an evolutionary conserved secondary structure, the so-
called Y structure (2). This structure is thought to occur in both
U4-U6 and U4-U6:U5 complexes but to be disrupted once the
U4-U6-U5 tri-snRNP has entered the spliceosome. Indeed, com-
pelling results in both yeast and mammalian systems have led
to the conclusion that U6 snRNA forms new base-pairing in-
teractions with U2 snRNA and the pre-mRNA in the spliceo-
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some (3-7) to yield a tripartite structure reminiscent of that
formed in domains 5 and 6 of group II introns (1, 8). Extensive
base pairing between U4 and U6 is an obstacle to the formation
of this tripartite structure, and the U4-U6 snRNP is disrupted
in the spliceosome before the splicing intermediates and prod-
ucts appear (9). The step(s) leading to the release of U4 snRNP
is (are) not understood.

As a result of post-transcriptional 3’ end modifications,
metazoan U6 snRNA is heterogeneous (10, 11). In addition to a
major form terminating with five Us and a 2’,3'-cyclic phos-
phate (12), multiple minor RNAs exhibit, at their 3’ end, an
oligouridylate stretch of variable length. All are part of the
known U6 snRNA-containing particles, U4-U6, U4-U5-U6, and
the spliceosome. The finding that U6 snRNA with a 2',3'-cyclic
phosphate end is generated within the spliceosome as a conse-
quence of pre-mRNA splicing (13) led us to propose that U6
snRNAs with elongatable ends are the active forms in splicing.
As a first step toward the elucidation of the function of U6
snRNA elongation in splicing, we have obtained evidence that
the hnRNP C protein, a potential partner of the splicing reac-
tion (14), is bound exclusively to the U6 snRNAs having the
longest oligouridylate tails, and we have demonstrated that
hnRNP C induces disruption of base-paired U4-U6 snRNAs in
isolated U4-U6 snRNPs.

EXPERIMENTAL PROCEDURES

Materials—Micrococcal nuclease, RNase A-and protein A-Sepharose
4B were from Pharmacia Biotech Inc. RNase H was from Life Technol-
ogies, Inc. The anti-C hnRNP (4F4), the anti-Al hnRNP (4B10), and the
anti-U hnRNP (3G6) antibodies and the recombinant hnRNP C1 pro-
tein and K94 mutant were generous gifts from Dr. G. Dreyfuss (Howard
Hughes Medical Institute, Philadelphia, PA). The other antibodies used
were the monoclonal anti-Sm Y12, and a patient serum of SSb speci-
ficity (anti-La antibodies). All other chemicals were of analytical grade.

Extracts and Oligodeoxynucleotide-directed Cleavage of snRNAs—
HeLa cell nuclear extracts were prepared by the method of Dignam et
al. (15) except that triethanolamine buffer was used instead of HEPES.
The DEAE-Sepharose-cleared extract was according to Hinterberger et
al. (16). A U4-U6-enriched preparation was obtained from this extract
by centrifugation in a glycerol gradient as described previously (13).
The hnRNP C protein was prepared according to Pinol-Roma and Drey-
fuss (17). Oligodeoxynucleotide cleavage of snRNAs was as described
previously (18). Oligonucleotides were complementary to U4 (nucleo-
tides 65—85), U5 (nucleotides 69—87) and U6 (nucleotides 77-95).

U6 snRNA Labeling and UV Cross-linking—Endogeneous U6
snRNAs were 3’ end-labeled by incubating 15 ul of nuclear extract with
30 uCi of [a-*?P]JUTP in a final volume of 25 ul containing 3.2 mm MgCl,,
1 mM ATP, and 20 mM creatine phosphate for 30 min at 30 °C (13). For
UV cross-linking experiments (18), the reactions were kept on ice for 10
min and then irradiated for 10 min with an UV transilluminator at 254
nm (7 milliwatts/cm? on the surface of the filter). The distance between
the samples and the filter was 9 cm. The samples were finally digested
with RNase A (0.6 ug/ml) for 60 min at 37 °C before being precipitated
by 5 volumes of acetone and electrophoresed in a 10% SDS-polyacryl-
amide gel followed by autoradiography on Kodak XAR films. RNase A
digestion of immunoprecipitated samples was carried out directly on
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protein A-Sepharose beads after they were washed with NET 2 buffer
(50 mm Tris-HCI (pH 7.5), 150 mm NaCl, 0.05% Nonidet P-40, 0.5 mMm
dithiothreitol). Elution of the beads was in 50 ul of Laemli buffer.

Glycerol Gradient Centrifugation and Detection of the snRNAs—
200-ul reactions containing 3’ end-labeled U6 snRNAs were loaded onto
4 ml of 10-30% glycerol gradients made in 50 mm Tris-glycine buffer
(pH 8.8). Centrifugation was in a SW 60 Beckman rotor at 41,000 rpm
for 3 h at 4 °C. A total of 18 fractions of 220 ul were recovered from the
top. The RNAs present in each fraction were extracted with phenol after
proteinase K (4 mg/ml) digestion and separated in a 10% polyacryl-
amide, 8 M urea gel. Labeled RNAs were first detected by autoradiog-
raphy, and then the gel was electroblotted to Hybond membranes under
the same conditions as described by Blencowe et al. (19). The mem-
branes were UV-treated for 30 s, baked 1 h at 80 °C, and then prehy-
bridized for 2 h before hybridization at 42 °C according to Church and
Gilbert (20). DNA probes complementary to U4, U6, and U5 snRNAs
were the same as those used in the oligodeoxynucleotide-directed cleav-
age experiments. Those complementary to Ul and U2 corresponded to
nucleotides 1-15. All were 5’ end-labeled with T4 polynucleotide kinase
in the presence of [y-*PJATP. Hybridizations were in the same buffer at
42 °C. One wash of 5 min in 2 X SSC and then three washes of 15 min
eachin 1 X SSC, 0.1% SDS were performed at room temperature before
autoradiography.

Immunoprecipitations—Assays to detect immunoprecipitated pro-
tein adducts after UV cross-linking (see above) and to identify those of
the 3’ end-labeled U6 snRNAs that are immunoprecipitated were per-
formed directly with 30 ul of a 3’ end-labeling reaction or from 100 pl
after fractionation of this same reaction in glycerol gradients. In all
cases, antibodies were pre-bound to protein A-Sepharose in NET 2
buffer as described previously (21). The samples were added to 50 .l of
antibody bound to protein A-Sepharose, adjusted to 200 pl, and incu-
bated with gentle agitation for 1 h at 4 °C. After four washes with 1 ml
of NET 2 buffer, bound material either was analyzed for protein adducts
if UV cross-linked or digested with proteinase K for RNA detection.
Released RNAs were extracted with phenol, separated by electrophore-
sis in 10% polyacrylamide-urea gels in Tris borate/EDTA (TBE) buffer,
and finally detected by autoradiography.

RESULTS

hnRNP C Protein Interacts with U6 snRNAs with the Longest
Oligouridylate Stretches—Due to an endogenous terminal uri-
dylyl transferase, incubation of HeLa cell nuclear extracts un-
der splicing conditions in the presence of [a-**P]UTP leads to
preferential 3" end-labeling of U6 snRNA as well as other RNAs
of smaller size (Ref. 13 and see “Experimental Procedures”).
Such an assay reveals the presence of multiple U6 snRNAs,
which differ by the length of their oligo(U) tail. All are assem-
bled into U6, U4-U6, and U4-U6-U5 snRNPs (13). UV cross-
linking experiments were done to determine whether spliceo-
somal proteins interact with the oligouridylate stretch of the
U6 snRNAs exhibiting a 3’ (U),,-OH end. Nuclear extracts were
incubated in the presence of [a-*?P]UTP and irradiated at 254
nm. After digestion by RNase A, the presence of protein ad-
ducts was examined by electrophoresis in a SDS-polyacryl-
amide gel. Two proteins, one of about 50 kDa and a second one
forming a doublet in the range of 42 kDa, were detected (Fig. 1,
lane 2). On the basis of previously published data (22), we
suspected that the 50-kDa protein adduct represented the La
antigen. In agreement with this prediction, this protein adduct
was immunoprecipitated with anti-La antibodies (lane 4). Two
criteria led us to suggest that the second protein adduct might
be the hnRNP C protein: its apparent size and the fact that the
hnRNP C protein is known to bind avidly to poly(U) stretches
(23, 24). This was verified by the finding that anti-C antibodies
precipitate the protein adduct (lane 6). Since some other RNAs
are labeled under the conditions used (13), it was necessary to
identify the small RNAs that transferred their label to the La
and C proteins. The extracts incubated with [a->?P]JUTP were
immunoprecipitated as described above. Fig. 2A shows that
anti-La, anti-Sm, and anti-C antibodies (lanes 4-6, respec-
tively) immunoprecipitated labeled RNAs of a size compatible
with U6 snRNA. Although we demonstrated previously by se-
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Fic. 1. Identification of U6 snRNA bound proteins by UV light-
induced RNA-protein cross-linking. Reactions containing 15 pl of
nuclear extract were incubated for 30 min at 30 °C in the presence of 30
uCi of [a-*?P]JUTP in a final volume of 25 pl containing 3.2 mm MgCl,,
1 mm ATP, and 20 mMm creatine phosphate and then experimented, but
not the control, to irradiation with UV light. Lane 1, control, no irradi-
ation; lane 2, irradiation for 10 min with UV light and digested for 60
min at 37 °C with RNase A; lanes 4-6, UV light-irradiated and immu-
noprecipitated with anti-La, anti-Sm (Y12), and anti-C hnRNP (4F4)
antibodies, respectively, before RNase A digestion; lane 3, the same
assay using protein A-Sepharose beads without antibodies. The pro-
teins were separated in a 10% SDS-polyacrylamide gel and revealed by
autoradiography on XAR films. That the cross-linked product in lane 4
moved slightly faster than its equivalent in lane 2 is due to the presence
of comigrating IgG from the serum used as source of antibody.
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Fic. 2. Identification of a subset of U6 snRNAs immunopre-
cipitated by the anti-hnRNP C protein antibody. A, standard
reactions containing 3’ end-labeled U6 snRNA as described in Fig. 1
were subjected to immunoprecipitation with anti-La (lane 4), anti-Sm
(Y12) (lane 5), anti-C (4F4) (lane 6), anti-A1 (4B10) (lane 7), and anti-U
(3G6) (lane 8) antibodies. Lane 3, a control immunoprecipitation assay
without antibodies. Total labeled RNAs are shown in lanes 1 and 2.
Conditions of labeling were either in the presence (lane 2) or in the
absence (lane 1) of ATP and creatine phosphate. The RNAs were ex-
tracted and separated in a 10% polyacrylamide urea gel. B, reactions as
in A were immunoprecipitated by anti-C antibodies (4F4), and then the
resulting samples were subjected to oligodeoxynucleotide-directed
cleavage by RNase H. The oligonucleotides were complementary to U4
(lane 3), U6 (lane 4), and U5 (lane 5). Controls were direct analysis of
nonimmunoprecipitated (lane 1), and immunoprecipitated but not
cleaved (lane 2) samples.
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quencing that the RNAs indicated U6 in lanes 1 and 2 (controls)
are authentic (13), we carried out a complementary assay based
on oligodeoxynucleotide directed cleavage by RNase H to be
sure. As shown in Fig. 2B, among the three oligos used, only the
antisense U6 oligo was efficient in directing cleavage of the
RNAs precipitated by anti-C antibodies, thus confirming that
they are U6 snRNAs. In Fig. 2A, one can see that anti-La, in
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contrast to anti-Sm and anti-C antibodies, precipitated many
other RNAs of smaller size than U6. They most likely represent
La-bound RNA polymerase III transcripts (25), which no doubt
contributed to labeling the La protein in the cross-linking assay
(Fig. 1). A comparison of the U6 snRNAs precipitated by each
class of antibodies (Fig. 2A, lanes 4-6) shows that they are not
identical in length. It is known that they uniquely differ by the
length of the added oligo(U) tail (13). Those recovered by
anti-La antibodies have a short oligo(U) tail and are probably
newly synthesized U6 snRNAs (26). Those recovered by an-
ti-Sm antibodies are much more heterogeneous, comprising U6
snRNAs having oligo(U) tails containing up to 12 U residues.
Finally, those recovered by anti-C antibodies appear to corre-
spond to those with the longest oligo(U) tail among all the
anti-Sm-precipitated U6 snRNAs, indicating that a minimum
size (at least 8 residues) is required for the oligo(U) tail-hnRNP
C protein interaction. Moreover, the possibility that the inter-
action between the hnRNP C protein and this subset of U6
snRNAs might be indirect, through some association with an-
other hnRNP component, is unlikely because antibodies di-
rected against hnRNP A1l and U proteins fail to precipitate U6
snRNAs from total nuclear extracts (lanes 7 and 8).

A striking result seen in Fig. 1 (lane 5) is that anti-Sm
antibodies failed to precipitate any protein adduct, suggesting
that the U6 snRNAs interacting with either the La or the
hnRNP C protein are free of U4 and U5 snRNAs. Concerning
the U6-La interaction, the result agrees with previously pub-
lished data, i.e. those U6 snRNAs in U4-U6 complexes are not
bound to the La protein despite having a La-binding site at
their 3’ ends (26). To verify that U6 snRNAs with long oligo(U)
tails are free of U4 and U5 snRNAs when interacting with the
hnRNP C protein, we subjected a nuclear extract containing 3’
end-labeled U6 snRNAs to glycerol gradient centrifugation un-
der conditions allowing for separation of free U6 from U4-U6
and U4-U6-U5 snRNPs (see “Experimental Procedures”) and
looked for immunoprecipitated snRNAs in the resulting frac-
tions using anti-Sm and anti-hnRNP C protein antibodies. As
expected, the result (Fig. 3, A and B) was that those labeled U6
snRNAs present in anti-C precipitates exclusively migrate as
free U6 snRNPs, while those in anti-Sm precipitates are asso-
ciated with U4 (U4-U6 snRNPs) and U4-U5 (U4-U6-U5
snRNPs). The Northern blot shown in Fig. 3C reveals how the
major U2 to U6 snRNAs distribute through the gradient.

From these results, we conclude that the hnRNP C protein
present in nuclear extracts interacts directly with those of the
U6 snRNAs terminating with the longest oligouridylate tail.
Moreover, such an U6 snRNA-hnRNP C protein interaction
does not exist when these U6 snRNAs are engaged with U4 and
U5 snRNAs to form U4-U6 and U4-U6-U5 snRNPs.

hnRNP C Protein Induces Disruption in Vitro of Base-paired
U4-U6 snRNAs—The above results raised the question of
whether the association of the hnRNP C protein with free U6
snRNPs is a cause or a consequence of U4-U6 snRNP disrup-
tion. We performed a complementation assay using purified
hnRNP C protein and U4-U6 snRNPs whose U6 snRNAs were
elongated and labeled at their 3’ end. To do this, a prerequisite
was to prepare an extract sufficiently enriched with U4-U6
snRNPs compared with free U6 and U4-U5-U6 snRNPs. This
was possible starting with a nuclear extract that has been
cleared by DEAE-Sepharose chromatography as described pre-
viously (16). Indeed, most of its U4 and U6 snRNAs are in
U4-U6 snRNPs (27). It has TUTase activity and contains the
same elongatable forms of U6 snRNA as an extract active in
splicing. It also contains U6 snRNA with 2',3’-cyclic phosphate
end (13). Moreover, this extract turned out to be virtually free
of hnRNP C protein on the basis of immunoblots assays (results
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Fic. 3. Glycerol gradient fractionation of U snRNPs. Identical
reactions to those described in Fig. 1 (150 ul) were loaded onto a
10-30% glycerol gradient (see “Experimental Procedures”). 3’ end-
labeled U6 snRNAs present in each fraction were immunoprecipitated
by anti-Sm (A) and 4F4 (B) antibodies. The Northern blot in C shows
the anti-Sm precipitated U2 to U6 snRNAs through the gradient. The
bands designed Ulx are detected by the Ul probe and are, therefore,
degraded forms of Ul snRNA.

not shown), thus allowing the effect of exogeneously added
hnRNP C protein to be monitored. This cleared nuclear extract
was first incubated in the presence of [a-*?PJUTP to label U6
snRNAs with 3’-OH end, and then the U4:U6 snRNPs were
purified by centrifugation through a 10-30% glycerol gradient
(see “Experimental Procedures”). These purified particles con-
tained all of the forms of U4-U6 snRNPs, i.e. those with 3’
end-labeled U6 snRNAs as well as those containing U6 snRNAs
ending with 2',3" cyclic phosphate. The assay was carried out
as follows. First, the amount of hnRNP C protein added was
calculated to reconstitute approximately the U6 snRNA/
hnRNP C ratio that exists in a splicing extract. Second, the
reactions with or without hnRNP C protein added were sub-
jected to immunoprecipitation by anti-C and anti-Sm antibod-
ies. Third, immunoprecipitated materials were analyzed for U6
snRNA content by polyacrylamide-urea gels (Fig. 4, A and B).
Addition of hnRNP C protein led to precipitation of labeled U6
snRNAs by anti-C antibodies (Fig. 4A, compare lanes 5 and 6),
while the precipitation of these same U6 snRNAs by anti-Sm
antibodies was largely decreased (Fig. 4A, compare lanes I and
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Fic. 4. hnRNP C protein induces in vitro disruption of U4-U6
snRNPs containing 3’ end labeled U6 snRNA. A, U4-U6 snRNPs
containing 3’ end-labeled U6 snRNA were isolated by glycerol gradient
centrifugation from a cleared nuclear extract (see “Experimental Pro-
cedures”). They were incubated for 30 min at 30 °C in the absence (lanes
2, 3, 5, and 7) or the presence (lanes 1, 4, and 6) of 10 nM of purified
hnRNP C protein. The reactions (200 ul) were subjected to immunopre-
cipitations by anti-Sm (lanes I and 2) and anti-C (lanes 5 and 6)
antibodies and analyzed in a 10% polyacrylamide-urea gel. Lanes 3 and
4, controls treated on protein A-Sepharose beads without antibodies.
Lane 7, a reaction without immunoprecipitation in order to indicate the
input RNAs. B, the same gel as in A was transferred to hybond N*
membrane and then probed with U4 and U6 antisense oligodeoxynucle-
otide probes. The 3’-end labeled U6 snRNAs cannot be seen here be-
cause they are much less radioactive than the probes. It is noteworthy
that U4 snRNA appeared as a doublet in this gel, differently from the
experiment shown in Fig. 4.

2). In contrast, as shown by Northern blots, hnRNP C protein
has no effect on the major form of U4-U6 snRNPs containing U6
snRNAs terminating with a 2',3'-cyclic phosphate (Fig. 4B). It
seems clear, therefore, that binding of hnRNP C protein only
occurs in U4-U6 snRNPs whose U6 snRNAs have an elongated
3’ end and that base pairing of U4 to U6 snRNAs is not an
obstacle for hnRNP C binding. Finally, disruption of base-
paired U4 and U6 snRNAs in these U4-U6 snRNPs provides the
better explanation for the low immunoprecipitation of labeled
U6 snRNAs by anti-Sm antibodies. To verify this, the following
experiment was performed. The above reactions with or with-
out hnRNP C protein were centrifuged through glycerol gradi-
ents to separate free U6 from U4-U6 snRNPs (Fig. 5). Probing
for U4 and U6 snRNAs throughout the gradient shows that
these snRNAs still comigrate if hnRNP C was added to U4-U6
snRNPs before centrifugation (Fig. 5A, compare upper and
lower panels). This was expected since in the immunoprecipi-
tation assay shown in Fig. 4B, all U6 snRNAs detected with the
probe remained precipitable by anti-Sm antibodies. The 3’ end-
labeled U6 snRNAs, due to their low abundance, were not
detected by the probe. They had a slower sedimentation when
the U4-U6 snRNPs were incubated with the purified hnRNP C
than without (Fig. 5B, compare the two first panels).

As the above experiment did not rule out the possibility that
the dissociating activity could be contributed by some contam-
inant of the hnRNP C protein preparation, the same assay was
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Fic. 5. Analysis of disrupted U4-U6 snRNPs by centrifugation
in glycerol gradients. Identical reactions to those described in Fig. 3
(200 wl) were loaded onto a 10-30% glycerol gradient (see “Experimen-
tal Procedures”). After fractionation from the top, the RNAs were ex-
tracted from each fraction and separated in a 10% polyacrylamide-urea
gel. A shows the distribution of U4 and U6 snRNAs detected with the
oligodeoxynucleotide probes. The autoradiographies were scanned by
densitometry (left panels). For each snRNA, the values express a per-
centage of the sum of absorbancies throughout the gradient. B shows
the distribution of 3’ end-labeled U6 snRNAs from reactions with or
without hnRNP C protein (upper panel). Lower panel shows the distri-
bution of 3’ end-labeled U6 snRNAs when the reactions were carried
out in the presence of either recombinant C1 or K94 mutant in place of
purified hnRNP C protein. The concentrations of protein used are
indicated. Densitometry scanning of the autoradiographies was as
above.

carried out using a recombinant hnRNP C1 protein. This pro-
tein again dissociated U4-U6 snRNPs containing 3’ end-labeled
and elongated U6 snRNAs despite being 50-fold less active
than the purified hnRNP C protein (Fig. 5B, third panel). It is
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possible that post-translational modifications (i.e. phosphoryl-
ations) and/or the presence of C2 isoform in the preparation
from HeLa cells could account for this difference.

Specificity of the Dissociation Activity of hnRNP C Pro-
tein—It is true to say that U4-U6 snRNPs containing elongated
U6 snRNAs are a weak part of the total U4U6 particles.
Besides, the hnRNP C protein is a very abundant nuclear
protein and is one of the most avid pre-mRNA binding proteins
in HeLa cell extracts. It is known to bind to oligo(U) stretches
in natural RNAs (23, 24, 28, 29). It was therefore crucial to
discover whether binding of hnRNP C protein to elongated U6
snRNAs followed by U4-U6 snRNP disruption is specific. We
first determined the stoechiometry of the reaction of dissocia-
tion. To do this, different concentrations of purified hnRNP C
protein were added to labeled U4-U6 snRNPs, and the dissoci-
ation was monitored by centrifugation in glycerol gradients
(not shown). This led us to consider that dissociation is effective
when four molecules of purified protein are added to one
snRNA. It was assumed that 5% of the U6 snRNAs have a
3’-OH elongatable end. We have also tested the dissociating
activity of the so-called K94 deletion mutant of hnRNP C pro-
tein. It has the same RNP binding domain as the hnRNP C
protein and it binds to poly(U), but it lacks a large part of the
hnRNP C1 protein sequence in the side of the carboxyl termi-
nus (30). Used at the same concentration as the hnRNP C1
protein in our complementation assay, it failed to induce dis-
sociation of U4-U6 snRNPs (Fig. 5B, last panel). However this
mutant protein binds to U4-U6 snRNPs containing 3’ end-
labeled U6 snRNAs since, upon UV cross-linking of a reaction,
it became labeled as did the hnRNP C protein (results not
shown). It appears, therefore, that something in the sequence
other than the canonical RBD of hnRNP C1 is required to
induce dissociation. Other experiments using mutated proteins
will be required to more precisely define the domain of the
hnRNP C protein, which is implied in dissociation of U4-U6
snRNPs. Finally, other recombinant proteins with RNP-CS
domains, namely U2AF, known to bind tenaciously to poly(U)
(31) and SF2-ASF were tested in our complementation assay.
As expected, they failed to disrupt U4-U6 snRNPs (results not
shown).

DISCUSSION

We report here that the hnRNP C protein, belonging to the
family of proteins exhibiting a RNP consensus sequence (RNP-
CS), interacts with a subset of U6 snRNAs characterized by
their relatively long 3'-oligouridylate tail. Binding occurs at
this tail since the protein becomes cross-linked upon irradia-
tion with UV light of nuclear extracts containing 3’ end-labeled
U6 snRNAs. Significantly, the hnRNP C protein, either puri-
fied from HeLa cells or produced as recombinant protein from
Escherichia coli, induces the release of elongated U6 snRNAs
from U4-U6 snRNPs. Two points must be underlined. First, the
fact that the hnRNP C protein might bind to an oligouridylate
tail comprising from 8 to 12 residues agrees with previously
published data that the shortest uridine oligoribonucleotide
that binds efficiently to the hnRNP C protein is r(U)g (32).
Second, the disruption of U4-U6 snRNPs seems to be specific of
the hnRNP C protein since a mutated protein containing the
RNP-CS domain alone, as well as other factors with RNP-CS
(U2AF, SF2-ASF) failed to disrupt U4-U6 snRNPs.

Since U4 and U6 snRNAs become separated within the spli-
ceosome before the first step of splicing takes place (33), and
since the hnRNP C protein is supposed to be involved in splic-
ing (14), it is tempting to hypothesize that U4-U6 snRNP dis-
ruption induced by the hnRNP C protein is what happens
during splicing. Obviously, such a scenario implies that U6
snRNA functions in splicing with an elongatable 3'-OH end.

U4 /U6 snRNP Disruption by hnRNP C Protein

Although most of the U6 snRNAs in mammalian cells have a
2',3'-cyclic phosphate end (12), the presence of U6 snRNAs
with 3’-OH end within the spliceosome is indubitable. Indeed,
the five snRNAs involved in splicing are 3’ end-labeled by
cytidine 3’,5'-bisphosphate when extracted from mammalian
affinity-selected spliceosomes (34). Also, we have previously
obtained evidence that elongated U6 snRNAs are present
within the spliceosome and that a 2',3’-cyclic phosphate at the
end of U6 snRNA is a consequence of splicing instead of being
a requirement for it (13). Finally, it is known that in organisms
U6 snRNAs consist of forms with different 3’ end groups (12).
For example, all U6 snRNAs have 3’-OH end in T'. brucei, while
in man and other mammals the >p, -OH ratio is 9:1.

A U6 snRNA-hnRNP C protein interaction functional in
splicing raises the question of how elongated U6 snRNAs are
generated. They appear from shorter forms upon incubation of
the extracts with an excess of UTP, as well as with ATP under
splicing conditions and are present in all of the U6 snRNA-
containing complexes (13). In fact, we can now add that preex-
isting elongated U6 snRNAs exist as well and are assembled
into multi-snRNP complexes. This was ascertained by the find-
ing that some labeled U6 snRNAs with long uridylate tail have
left their label when subjected to B-elimination (results not
shown). We have discussed already the possibility that elon-
gatable U6 snRNAs might be generated from molecules termi-
nating by a 2',3'-cyclic phosphate also present in U4-U6 and
U4-U5-U6 complexes (13). It remains to be understood why
most of U6 snRNAs terminate by a 2',3’-cyclic phosphate end
in mammals and several other species (12). It could impair U6
snRNA to be bound to the hnRNP C protein before the inter-
action is required. Similarly, once the splicing reaction is ac-
complished, it could preserve U6 snRNA from untimely asso-
ciation with the hnRNP C protein, which would lead to the lack
of U4-U6 snRNA interaction, therefore leaving U6 snRNA un-
available for a new round of splicing.

The hypothesis of a U6 snRNA-hnRNP C protein interaction
related to the splicing mechanism is also compatible with the
recent proposal that the hnRNP C protein, as well as other
hnRNP proteins, have RNA chaperonine activity (Ref. 35 and,
for a review, see Ref. 36). It is thought that these proteins
promote association or dissociation of trans-acting factors in
modulating the pre-mRNA conformation. It is therefore tempt-
ing to speculate that the hnRNP C protein acts similarly on the
U6 snRNA conformation to disrupt U4-U6 snRNP and promote
U6-U2 base pairing. At this stage, it is interesting to compare
the annealing and the disruption of U4-U6 snRNAs in the yeast
system and our proposal of a spliceosomal U6 snRNA-hnRNP C
protein interaction occurring in mammals. In yeast, it has been
proposed that PRP24, a U6-specific binding protein with RNP-
CS, directs stabilization of U6 snRNP in a free form and pro-
motes reannealing of U6 with U4 through the formation of a
transient intermediate PRP24-U4-U6 (37). At first glance, this
is more compatible with hnRNP C protein having an annealing
activity than inducing U4-U6 snRNP disruption. However, it
has been proposed that PRP24 could have another role in the
U4-U6 cycle in concert with PRP28, a protein of the DEAD box
family (38, 39). Once disruption of base-paired U4-U6 has oc-
curred, PRP24 could serve to stabilize the unwound form of U6
snRNA (40). This seems to be very similar to what we propose
for the function of the U6 snRNA-bound hnRNP C protein. If
the hnRNP C protein bound to U6 snRNA has in mammals the
same stabilizing function as the PRP24 in yeast, what could be
the mammalian equivalent of PRP28? Keeping in mind that
ATP is not required to obtain hnRNP C protein-induced dis-
ruption of U4-U6 snRNPs, one can envisage at least two possi-
bilities. Oligomerization of hnRNP C isoforms could lead to a
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complex having both PRP24 and PRP28-like activities. As a
matter of fact, it is known that the hnRNP C protein is part of
a tetrameric structure containing three C1 and one C2 isoforms
(41). Alternatively, one of the specific U4-U6 snRNP proteins
(42) could have PRP28-like activity, becoming functional only
when the hnRNP C protein has bound to the oligouridylate tail.

Acknowledgments—We thank D. Portman and G. Dreyfuss for pro-
viding recombinant hnRNP C protein and K94 mutant and helpful
comments on the manuscript.

REFERENCES

1. Moore, M. J., Query, C. C,, and Sharp, P. A. (1993) in The RNA World
(Gestland, R. F., and Atkins, J. F. eds) pp. 303-357, Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY
. Brow, D. A., and Guthrie, C. (1988) Nature 334, 213-218
. Wassarman, D. A., and Steitz, J. A. (1992) Science 257, 1918-1925
. Madhani, H. D., and Guthrie, C. (1992) Cell 71, 803—817
Lesser, C. F., and Guthrie, C. (1993) Science 262, 19821988
Kandels-Lewis, S., and Séraphin, B. (1993) Science 262, 2035-2039
. Sontheimer, E. J., and Steitz, J. A. (1993) Science 262, 1989-1996
. Wise, J. A. (1993) Science 262, 1978-1979
. Konarska, M. M., and Sharp, P. A. (1987) Cell 49, 763-774
. Reddy, R., Henning, D., Das, G., Harless, M., and Wright, D. (1987) JJ. Biol.
Chem. 262, 75-81
11. Hirai, H., Lee, D. 1., Natori, S., and Sekimizu, K. (1988) J. Biochem. 104,
991-994

12. Lund, E., and Dahlberg, J. E. (1992) Science 255, 327-330

13. Tazi, J., Forné, T., Jeanteur, Ph., Cathala, G., and Brunel, C. (1993) Mol. Cell.
Biol. 13, 1641-1650

14. Choi, Y. D., Grabowski, P. J., Sharp, P. A., and Dreyfuss, G. (1986) Science 231,
1534-1539

15. Dignam, J. D., Lebovitz, R. M., and Roeder, R. G. (1983) Nucleic Acids Res. 11,
1475-1489

16. Hinterberger, M., Pettersson, 1., and Steitz, J. A. (1983) J. Biol. Chem. 258,
2604-2613

[

17.
18.

19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29,
30.
31.
32.
33.
34.
35.
36.

37.
38.

39.
40.
41.

42.

16481

Pinol-Roma, S., and Dreyfuss, G. (1993) Mol. Cell. Biol. 13, 5762-5770

Khellil, S., Daugeron, M. C., Alibert, C., Jeanteur, P., Cathala, G., and Brunel,
C. (1991) Nucleic Acids Res. 19, 877-884

Blencowe, B. J., Sproat, B. S, Ryder, U., Barabino, S., and Lamond, A. 1. (1989)
Cell 59, 531-539

Church, G. M., and Gilbert, W. (1984) Proc. Natl. Acad. Sci. U. 8. A. 81,
1991-1995

Daugeron, M. C., Tazi, J., Jeanteur, P., Brunel, C., and Cathala, G. (1992)
Nucleic Acids Res. 14, 3625-3630

Rinke, J., and Steitz, J. A. (1985) Nucleic Acids Res. 13, 2617-2629

Swanson, M. 8., and Dreyfuss, G. (1988) EMBO J. 7, 3519-3629

Swanson, M. S., and Dreyfuss, G. (1988) Mol. Cell. Biol. 8, 2237-2241

Stephano, J. E. (1984) Cell 36, 145-154

Terns, M. P., Lund, E., and Dahlberg, J. E. (1992) Mol. Cell. Biol. 12, 3032—
3040

Lelay-Taha, M. N., Reveillaud, 1., Sri-Widada, J., Brunel, C., and Jeanteur, P.
(1986) J. Mol. Biol. 189, 519-532

Wilusz, J., Feig, D. L., and Shenk, T. (1988) Mol. Cell. Biol. 8, 4477-4483

Wilusz, J., and Shenk, T. (1990) Mol. Cell. Biol. 10, 6397-6407

Gérlach, M., Burd, C. G., and Dreyfuss, G. (1994) J. Biol. Chem. 269, 23074—
23078

Zamore, P. D., and Green, M. R. (1989) Proc. Natl. Acad. Sci. U. S. A. 86,
9243-9247

Gorlach, M., Wittekind, M., Beckman, R. A., Mueller, L., and Dreyfuss, G.
(1992) EMBO J. 11, 3289-3295

Lamond, A. I, Konarska, M. M., Grabowski, P. J., and Sharp, P. A. (1988) Proc.
Natl. Acad. Sci. U. S. A. 85, 411-415

Grabowski, P. J., and Sharp, P. A. (1986) Science 223, 1294-1299

Portman, D. S., and Dreyfuss, G. (1994) EMBO J. 13, 213-221

Dreyfuss, G., Matunis, M. J., Pinol-Roma, S., and Burd, C. G. (1993) Annu.
Rev. Biochem. 62, 289-321

Shannon, K. W., and Guthrie, C. (1991) Genes & Dev. 5, 773-785

Linder, P., Lasko, P., Ashburner, M., Leroy, P., Nielsen, P. J., Nishi, K.,
Shnier, J., and Slonimski, P. P. (1989) Nature 337, 121-122

Wassarman, D. A,, and Steitz, J. A. (1991) Nature 249, 463—464

Strauss, E. J., and Guthrie, C. (1991) Genes & Dev. 5, 773-785

Huang, M., Rech, J. E,, Northing, G. S., Flicker, P. F., Mayeda, A., Krainer, A.
R., and LeStourgeon, W. M. (1994) Mol. Cell. Biol. 14, 518-533

Behrens, S. E., and Lithrman, R. (1991) Genes & Dev. 5, 1439-1452



	Disruption of Base-paired U4&middot;U6 Small Nuclear RNAs Induced by Mammalian Heterogeneous Nuclear Ribonucleoprotein C Protein*
	INTRODUCTION
	EXPERIMENTAL PROCEDURES
	RESULTS
	DISCUSSION
	ACKNOWLEDGEMENTS
	REFERENCES


