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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 2p]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
anyone of the other snRNPs, since anti-Sm antibodies
failed to immunoprecipitate hnRNP C protein. Further
more, isolated U4·U6 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 l 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 ofU4 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-AI hnRNP (4BIO),and the
anti-U hnRNP (3G6) antibodies and the recombinant hnRNP CI pro
tein and K94 mutant were generous gifts from Dr. G. Dreyfuss (Howard
Hughes Medical Institute, Philadelphia, PAl. 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 Ud-Ufi-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 iLl of nuclear extract with
30 iLCi of[a-3Zp]UTP in a final volume of25 iLl containing 3.2 mM MgClz,
I 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 em. The samples were finally digested
with RNase A (0.6 iLg/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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FIG. 1. Identificatio n of V6 snRNA bou nd protei ns by UV Iight
ind uced RNA-prote in cross-lin k ing. Reactions conta ini ng 15 1-'1 of
nucl ear extract wer e incubated for 30 min at 30 °C in th e presenc e of 30
I-'Ci of [a _32P1UTP in a fina l volume of 251-'1containing 3.2 mxt MgC12,
1 mM ATP , a nd 20 mM creatine phosphate and the n exper ime nted, but
not th e control, to irradiation with UV light. Lane 1, control , no irradi
at ion ; lan e 2, irradiation for 10 min with UV light a nd digest ed for 60
min at 37 °C with RNase A; lan es 4 - 6, UV ligh t -ir radia ted and im rnu
nop recipitated wit h anti-La , a nt i-Sm (YI 2), a nd a nti-C hnRNP (4F4)
a nt ibodies, respecti vely, before RNase A digestion; lan e 3, th e sa me
assay using prot ein A-Sepharose bead s without a ntibodies . Th e pr o
tein s wer e se pa ra ted in a 10% SDS-polyacryla mid e gel a nd reveal ed by
a utoradiography on XAR films. That the cross-linked pr oduct in lan e 4
moved slightly faster than it s equiva lent in lan e 2 is du e to th e pr esen ce
of comigr a t ing IgG from th e se rum used as source of a ntibody .

protein A-Sepharose beads a fte r th ey wer e wash ed with NET 2 butTer
(50 mxr Tri s-H Cl (pH 7.5 ), 150 mM Na Cl , 0.05% Nonidet P-40, 0.5 mxt
dithiothreitol). Elution of th e bead s was in 50 fLl of Laemli butTer .

Glycerol Gradient Centrifugation an d Detection of th e snRNAs
200-1-'1reactions contain ing 3 ' end-labeled U6 snRNAs wer e loaded onto
4 ml of 10- 30% glycero l gradients made in 50 mxt Tri a-glycin e butTer
(pH 8.8 ). Ce nt r ifugation was in a SW 60 Beckman rotor at 4 1,000 rpm
for 3 h at 4 °C. A total of 18 fra ctions of 220 1-'1wer e recover ed from the
top. Th e RNAs present in each fraction were ext rac te d with pheno l a fte r
protein ase K (4 mg/ml ) digestion and se pa rate d in a 10% polyacry l
a mide, 8 ~ I urea gel. Lab eled RNAs wer e first det ect ed by a utora diog
raphy, a nd the n th e gel was elect roblotted to Hybond membranes un der
th e sa me condit ions as described by Blenc owe et of. (19). The mem 
branes wer e UV-treated for 30 s, baked 1 h at 80 °C, and then prehy
bridized for 2 h before hybridiza t ion at 42 °C accordin g to Church a nd
Gilbe rt (20). DNA pr obes complem entary to U4 , U6 , and U5 snRNAs
wer e th e sa me as th ose used in th e oligodeoxynucleotide-directed cleav
age exper ime nts . Those complem entary to Ul and U2 corresponded to
nucl eotides 1-15. All wer e 5' end-la be led with T4 polynucleotide kin ase
in the pr esenc e of [y_:l2P]ATP. Hybridizations were in th e sa me buffer a t
42 °C. On e was h of 5 min in 2 X SSC a nd then three washe s of 15 min
ea ch in 1 X SS C, 0.1% SDS wer e performed a t room temperature befor e
a utoradiogra phy .

Im l1l unoprecip itations- Assays to detect immunoprecipita ted pro
tein adducts a fte r UV cross -link ing (see abov e) and to identify those of
th e 3' end-la beled U6 snRNAs that are immunoprecipitated were per
formed directly with 30 1-'1 of a 3' end-labe ling reaction or from 100 1-'1
a fte r fractionation of this same reaction in glycerol gr adients . In all
cases, antibodies wer e pr e-bound to protein A-Sep harose in NET 2
buffer as described pr eviou sly (2 1). Th e sa mples wer e adde d to 50 1-'1 of
a ntibody bound to protein A-Sepharose, adjus ted to 200 1-'1, a nd incu
bated with gentle agitation for 1 h a t 4 °C. After four washes with 1 ml
of NET 2 buffer, bound materia l eithe r was a nalyzed for protein adducts
if UV cross-linked or digested with protein ase K for RNA det ect ion.
Released RNAs wer e extracte d with pheno l, se pa ra te d by elect rophore 
sis in 10% polyacrylamide-urea gels in Tris borate/EDTA (TBE) buffer ,
a nd finally detected by a utoradiogra phy .
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quencing that the RNAs indicated U6 in lanes 1 an d 2 (controls)
are authe ntic (13), we carried out a compleme ntary assay based
on oligodeoxynucleot ide directed cleavage by RNase H to be
sure. As shown in Fig. 2B, among the three oligos used , only the
antisens e U6 oligo was efficient in directi ng cleavage of the
RNAs precipitated by anti-C antibodies, thus confirm ing that
they are U6 snRNAs. In Fig. 2A, one can see that anti-La, in

FIG. 2. Id entification of a s u bset of V 6 s n R NAs im m u n opre
cipitate d by the a nti·h n RNP C prote in a ntibod y. A , standa rd
reactions containing 3 ' end-labe led U6 snRNA as descr ibed in Fig. 1
were subje cte d to immunopr ecipitation wit h anti-La (lan e 4 ), anti-Sm
(YI2) (lan e 5 ), anti-C (4F4) (lane 6), a nti-A l (4BI 0) (lan e 7), and anti-U
(3G6) (lan e 8) antibodies. Lane 3, a control immunoprecipitation assay
wit hout antibodies. Total labeled RNAs a re shown in lan es 1 a nd 2.
Con ditions of labeling were eithe r in th e pr esenc e (lan e 2 ) or in th e
abse nce (lane I) of ATP and creatine pho sp hate. Th e RNAs were ex
tracted and separated in a 10% polyacrylamide urea gel. B, react ions as
in A wer e immunoprecipitated by anti-C a ntibodies (4F4), a nd th en the
re sult ing samples were subjected to oligodeoxynucleotide-directed
cleav age by RNa se H. Th e oligonucleot ides were compl ementary to U4
(lan e 3 ), U6 (lane 4 ), a nd U5 (lan e 5). Controls wer e direct ana lysis of
nonimmunoprecipitated (lane I), and immunopr ecipitated but not
cleav ed (lane 2) sa mples.

RESULTS

hnRNP C Protein Interacts with V6 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-32PJUTP leads to
preferential 3 ' end-labeling ofU6 snRNA as well as other RNAs
of sma ller size (Ref. 13 and see "Experimental Proce dures").
Such an assay reveal s the presence of multip le U6 snRNAs,
whic h differ by the len gth of their oligorU) ta il. All a re assem
bled into U6, U4·U6, an d U4·U6·U5 snRNPs (13). UV cross 
lin king experiments were done to determ ine whethe r spliceo
soma l proteins interact wit h the oligouridylate stretch of the
U6 sn RNAs exhibit ing a 3' (U),,-OH end. Nu clear extracts were
incubated in the presence of [a -32PJUTP an d irradiated at 254
nm . After digestion by RNase A, th e presence of protein ad
ducts was exa mine d by electrophores is in a SDS-polyac ryl
am ide gel. Two protein s, 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
susp ecte d that the 50-kDa pr otein adduct re presented the La
antigen. In agreement with this predict ion , this protein adduct
was immunoprecipitated with anti-La antibodies (lane 4 ). Two
criter ia led us to suggest that th e second protein adduct migh t
be the hnRNP C protein : its apparent size and the fact that the
hnRNP C protein is known to bind avi dly to polytU) stretches
(23, 24). Thi s was verified by the find ing that anti-C antibodies
precipitate the protein adduct (lane 6). Since some other RNAs
are labeled un der the condit ions used (13), it was necessary to
identify the sma ll RNAs that t ransfe rred th eir label to the La
and C prote ins. The extracts incuba te d with [a- 32PJUTP were
immunoprecipita ted 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
wit h U6 snRNA. Alt hough we demonstrated previously by se-

1 2 345678

J U6 [

1 2 3 45



16478 U4 / U6 snRNP Disruption by hnRNP C Protein

2 3 4 5 6 7 8 9 10 11 12 1314 ISCtl

A

] U6

_UI
- Ulx

- U4

-U2

-us

-U6l============--__=:J

U4lU6 U4lU6-US
snRNP m RNP

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Ctl
L-.J

U6snRNP

not shown), thus allowing th e effect of exogeneous ly added
hnRNP C pr otein to be monitored . Thi s cleared nucl ear extract
was first incubated in th e pr esence of [a -3 2 P1UTP to lab el U6
snRNAs with 3 '-OB end, and the n th e U4·U6 snRNPs were
purified by centri fugat ion through a 10- 30% glycerol gradient
(see "Experimental Procedures"). Th ese purified particl es con
tained all of th e form s 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. Th e assay wa s carried out
as follows. First, th e amount of hnRNP C protein added was
calculated to reconstitute approximately th e U6 snRNAJ
hnRNP C ratio that exis ts in a splicing extract . Second , th e
reactions with or without hnRNP C protein added were sub
jected to immunoprecipitation by anti-C and anti-Sm an tibod
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 pr ecipitation of labeled U6
snRNAs by anti-C antibodies (Fig. 4A , compare lan es 5 and 6),
whi le th e pr ecipitation of these sa me U6 snRNAs by anti-Sm
anti bodies was largely decr eased (Fig. 4A , compare lan es 1 and

c

FIG. 3. Glycerol grad ie n t fractionatio n of U snRNPs. Identical
reactions to those described in Fig. I (150 ul) were loaded onto a
10- 30% glycerol gradient (see "Experimental Procedures"). 3' end
labeled V6 snRNAs presen t in each fra ct ion wer e immuno prec ipitated
by ant i-8m (A ) and 4F4 (B) ant ibodies . Th e North ern blot in C shows
the anti-8 m precipita ted V2 to V6 snRNAs thro ugh the gradient. Th e
bands designed Ul x are detected by the VI probe and are , therefore,
degraded forms of VI snRNA.
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contrast to anti-Sm and anti-C antibodies , pr ecipitated man y
other RNAs of smalle r size than U6 . Th ey most likely represen t
La-boun d RNA polymerase III tran scripts (25), which no doubt
contribute d to labeling the La pr otein in the cross-linking assay
(Fig. 1). A comparison of the U6 snRNAs precipi tated by each
class of antibodies (Fig. 2A, lan es 4-6) shows th a t they are not
iden tical in length. It is kn own that t hey uniquely differ by th e
length of the added oligo tU) tail (13). Th ose recovered by
anti-La antibodies have a short oligorU ) tail and are pr obably
newly synthesized U6 snRNAs (26). Th ose recovered by an
ti-S m antibodies are much mor e heterogen eous, comprising U6
snRNAs having oligorl.I) tail s containing up to 12 U resid ues.
Finall y, th ose recovered by anti-C anti bodies appear to corre
spond to those wit h the longest oligo(U) tail among all the
anti -Sm-prec ipitated U6 snRNAs , indica ting th a t a minimum
size (at least 8 residues) is required for the oligorU) tail-hnRNP
C protein interacti on. Moreover, th e possibili ty that the inter
act ion between the hnRNP C pr otein and this subset of U6
snRNAs might be indirect , through some associa tion with an
othe r hnRNP compone nt, is unlikely because ant ibodies di
rec te d agains t hnRNP Al and U protein s fail to precipitate U6
snRNAs from total nucl ear extracts (lanes 7 and 8).

A striking result see n in Fig. 1 (lane 5) is that anti-Sm
anti bodies fail ed to pr ecipitate any protein adduct, sugges t ing
that the U6 snRNAs in teracting with eithe r th e La or the
hnRNP C protein are free of U4 and U5 snRNAs . Concern ing
the U6-La interaction , the result agrees with previously pub
lish ed data , i.e. th ose U6 snRNAs in U4·U6 complexes are not
bound to the La protein despi te having a La-binding site at
their 3' ends (26). To verify that U6 snRNAs with long oligorl.I)
tails a re free of U4 and U5 snRNAs when interact ing with the
hnRNP C protein , we subjecte d a nuclea r extract containing 3 '
end-labeled U6 snRNAs to glycerol gradient centrifugation un
der condit ions allowing for sepa rat ion of free U6 from U4·U6
and U4·U6·U5 snRNPs (see "Experimental Procedures") and
looked for immunoprecipitated snRNAs in the result ing frac 
t ions using anti-Sm and anti-hnRNP C protein antibodies. As
expected, the result (Fig. 3, A and B) was that those lab eled U6
snRNAs present in ant i-C pr ecipitates exclusively migrate as
free U6 snRNPs , whil e th ose in ant i-Sm precipitates are asso
ciate d with U4 (U4·U6 snRNPs ) and U4·U5 (U4·U6·U5
snRNPs ). Th e Nor th ern blot shown in Fig. 3C reveal s how th e
major U2 to U6 snRNAs distribute through th e gradient .

From these results, we conclude th at the hnRNP C protein
pr esen t in nu clear extracts interacts directly with those of the
U6 snRNAs te rminat ing with th e longest oligouridylate tail.
Moreover, such an U6 snRNA-hnRNP C protein interaction
does not exist when th ese U6 snRNAs are engaged wit h 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-T he above results ra ised the question of
whethe r the associa tion of th e hnRNP C protein with free U6
snRNPs is a cause or a consequence of U4·U6 snRNP disrup
t ion . We perform ed a complementa t ion assay using purified
hnRNP C protein and U4·U6 snRNPs whose U6 snRNAs were
elongated and labeled at the ir 3' end. To do this, a prerequi site
was to pr epare an ext ract sufficiently enriche d with U4·U6
snRNPs compared with free U6 and U4,U5·U6 snRNPs . Thi s
was possible starti ng with a nucl ear extract that has been
cleared by DEAE-Seph arose chromatography as describ ed pr e
vious ly (16). Indeed , most of its U4 and U6 snRNAs are in
U4·U6 snRNPs (27). It has TUTase act ivity and contains the
sa me elongatable forms of U6 snRNA as an extract act ive in
splicing . It also contains U6 snRNA with 2' ,3 '-cyclic phosphate
end (13). Moreover, this ext ra ct turned out to be virtuall y free
of hnRNP C protein on the basis of immunoblots assays (results



carried out usin g a recombinant hnRNP Cl 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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FIG. 5. Analysis of disrupted U4·U6 snRNPs by centrifugation
in glycerol gradients. Identical reactions to those described in Fig. 3
(200 JLI) were loaded onto a 10- 30% glycerol gradient (see "Experimen
tal Procedures"). After fractionation from the top, th e RNAs wer e ex
tracted from each frac tion an d separated in a 10% polyacrylamide-urea
gel. A shows th e distribution of U4 and U6 snRNAs det ected with th e
oligodeoxynucleotide probes. Th e autora diogra phies were scanned by
densitometry (left panels ). For each snRNA, th e values express a per
centage of th e sum of absorbancies th roughout th e gradient. B shows
th e distribu tion of 3 ' end-labeled U6 snRNAs from react ions with or
without hnRNP C pr otein (upper panel). Lower pa nel shows the distri
bution of 3' end-labeled U6 snRNAs when th e re acti ons were carri ed
out in th e pr esence of either recombinan t Cl or K94 mutan t in place of
purified hnRNP C protein . The concentra tions of protein used are
indicated. Densitometry scanning of the autora diogra phies was as
above.
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2) . In contrast, as shown by Northern blots, hnRNP C protein
has no effect on the major form ofV4·V6 snRNPs containing V6
snRNAs terminating with a 2' ,3'-cyclic phosphate (Fig. 4B ). It
seems clear, therefore, that binding of hnRNP C protein only
occurs in V4·V6 snRNPs whose V6 snRNAs have an elongated
3' end and that base pairing of V4 to V6 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 lab eled
U6 snRNAs by anti-Sm antibodies. To verify this, the following
experiment was performed . Th e above reactions with or with
out hnRNP C protein were centrifuged through glycerol gradi
ents to separate free U6 from V4·U6 snRNPs (Fig. 5). Probing
for U4 and U6 snRNAs throughout the gr adient shows that
these snRNAs still comigrate if hnRNP C was added to U4·V6
snRNPs before centrifugation (Fig. SA , compare upper and
lower panels ). Th is was expecte d since in the immunoprecipi
tation assay shown in Fig. 4B, all V6 snRNAs detect ed with the
prob e remained precipit abl e by anti-Sm antibodies. Th e 3' end
labeled U6 snRNAs, due to their low abundance, were not
detect ed by the probe. Th ey had a slower sedimentat ion 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 dis sociating activity could be contributed by some contam
inant of the hnRNP C protein preparation, the same assay was

FIG. 4. hnRNP C protein induces in vitro disruption of U4·U6
snRNPs containing 3' end labeled U6 snRNA. A, U4·U6 snRNPs
cont aining 3' end-labeled U6 snRNA wer e isolated by glycerol gr adient
centri fuga tion from a cleared nuclear extract (see "Experimental Pro
cedu res"). Th ey were incuba ted for 30 min at 30 °C in th e absence (lanes
2, 3, 5 , and 7) or th e pr esence (lanes 1, 4, and 6) of 10 nM of purified
hnRNP C pr otein . Th e reactions (200 JLI) were subjected to immunopre
cipitati ons by anti-Sm (lanes 1 and 2) and anti-C (lanes 5 and 6)
antibodies and ana lyzed in a 10% polyacrylamide-urea gel. Lanes 3 and
4, contro ls treated on protein A-Seph arose bead s witho ut antibodies .
Lane 7, a reaction without immunoprecipitat ion in order to indic ate th e
input RNAs. B, th e sa me gel as in A was tran sferred to hybond N+
memb ran e and th en pr obed with U4 and U6 an tise nse oligodeoxynucle
otide probes. Th e 3'-end labeled U6 snRNAs cannot be see n her e be
cause they are mu ch less radi oactive th an th e probes. It is not eworthy
tha t U4 snRNA appeared as a doublet in thi s gel, differently from the
experiment shown in Fig. 4.
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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 U4·U6 particles.
Besides, the hnRNP C protein is a very abundant nuclear
protein and is one ofthe 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 pclyt U), but it lacks a large part of the
hnRNP Cl protein sequence in the side of the carboxyl termi
nus (30). Used at the same concentration as the hnRNP Cl
protein in our complementation assay, it failed to induce dis
sociation ofU4·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)s (32).
Second, the disruption ofU4·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.

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 spliceosorne 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 offorms 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 ofUTP, 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 f3-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
ofU4-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 ofU4·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 ofU6
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 ofU4'U6 snRNPs, one can envisage at least two possi
bilities. Oligomerization of hnRNP C isoforms could lead to a



U4/ U6 snRNP Disruption by hnRNP C Protein 16481

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.
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