The EMBO Journal vol.15 no.9 pp.2256-2269, 1996

The snRNP core assembly pathway: identification of
stable core protein heteromeric complexes and an

snRNP subcore particle in vitro

Veronica A.Raker, Gabriele Plessel and
Reinhard Lithrmann'

Institut fiir Molekularbiologie und Tumorforschung, Philipps-
Universitdt Marburg, Emil Mannkopff Strae 2, D-35037 Marburg,
Germany

!Corresponding author

V.A Raker and G.Plessel contributed equally to this work

Stable association of the eight common Sm proteins
with U1, U2, U4 or US snRNA to produce a spliceosomal
snRNP core structure is required for snRNP biogenesis,
including cap hypermethylation and nuclear transport.
Here, the assembly of snRNP core particles was investi-
gated in vitro using both native HelLa and in vitro
generated Sm proteins. Several RNA-free, heteromeric
protein complexes were identified, including E-F-G,
B/B’-D3 and D1-D2:E-F-G. While the E-F-G complex
alone did not stably bind to U1 snRNA, these proteins
together with D1 and D2 were necessary and sufficient
to form a stable Ul snRNP subcore particle. The
subcore could be chased into a core particle by the
subsequent addition of the B/B’-D3 protein complex
even in the presence of free competitor Ul snRNA.
Trimethylation of Ul snRNA’s 5’ cap, while not
observed for the subcore, occurred in the stepwise-
assembled U1 snRNP core particle, providing evidence
for the involvement. of the B/B’ and D3 proteins in
the hypermethylation reaction. Taken together, these
results suggest that the various protein heterooligo-
mers, as well as the snRNP subcore particle, are
functional intermediates in the snRNP core assembly
pathway.

Keywords: cap hypermethylation/protein—protein inter-
actions/RNP assembly/Sm proteins/snRNP biosynthesis

Introduction

The four major small nuclear ribonucleoprotein particles
(snRNPs) U1, U2, U4/U6 and U5 are evolutionarily highly
conserved RNA-protein complexes which participate in
the splicing of pre-mRNA (Steitz et al., 1988; Moore
et al., 1993). Each snRNP consists of one or two uridyl-
rich snRNAs (U1, U2, U5 or U4/U6) and a set of snRNP
proteins. The U1, U2, U4 and US snRNAs are transcribed
by RNA polymerase II. They contain two common
features, the so-called Sm site, which is a single-stranded,
uridylic acid-rich region flanked by two stem-loop struc-
tures (Branlant ez al., 1982), and the 5'-terminal trimethyl-
guanosine (m3;G) cap. U6 is exceptional in that it is
transcribed by RNA polymerase III, has a y-mono-methyl-
phosphate cap and does not contain an Sm site (Reddy
and Busch, 1988; Singh and Reddy, 1989).
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The snRNP proteins fall into two classes: the specific
proteins, which associate exclusively with one snRNP
species, and the common proteins, which are present in
each spliceosomal snRNP particle (Lithrmann et al., 1990).
Due to their recognition by anti-Sm autoantibodies isolated
from patients suffering from systemic lupus erythematosus
(SLE), the snRNP core proteins are also called Sm proteins
(Lerner and Steitz, 1979). To date, eight core proteins,
denoted B’ (29 kDa), B (28 kDa), D3 (18 kDa), D2
(16.5 kDa), D1 (16 kDa), E (12 kDa), F (11 kDa) and G
(9 kDa), have been identified in human HeLa cells. All
of the cDNAs encoding the human core proteins have
now been cloned (Hermann et al., 1995, and references
within). With the exception of B and B’, all core proteins
are encoded by separate genes; the former are produced
by alternative splicing of a single gene product and differ
by only 11 amino acids at the C-terminus (Van Dam et al.,
1989; Chu and Elkon, 1991). Interestingly, two sequence
motifs, denoted Sm motif 1 and 2, are found in all of the
known Sm proteins, from organisms as diverse as yeast,
nematodes, insects, plants and higher vertebrates (Cooper
et al., 1995; Hermann et al., 1995; Séraphin, 1995). There
is experimental evidence that the Sm motifs are important
for Sm protein—protein interactions (Hermann et al., 1995).

The Sm proteins bind to the Sm site of the U1, U2, U4
and U5 snRNAs to form a highly stable snRNP core
structure, which is morphologically similar among all
snRNPs (Kastner et al., 1990). Little is known about the
nature of protein—-RNA interactions within the snRNP core
structure. In the snRNP particle, the core proteins have
been shown to protect a 15-25 nucleotide long region of
the Sm site against hydrolysis by micrococcal nuclease
(Liautard et al., 1982). To date, the only known interaction
between a core protein and U snRNA is that between the
Ul snRNA Sm site and the G protein; this interaction
was demonstrated by cross-linking analyses (Heinrichs
et al., 1992). Thus, protein—protein, rather than protein—
RNA, interactions appear to dominate in determining the
structure of the snRNP core.

The biogenesis of snRNPs is a complex process which
takes place in both nuclear and cytoplasmic compartments.
First, the RNA polymerase II-transcribed U snRNAs
are synthesized in the nucleus as precursor molecules
containing a m’G cap structure and short 3’ extensions
(Dahlberg and Lund, 1988; Mattaj, 1988). The precursors
subsequently are exported to the cytoplasm, where large
pools of the Sm proteins are stored (Zeller et al., 1983;
Zieve and Sauterer, 1990) and the latter then assemble
onto the snRNA’s Sm site. Association of the Sm proteins
with the Sm site is essential for the hypermethylation of
the snRNA cap structure to generate the m;G cap (Mattaj,
1986); the core proteins probably provide a binding site for
the trans-active snRNA-(guanosine-N2)-methyltransferase
(Plessel et al., 1994). In addition, the core proteins play
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an important role in the formation of one part of the
bipartite nuclear localization signal (NLS) of the snRNP
core particle (Mattaj and De Robertis, 1985); the m;G cap
forms the second part of the NLS (Fischer and Liithrmann,
1990; Hamm et al., 1990). Since free Sm proteins do not
enter the nucleus, the NLS of the snRNP core must be a
masked property of the core proteins which is exposed as
a result of proper snRNP core assembly. It has not yet
been determined which of the core proteins contribute to
the binding of the cap methyltransferase or to the NLS.

Despite the crucial role which the snRNP core particle
plays in the biogenesis of snRNPs, information regarding
the order of events leading to its formation is limited and
has been provided mostly by experiments performed
in vivo. Following pulse—chase and sucrose gradient frac-
tionation of cytoplasmic proteins labeled in vivo with
[*3SImethionine, immunoprecipitation with the anti-Sm
monoclonal antibody Y12 indicated that E, F, G and one
or more D protein co-sediment at 6S (Fisher et al., 1985;
Sauterer et al., 1990). Thus, it was suggested that these
proteins form an RNA-free, heteromeric complex that
binds as such to the snRNA’s Sm site, followed by the
addition of the B/B’ proteins (Fisher et al., 1985; Feeney
et al., 1989; Sauterer et al.,, 1990). While these studies
indicated for the first time that the assembly of the snRNP
core may occur in multiple steps, important aspects of
this assembly process remained unclear. Significantly, the
complexity of the core snRNP protein composition was
unknown at the time the aforementioned in vivo experi-
ments were carried out, i.e. the three distinct D proteins,
D1, D2 and D3, were considered to be a single protein.
Thus, it was not clear whether all three D proteins were
involved in an RNA-free complex together with the E, F
and G proteins, or whether the individual D proteins
exhibit differential protein association behavior. Our recent
finding that D1 and D2 specifically interact with each
other but not with D3 (Lehmeier et al., 1994) supported
the latter hypothesis and stimulated a detailed investigation
of the core snRNP assembly pathway. We therefore
analyzed the in vitro formation, not only of RNA-free
core protein complexes, but also of core protein~-UsnRNA
complexes. Our results indicate that there is an ordered
snRNP core assembly pathway that involves the initial
formation of D1-D2, E-F-G, D1-D2-E-F-G and B/B’'-D3
complexes, the subsequent association of U snRNA with
D1-D2-E-F-G to form an snRNP subcore particle and,
finally, the recruitment of the B/B’-D3 complex to generate
an snRNP core particle functional in 5’ cap hypermethyl-
ation.

Results

Fractionation of native HeLa snRNP core proteins
on sucrose density gradients reveals an E-F.G
complex with an S value of 3.7

Understanding snRNP core assembly requires a precise
knowledge of the heteromeric complexes formed by the
core proteins in the absence of UsnRNA. We initially
investigated whether protein heterooligomers could be
identified in native HeLa snRNP core proteins, prepared
from anti-m;G immunoaffinity-purified snRNP particles.
Interpretation of the results obtained by this approach relies
on the assumption that strong protein—protein interactions

The snRNP core particle assembly pathway
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Fig. 1. Density gradient centrifugation of native, RNA-free, HeLa
snRNP proteins. SnRNP proteins isolated from HeLa snRNP particles
were fractionated on 6-20% sucrose gradients containing 300 mM
KCI. After fractionation, proteins were separated on a high-TEMED,
SDS-12.5% polyacrylamide gel and visualized by Coomassie blue
staining. Lane 0, snRNP proteins; lanes 1-20, proteins from the
gradient fractions, whereby the top of the gradient is at the left; and
lane 21, marker proteins. The migration of the A’ and B” bands
observed is indicated with bars between lanes 11 and 12. The S values
of various sedimentation standards (see Materials and methods) are
indicated by triangles at the top.

once formed in RNA-free assembly intermediates may
persist in the intact RNP particle and also survive RNP
dissociation under mild conditions. Examples of this kind
have been observed previously with ribosomes (see, for
example, Dijk and Littlechild, 1979). The snRNP proteins
were separated from the snRNAs by incubating the isolated
snRNPs with the anion exchange resin DE53 in the
presence of EDTA (Sumpter et al., 1992). This method
produces snRNP proteins which retain their native state, as
demonstrated by their ability, under in vitro reconstitution
conditions, to form snRNPs functional in nuclec-cyto-
plasmic transport (Fischer et al, 1993) and splicing
(Ségault et al., 1995). Native snRNP protein preparations
contain predominately the core proteins, in addition to
some particle-specific proteins (e.g. the Ul-specific A and
C, and the U2-specific A’ and B” proteins; see below).
To assay for the formation of snRNP core protein
complexes, native snRNP proteins were fractionated on
6-20% sucrose gradients (Figure 1). Unexpectedly, the E,
F and G polypeptides migrated faster than the bulk of
core proteins, co-migrating in the 3.3-4S range with a
peak at ~3.7S (lanes 10-14). This corresponds to the
sedimentation of a globular protein of ~56 kDa (see
Materials and methods). An internal marker which correl-
ates with this rough estimation of 56 kDa was also
provided by the U2-A' and U2-B” proteins (Figure 1; A’
and B” are indicated with bars) which are known to form
an RNA-free dimer of ~60 kDa (Scherly et al., 1990).
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U2-A’ and U2-B” co-sedimented faster than the B, B’ and
D proteins, but at a rate approximately equal to that of
the E, F and G proteins (Figure 1). Thus, the co-
sedimentation of E, F and G suggests that they are present
as a complex on the gradient (Figure 1, lanes 10-14).
This is supported further by the sedimentation behavior
of E, F and G on a sucrose gradient containing 8 M urea:
under denaturing conditions, E, F and G sedimented more
slowly than the B, B’ and D proteins, consistent with their
relative molecular masses (data not shown). Additional
support for an E-F-G complex is provided by co-immuno-
precipitation analyses of in vitro translated proteins (see
below). Sedimentation of E, F and G at 3.7S under
non-denaturing conditions further suggested that multiple
copies of at least one of these proteins were present in
the complex, since a heterooligomer containing single
copies of each protein would have a calculated mol. wt
of ~29 kDa (E, 10.8 kDa; F, 9.7 kDa; and G, 8.5 kDa)
and would, thus, be expected to have a lower sedimentation
coefficient. While the exact stoichiometry of the E-F-G
complex cannot be determined here, analysis of snRNP
proteins by SDS-PAGE reveals a roughly equivalent
Coomassie blue staining intensity for E, F and G (see
Figure 1), suggesting that the ratio of E:F:G within snRNP
particles is 1:1:1 (the apparently lower staining intensity
of G can be attributed to its migration as a doublet in
high-TEMED gels; see also Hermann et al., 1995).

In contrast to the Ul-A protein, whose migration
behavior corresponds well to its mol. wt of ~31 kDa (it
peaks around 2.3S, Figure 1; Sillekens et al, 1987),
additional core proteins also appear to have an aberrant
migration on sucrose gradients under native conditions
(Figure 1). For example, the large S values of the D
proteins do not correspond to their M;s of 16-18 kDa, as
they co-migrate on the gradient in the range of the B and
B’ proteins (~29 kDa; Figure 1). This may be due either
to unusual three-dimensional configurations or to their
involvement in oligomeric complexes. It should be noted,
however, that there was no evidence for the formation of
a stable complex between E, F, G and one or more of the
D proteins under these sedimentation conditions.

An E-F.G complex is formed with proteins
translated in vitro

Protein—protein interactions were investigated more pre-
cisely by co-immunoprecipitation analyses. To determine
if an E-F-G complex can indeed be formed, we initially
tested in vitro translated, [*>S]methionine-labeled E, F and
G polypeptides in immunoprecipitation assays with a
polyclonal anti-F antibody, which was raised against
recombinant F protein (Hermann et al., 1995). While
neither E nor G alone was precipitated significantly by
the anti-F antibody (Figure 2A, lanes 4 and 6), both could
be co-immunoprecipitated efficiently when F was present
(lane 1). In addition, E, but not G, was co-precipitated
efficiently in the presence of F (compare lane 2 with the
E background precipitation in lane 4, and lane 3 with lane
6). This suggests that there is a stable interaction between
E and F but not between F and G. Thus, since the anti-F
antibody did not precipitate G when incubated with F
alone (lane 3), the co-precipitation of E, F and G observed
in lane 1 cannot be explained by the formation of E-F and
G-F dimers, but rather demonstrates that an E-F-G complex
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Fig. 2. Complex formation of E, F and G as shown by immuno-
precipitation assays. Proteins were prepared by in vitro translation and
labeled with [3*S]methionine. (A) Immunoprecipitation with an anti-F
antibody, washed with buffer containing 150 mM KCI. Lanes 1-6,
immunoprecipitation with E, F and G (lane 1), E and F (lane 2), F and
G (lane 3), E (lane 4), F (lane 5) and G (lane 6); lanes 7-9, E, F and
G proteins equivalent to 40% of the amount used in the immuno-
precipitation assays. (B) Immunoprecipitation with mAb Y12, washed
with buffer containing 450 mM KCl. Lanes 1-7, immunoprecipitation
with E, F and G (lane 1), E (lane 2), F (lane 3), G (lane 4), E and F
(lane 5), E and G (lane 6) and F and G (lane 7); lanes 8-10, proteins
equivalent to 40% of the amount used for immunoprecipitation assays:
the unusual migration of E, F and G is due to the high amount of
globin present in the reticulocyte lysate. Fractionation was carried out
by electrophoresis on a high-TEMED, SDS-12.5% polyacrylamide gel,
and bands were visualized by fluorography.

was indeed formed. Note that the co-precipitation of E
with F was reproducibly more efficient when G was also
present (compare lanes 1 and 2). Co-precipitation of E
and G with F by the anti-F antibody was observed not
only under low salt conditions (i.e. 150 mM KCl as shown
in Figure 2A), but also at high salt concentrations (e.g.
500 mM KCl, data not shown), indicating that the E-F-G
complex is relatively stable.

The protein—protein interactions within the E-F-G com-
plex were analyzed further by immunoprecipitation assays
with the anti-Sm monoclonal antibody (mAb) Y12, which
reacts with E, but not with F or G, on immunoblots
(Lerner et al., 1981). As shown in Figure 2B, the epitope
recognition of Y12 in immunoprecipitation assays with
in vitro translated proteins is unusual. That is, while the
individually tested E, F and G proteins were precipitated
only minimally (lanes 2—4), all were precipitated efficiently
when mixed together prior to the addition of antibody
(lane 1). This indicates that the Y12 epitope(s) is either
hidden or not present on the individual proteins, and, thus,
is first created or presented by conformational changes in
the polypeptides which occur through their interactions
with one another. Similarly, the combinations of either E
and F, or E and G, in Y12 immunoprecipitation assays
led to the efficient precipitation of both proteins (compare
lanes 5 and 6 with lanes 2—4), indicative of protein—
protein interactions between E and F as well as between
E and G. No precipitation above background (i.e. the
individually tested proteins) was observed when F and G
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Fig. 3. Evidence that the DI. D2, E. F and G core proteins form an
RNA-free complex in vitro. Proteins were prepared by in vitro
translation and labeled with [*3S]methionine. Immunoprecipitation was
performed with a polyclonal anti-F antibody. Lanes 1-9, immuno-
precipitation of D3 (lane 1). DI. D2, D3. E. F and G (lane 2). D1, D2,
E. F and G (lane 3). DI. E. F and G (lane 4), D2. E. F and G (lane 5).
DI and F (lane 6). D2 and F (lane 7). D1 (lane 8) or D2 (lane 9):
lanes 10-15. proteins equivalent to 50% of the amount added to the
assays. Protein fractionation was carried out by electrophoresis on a
12.5% high-TEMED SDS-polyacrylamide gel. and bands were
visualized by fluorography.

were assayed together (lane 7), suggesting that these
proteins do not interact. The results obtained with Y12
are in agreement with the anti-F immunoprecipitation data
described above. Note that the immunoprecipitates were
washed at a high ionic strength (450 mM KCl), indicating
that the complexes which were formed are relatively
stable. As the methionine content, and hence the *S-
labeling, of each polypeptide is approximately the same
(E contains five, and F and G, six methionines), the equal
intensities of the co-immunoprecipitated E, F and G bands
(Figure 2B, lane 1) strongly suggest that these polypeptides
are present in stoichiometric amounts within an RNA-
free, E-F-G complex.

RNA-free heteromeric complex formation with D1,

D2, E, Fand G

While fractionation of native snRNP proteins on sucrose
gradients did not reveal a larger complex containing E, F,
G and one or more of the D proteins (see Figure 1),
evidence for the formation of such a complex was provided
previously by pulse—chase experiments in vivo (see Intro-
duction). We therefore investigated whether a larger hetero-
meric complex could be detected when in vitro translated
E, F, G, D1, D2 and D3 proteins were mixed and then
immunoprecipitated with the polyclonal anti-F antibody,
which does not precipitate the individual D3, D1 or D2
proteins (Figure 3, lanes 1, 8 and 9, respectively) or the
D1-D2 dimer (data not shown). Interestingly, D1 and D2
were co-precipitated efficiently with the E-F-G complex
(Figure 3, lanes 2 and 3), while D3 was co-precipitated
only slightly (but reproducibly) above background (lane
2). The same result was obtained when the reticulocyte
lysate was treated with micrococcal nuclease after transla-
tion, but prior to addition to the immunoprecipitation
assays (data not shown). Thus, D1 and D2 interact strongly
with the E-F-G complex, while D3 has only a low affinity
for this complex and is not stably associated. This result
was also observed when identical immunoprecipitation
assays were carried out with a polyclonal anti-D2 antibody
(data not shown), demonstrating that the precipitation of
a DI-D2-E-F-G complex is independent of the antibody
used for precipitation.

The snRNP core particle assembly pathway

The stable interaction of D1 and D2, but not D3, with
the E-F-G complex is interesting in light of our previous
finding that D1 and D2 specifically interact with each
other, but not with D3 (Lehmeier et al, 1994). We
therefore investigated whether the interaction of D1 and
D2 with E-F-G requires D1-D2 dimer formation, or if
either D1 or D2 could interact individually with the E-F-G
complex. Efficient co-precipitation of the D1 and D2
proteins with the E-F-G complex was observed only when
both D proteins were present in the reaction mixture
(Figure 3, compare lane 3 with lanes 4 and 5), suggesting
that D1-D2 dimer formation is required for association
with E-F-G. While neither D1 nor D2 were co-precipitated
efficiently when incubated individually with F alone (lanes
6 and 7) or with the E-F-G complex (lanes 4 and 5), D2
was immunoprecipitated slightly above background when
tested with the E-F-G complex (compare lanes 5 and 9).
This might indicate that the interaction of D1-D2 with
the E-F-G complex is mediated initially by D2. The
D1-D2-E-F-G complex is less stable, however, than its
constituent complexes, since it dissociates at ionic
strengths (i.e. 500 mM KCl) at which the D1-D2 and
E-F-G complexes remain intact (see above, and data not
shown). By immunoprecipitation analyses with in vitro
translated proteins we recently have provided evidence
for an interaction between B’ or B and the D3 protein
(Hermann et al., 1995). This interaction was specific,
since the D1 and D2 proteins interacted with B/B’ only
weakly (for D1) or not at all (for D2). These observations
are consistent with the results described above, i.e. that D1
and D2, but not D3, interact with the E-F-G heterooligomer.

Immunodepletion of the B/B' and D3 proteins
from total snRNP proteins

The existence of the various forms of RNA-free snRNP
protein complexes described above raises the important
question of whether these protein heterooligomers are
functional intermediates in the assembly of snRNP core
particles. One approach to demonstrate this would be to
reconstitute snRNP particles in vitro with various subsets
of the core proteins. Since the low protein concentration
of polypeptides translated in vitro did not allow for
efficient reconstitution, it was necessary to fractionate total
snRNP proteins from isolated snRNPs so that appropriate
subsets of core proteins, corresponding in their composi-
tion to the aforementioned heterooligomers, could be
obtained. Subsets containing the E-F-G complex and E/F/
G-depleted Sm proteins were isolated by sucrose gradient
centrifugation (see Figure 1).

Further fractionation was necessary to obtain Sm protein
subsets containing the D1-D2/E-F-G complex(es) or the
B/B’-D3 complex. Removal of the D1-D2-E-F-G complex
as such from the protein preparation was not possible due
to its relative instability. Therefore, the fractionation of
the total proteins was only possible by depletion of the
B/B-D3 complex, rather than the D1-D2-E-F-G complex.
As a prerequisite for this, the stability of the B/B’-D3
complex was first analyzed by immunoprecipitation with
an anti-B/B’ mAb, KSm5, using *3S-labeled polypeptides
translated in vitro (Figure 4). In the presence of B’, D3
was co-precipitated even under stringent wash conditions
(i.e. 400 mM KClI, lanes 5 and 6; 750 mM KCl, lanes 7
and 8); thus, the B/B’-D3 complex is highly stable. B’
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Fig. 4. Co-immunoprecipitation of D3 with B’. Proteins were prepared
by in vitro translation and labeled with [*S]methionine, with the
exception of non-radiolabeled B’ polypeptide. Lanes 1-11,
immunoprecipitation with the anti-B/B’ monoclonal antibody KSm5
with B’ (lane 1), B’ and D3 (lane 2), B'c (non-radiolabeled B’) and
D3 (lane 3), D3 (lane 4), B'c and D3 (lane 5), D3 (lane 6), B'c and
D3 (lane 7), D3 (lane 8), B'c, DI, D2, E, F and G (lane 9), B'c, E, F
and G (lane 10) or DI, D2, E, F and G (lane 11), whereby immuno-
complexes were washed either with 150 mM KCl (lanes 1-4 and 9-
11), 400 mM KCI (lanes 5 and 6) or 750 mM KCI (lanes 7 and 8);
lanes 12-18, proteins equivalent to 50% of the amount added to the
assays. Note that the high molecular weight doublet observed for the
B’ polypeptide is only observed under high-TEMED gel conditions
and probably represents isoforms of B’. Fractionation was carried out
by electrophoresis on a high-TEMED, SDS-12.5% polyacrylamide gel,
and bands were visualized by fluorography.

does not interact stably with any of the other core proteins
(lanes 9-10). Moreover, the mAb KSm5 reacts exclusively
with B/B’, not with the other Sm proteins (D3, lane 4,
and D1, D2, E, F and G, lane 11).

Given these results, we fractionated HeLa snRNP
proteins by immunoaffinity chromatography with mAb
KSmS; aliquots of each fraction from the immunoaffinity
column were analyzed by SDS-PAGE (Figure SA). The
flow-through (lane 2) and wash fractions (lanes 3-8) of
the KSm5 column contained the core proteins D1, D2, E,
F and G, as well as the specific proteins A, C, A’ and B”,
but no B/B’, and only minimal levels of D3. The eluate
(lanes 9-12), on the other hand, contained exclusively B,
B’ and D3; co-retention of D3 on the anti-B/B’ column
is consistent with a strong B/B’-D3 interaction (see Figure
4). To distinguish between the multiple proteins migrating
in the 28-30 kDa region (B, B’, A’ and B") of the SDS
gel, Western blotting was carried out with total snRNP
proteins (Figure 5B, lanes 1-3), the flow-through fractions
(lanes 4-6) and the eluate fractions (lanes 7-9), using
either the monoclonal anti-B” antibody (4G3), anti-B/B’
KSm5 or a polyclonal anti-D3 antibody raised against
recombinant D3 protein. These results confirmed the
absence of B and B’ in the flow-through fractions (lane
5) and of B” in the eluate fractions (lane 7). While D3
was still present to a low degree in the flow-through
(Figure 5B, lane 6), the majority of this protein was found
in the eluate (lane 9) (the additional bands result from the
low cross-reactivity of anti-D3 with denatured D1 and
D2). Using anti-B/B’ affinity chromatography, we could
thus separate B, B’ and most of D3 efficiently from the
remaining core proteins.
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E, F and G are necessary but not sufficient for the
formation of a stable U1 RNP complex

An important question in the snRNP core assembly
pathway is whether all core proteins interact concurrently
during RNP complex formation or, alternatively, whether
subsets of them can bind to create stable, intermediate
RNP ‘subcore’ particles. To address this question, snRNP
particles were reconstituted with the various mixtures of
native snRNP core proteins, obtained by anti-B/B’ affinity
chromatography and sucrose gradient centrifugation as
described above, and 3'-end-labeled U1 snRNA that had
been isolated from HeLa cells. Formation of stable Ul
RNA-—core protein complexes was monitored by co-
precipitation of Ul snRNA with antibodies targeted against
different core proteins (note that the mAb Y12 recognizes
not only the E-F-G complex in immunoprecipitation, as
mentioned above, but also the individual D1, D3, B and
B’ proteins). The proteins fractionated by sucrose gradient
centrifugation were tested initially in this RNP complex
formation assay. As shown in Figure 6, Ul RNP formation
was observed if reconstitution was performed with the
complete set of core proteins; Ul was co-precipitated by
both mAb Y12 (lane 3) and anti-F (lane 10). However,
neither proteins depleted of E, F and G (lane 1) nor solely
the E-F-G complex (lanes 4, 5, 11 and 12) were sufficient
for stable RNP formation. U1 core formation was observed,
however, when both the E-F-G complex and the E-, F-
and G-depleted proteins (i.e. B, B, D1, D2 and D3) were
combined (lanes 2 and 9). In addition, the presence of
sucrose was shown to have no effect on the reconstitution
of core Ul snRNPs and their subsequent immuno-
precipitation; the Ul snRNA was co-precipitated equally
well by Y12 or anti-F after reconstitution with total HeLa
snRNP proteins either in the presence or absence of
sucrose (compare lanes 6 and 7, or lanes 13 and 14,
respectively). Examination of the RNA in the immuno-
precipitation supernatants demonstrated that the Ul
snRNA remained intact throughout the assays (Figure 6,
bottom panels; the low amount of Ul in the supernatant
of lanes 6 and 7 is due to the nearly quantitative precipita-
tion of the particle by Y12). We conclude from these
results that E, F and G alone are not sufficient for the
formation of a stable Ul RNP complex, although they
must be present in order for RNP formation ultimately
to occur.

Formation of a stable U1 RNP subcore particle
with the D1, D2, E, F and G proteins

We next tested whether the proteins present in the RNA-
free, D1.-D2-E-F-G complex (Figure 3) were sufficient to
form a U1l snRNP subcore particle. Core protein fractions
containing either D1, D2, E, F and G (flow-through, FT)
or B, B’ and D3 (eluate) were provided by anti-B/B’
immunoaffinity chromatography with the mAb KSmS5 (see
Figure 5). Ul snRNAs reconstituted with all of the core
proteins (TP) could be co-precipitated by Y12 (Figure
7A, lane 1). As would be expected from the data presented
above (see Figure 6), the B, B’ and D3 proteins alone did
not bind U1 snRNA (eluate, lane 3). However, Ul snRNA
was co-precipitated by Y12 after incubation with the
proteins from the flow-through (D1, D2, E, F and G; lane
2) (note that an ~1000-fold molar excess of non-specific
competitor tRNA was included in each reconstitution
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Fig. 5. Depletion of B/B’ and D3 proteins from total snRNP proteins by anti-B/B’ immunoaffinity chromatography. (A) SnRNP proteins separated
by anti-B/B’ immunoaffinity chromatography with the mAb KSmS. Lane 1, snRNP proteins shown as a marker; lane 2, the column flow-through
(FT): lanes 3-8. proteins washed from the column with increasing concentrations of KCl (0.15-2 M), as described in the Materials and methods: and
lanes 9-12. proteins eluted from the column with 100 mM glycine (pH 2.6). One fifth (lanes 3-12) or 1/15 (lane 2) of each fraction was precipitated
with acetone and the proteins analyzed on a high-TEMED, SDS-12.5% polyacrylamide gel and visualized with Coomassie blue staining.

(B) Western blot analysis of the protein composition of the fractions obtained by immunoaffinity chromatography. Lanes 1-3, total snRNP proteins
(TP). shown as a marker: lanes 4-6, column flow-through (FT): and lanes 7-9. column eluate. Antibodies used were mAb anti-B” 4G3, lanes 1. 4
and 7; mAb anti-B/B’ KSmS5, lanes 2. 5 and 8: and a polyclonal antibody against D3. lanes 3. 6 and 9.
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Fig. 6. The E, F and G core proteins are necessary but not sufficient
for stable Ul snRNP complex formation in vitro. Reconstitution

in vitro was carried out with [3*P]pCp-labeled U1 snRNA, isolated
from HeLa cells. and HeLa snRNP proteins. previously separated on a
6-20% sucrose gradient (see Figure 1) as follows: gradient fraction 8
(B. B’, DI. D2 and D3: lanes 1 and 8): gradient fractions 8 and 14 (B.
B'. D1. D2 and D3 plus E. F and G: lanes 2 and 9). gradient fraction
10 (all core proteins: lanes 3 and 10): or gradient fractions 13 or 14
(exclusively E. F and G: lanes 4. 5. 11 and 12). Total HeLa snRNP
proteins (TP). which had not been separated on a sucrose gradient.
were tested in reconstitution with (lanes 6 and 13) or without (lanes 7
and 14) the addition of 8% sucrose (final concentration). Ul RNP
formation was analyzed by immunoprecipitation with either mAb Y12
(anti-Sm), lanes 1-7. or a polyclonal anti-F antibody. lanes 8-14. RNA
was analyzed on a 10% polyacrylamide-7 M urea gel and visualized
by autoradiography.

assay). This strongly suggests that, while the B/B’ and
D3 proteins do not bind to the Ul snRNA on their own,
the D1, D2, E, F and G core proteins are capable of
assembling onto the Ul snRNA independently of B/B’
and D3. We have termed this putative Sm core RNP
assembly intermediate a ‘subcore’ particle.

To verify its protein composition, the Ul subcore
particle was analyzed further by immunoprecipitation with
antibodies reactive against various core proteins. As tested
by immunoprecipitation assays with 3S-labeled, in vitro
translated core proteins, the polyclonal anti-D2, anti-D3
and anti-F sera react specifically with D2, D3 or F,
respectively (Figure 7B, lanes 8-24), whereas the mAb
KSm5 recognizes specifically B and B’ (see Figure 4).
All of these antibodies can precipitate isolated, native U
snRNP particles efficiently, with the exception of the anti-
D3 antiserum, for which the precipitation is very inefficient
(data not shown). The subcore particle could be precipit-
ated by anti-F (Figure 7A, lane 10) and anti-D2 (lane 14).
However, no or minimal co-precipitation of the Ul snRNA
was observed with the anti-B/B’ antibody (Figure 7A,
lane 6) or anti-D3 (lane 18). This confirms that the particle
formed from the FT fractions is indeed a ‘subcore’ particle
that lacks B, B’ and D3 but contains D2 and F, and,
presumably, the remaining core proteins, D1, E and G. The
presence of the latter proteins could not be demonstrated
directly by immunoprecipitation because antibodies
specifically reacting with either D1, E or G were not
available.

To investigate whether the subcore particle is a dead-
end complex or a functional intermediate in the core
particle assembly pathway, subsequent binding of B, B’
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Fig. 7. Protein composition of U1 subcore snRNP particles,
reconstituted in vitro from Ul snRNA and B/B'/D3-depleted snRNP
proteins, as analyzed by immunoprecipitation. (A) [*2P]pCp-labeled
UlsnRNA was incubated with either total HeLa snRNP proteins (TP;
lanes 1, 5,9, 13 and 17) or proteins from an anti-B/B’ affinity column
(shown in Figure 5) obtained from either the flow-through fraction
(FT; lanes 2, 6, 10, 14 and 18), the eluate fraction (lanes 3, 7, 11, 16
and 20), or flow-through and eluate (FT + eluate; lanes 4, 8, 12, 15
and 19); the latter was performed in a two-step reconstitution as
described in Materials and methods, with an initial incubation of the
RNA with flow-through proteins, followed by the addition of the
eluate proteins. The flow-through fraction contained the D1, D2, E, F
and G core proteins, while the eluate contained the B, B’ and D3 core
proteins. Immunoprecipitation was performed with the anti-Sm mAb
Y12 (lanes 1-4), anti-B/B’ mAb KSmS5 (lanes 5-8), or polyclonal anti-
F (lanes 9-12), anti-D2 (lanes 13-16) and anti-D3 antibodies (lanes
17-20). Co-immunoprecipitated RNA was separated on a 10%
polyacrylamide—7 M urea gel and visualized by autoradiography.

(B) Antibody specificity was tested by immunoprecipitation with

in vitro translated, 3°S-labeled proteins. Lanes 1-7, proteins equivalent
to 50% added to the assays; lanes 8-24, immunoprecipitation with an
anti-D2 polyclonal antibody (lanes 8-12), an anti-D3 polyclonal
antibody (13-17) or an anti-F polyclonal antibody (lanes 18-24).

In vitro translated proteins added to the immunoprecipitation assays
are indicated at the top of each lane.

and D3 to the subcore was assayed by immunoprecipitation
after in vitro, two-step reconstitution. Upon addition of
the B, B’ and D3 core proteins (eluate, Figure 5) to the
Ul subcore, Ul snRNA was immunoprecipitated with
both anti-B/B’ and anti-D3 antibodies, demonstrating that
the B/B’ and D3 proteins were bound to the Ul snRNP
(Figure 7A, lanes 8 and 19). In contrast, co-precipitation
of Ul snRNA with anti-B/B’ or anti-D3 was not observed
with the subcore (Figure 7A, lanes 6 and 18) or the eluate
alone (lanes 7 and 20). Thus, a complete core particle
could be formed from the subcore intermediate upon
addition of B/B’ and D3.

The possibility remained that the subcore is not a stable
assembly intermediate, but that the D1, D2, E, F and G
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Fig. 8. Effect of competitor Ul snRNA on Ul subcore particle
stability and on the stepwise assembly of core particles. An in vitro
two-step reconstitution was performed with 0.1 pmol of [*2P]pCp-
labeled Ul snRNA (U1*), 40 pmol of unlabeled competitor Ul
snRNA (Ulc), and HeLa snRNP proteins in a 10-fold molar excess
over 3?P-labeled U1 snRNA. All mixtures were submitted to two
consecutive 45 min reconstitution incubations. The order of addition is
given in the flow chart at the top (‘Ist’ and ‘2nd’ indicate addition at
the beginning of the first or second reconstitution incubations, while
*3rd’ indicates addition after a 5 min lapse after the beginning of the
second incubation). In the initial reconstitution (Ist), proteins from the
anti-B/B’ immunoaffinity column flow-through fraction (FT; see
Figure 5) or total proteins (TP) were added to either hot or cold Ul
snRNA to reconstitute subcore (lanes 1-5) or core particles (lanes 6—
8). Competitor Ul snRNA was added either to the first reconstitution
(lanes 1 and 6) or to the second reconstitution (lanes 3-5 and 8). For
the stepwise assembled core particles, proteins from the anti-B/B’
affinity column eluate fraction containing B/B’-D3 (denoted here
‘BD3’) were added to the subcore either 5 min prior to or subsequent
to the addition of cold Ul snRNA (lanes 4 and S, respectively). Each
reconstitution assay was analyzed by immunoprecipitation with the
mAb Y12 (top two panels; IPP: co-immunoprecipitated RNA, SUP:
supernatant) and the mAb KSm5 (anti-B/B’; bottom two panels). Note
that the increase in Y12 precipitation of core as compared with
subcore particles (lanes 4 and 3, respectively) could reflect either an
increase in particle stability or, alternatively, an improvement in Y12
recognition. Aliquots of the supernatants were analyzed to control for
possible RNA degradation. RNA was separated on a 10%
polyacrylamide—7 M urea gel and visualized by autoradiography.

proteins dissociate from the Ul snRNA in the presence
of B, B’ and D3 and re-assemble on the RNA to form a
core particle directly, thus bypassing the subcore in core
assembly. To rule this out, we tested whether the pre-
assembled subcore particle remained stable when mixed
with competitor Ul snRNA in a reconstitution assay,
either in the absence or presence of the B/B’-D3 complex
(Figure 8). We first verified that a 400-fold molar excess
of cold Ul snRNA over 3’P-labeled Ul snRNA was
sufficient to titrate out the Sm proteins from either a
mixture of total proteins (TP) or the D1/D2/E/F/G proteins
(FT). When the Sm proteins were incubated first with
competitor Ul snRNA, with the subsequent addition of
radiolabeled U1 snRNA, no subcore or complete core Ul
snRNP particles containing hot Ul snRNA could be
detected by immunoprecipitation with the mAb Y12
(Figure 8, lanes 1 and 6, respectively). As expected, when
hot Ul snRNA was first reconstituted with total Sm



proteins, the subsequent addition of competitor U1 snRNA
did not dissociate the pre-formed core Ul snRNPs (lane
8; compare with lane 7, without competitor). Most import-
antly, the pre-formed, radiolabeled subcore particle like-
wise remained intact in the presence of competitor Ul
snRNA (lane 3, compare with lane 2, without competitor;
top panel). Moreover, the core particle assembled stepwise
from the subcore and the B/B’-D3 complex was also
stable in the presence of cold Ul snRNA, as shown by
immunoprecipitation with the anti-B/B’ mAb KSm5 (lane
4, third panel). Finally, the addition of competitor Ul
snRNA to pre-formed subcore particles prior to the addi-
tion of the B, B’ and D3 proteins did not prevent the
formation of complete core particles (lane 5, third panel),
demonstrating that the pre-formed subcore particles were
chased into core particles despite the presence of free Ul
snRNA. Taken together, our data strongly suggest that the
subcore particle is indeed a genuine intermediate in snRNP
core assembly in vitro. Additionally, the assembly of core
from subcore particles in the presence of free Ul snRNA
provides further evidence that the B/B’-D3 complex alone
does not associate with Ul snRNA (see also Figure 6)
but instead requires the pre-assembly of the snRNP subcore
intermediate.

Finally, we investigated the sedimentation behavior of
in vitro reconstituted subcore and core particles on sucrose
gradients (5-20%). Ul core particles were reconstituted
either in one step with total snRNP proteins (TP) or in
two steps, adding first D1, D2, E, F and G (FT), and then
B/B’ and D3 (eluate), to Ul snRNA. As a control,
the sedimentation of *’P-labeled Ul snRNA alone was
determined. As shown in Figure 9A, naked Ul snRNA
was found predominantly in fractions 8-10 (~5-6S). In
contrast, both in vitro reconstituted Ul snRNP core par-
ticles (from either TP or FT + eluate), as well as the
subcore particles, sedimented faster, peaking in fraction
12 (~8-9S). The identity of the RNP particles peaking in
fraction 12 was confirmed subsequently by immuno-
precipitation analyses. Immunoprecipitation with Y12
showed that RNP particles in the 8-9S range contain core
proteins (Figure 9B, lanes 2 and 5). Immunoprecipitation
with the anti-B/B’ mAb KSm5 verified that RNP particles
in the subcore peak fractions did not contain B or
B’ (Figure 9B, lane 6). In contrast, the core particles
reconstituted in two steps with FT and eluate fractions
were precipitated efficiently with mAb KSm5 (lane 9).
These results provide further evidence for the relative
stability of the subcore particle, since it withstands sucrose
gradient centrifugation. That the partial and complete RNP
particles co-sediment is not unique to the snRNP subcore
and core particles but is also observed in other cases; for
example, yeast SRP subparticles lacking either the Srp65
or Srp65/Srp54 proteins had sedimentation velocities com-
parable with that of the full SRP particle (Brown et al.,
1994).

Two-step reconstitution yields core U1 snRNP
particles functional in a cap hypermethylation
assay

In the last set of experiments, we investigated whether
the core Ul snRNP reconstituted in two steps via the
subcore was functionally active. As the concentration of
core particles reconstituted under these conditions was

The snRNP core particle assembly pathway
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Fig. 9. Sedimentation analysis of in vitro reconstituted Ul snRNP
subcore particles. (A) Sedimentation of Ul snRNA, Ul snRNP
subcore particles and Ul snRNP core particles on a 5-20% sucrose
gradient. Reconstitution in vitro was carried out with [*?P]pCp-labeled
Ul snRNA and. for the core snRNP particles, either total HeLa snRNP
proteins (TP), or flow-through (FT) and eluate, and for the subcore
particle, only flow-through proteins. Flow-through and eluate fractions
were obtained from anti-B/B’ affinity chromatography (shown in
Figure 5) and contained D1, D2, E, F and G, or B, B" and D3,
respectively. The percentage of radioactivity in each fraction (in
c.p.-m.; left axis) is plotted against the fraction number (bottom axis),
whereby the total radioactivity of each gradient was defined as 100%
c.p.m. Sedimentation was from left to right. The sedimentation peaks
of marker proteins fractionated on parallel gradients are indicated by
triangles at the top. (B) Confirmation of the protein composition of the
RNP particlés fractionated on sucrose gradients by immunoprecipita-
tion with the mAb Y12 (0-Sm; lanes 1, 2, 4, 5, 7 and 8), or with the
mAb KSmS5 (a-B/B’; lanes 3, 6 and 9). From each of the three RNP
sucrose gradients (Ul + TP, Ul + FT and Ul + FT + eluate: see
above), approximately equal amounts (c.p.m.) of either fraction 9,
which contained free RNA, or fraction 12, which contained RNP
particles (core RNPs, lanes 1-3 and 7-9; subcore RNPs, lanes 4-6),
were analyzed.

too low to investigate their splicing activity, a recently
established in vitro hypermethylation assay was employed
to test the activity of the in vitro reconstituted particles
(Plessel et al., 1994). In this assay, 5’ cap hypermethylation
(from m’G to m;G) can be induced when HeLa cytosolic
extract, S-adenosyl methionine (SAM), and snRNP par-
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Fig. 10. Cap hypermethylation of in vitro reconstituted Ul snRNP
particles. 32P-Labeled, m’G-capped U1 snRNA, transcribed in vitro,
was incubated with either TPs (lane 1) or proteins in the flow-through
fraction (lane 2), the eluate (lane 3) or the flow-through followed by
the eluate fraction (lane 4), of the anti-B/B’ affinity column (shown in
Figure 5). The reconstituted Ul RNP particles were then incubated in
the presence of 100 pl of S100 extract (2 mg/ml) and 0.1 mM SAM at
37°C for 1 h. RNA was extracted and immunoprecipitated with the
m3G cap-specific antibody, R1131. The corresponding supernatants
from each assay are shown in lanes 5-8. Antibody specificity was
controlled by immunoprecipitation with m3G- (lane 9) and m’G-
capped (lane 10) Ul snRNA. RNA was analyzed on a 10%
polyacrylamide—urea gel and visualized by autoradiography.

ticles, reconstituted in vitro with m’G-capped U1 snRNA,
are incubated together. As the B/B’ proteins appear to be
involved in hypermethylation (Plessel e al., 1994), we
were also curious as to whether the subcore, which lacks
B, B’ and D3, could support cap hypermethylation and,
if not, whether the addition of the B/B’ and D3 proteins
would restore this activity.

For the functional analysis of in vitro reconstituted
Sm core particles, m’G-capped, 3?P-labeled U1 snRNA,
transcribed in vitro, was incubated with either total snRNP
proteins (TP), B/B'/D3-depleted proteins (see Figure 5),
or B/B’-D3-depleted proteins followed by B/B’ and D3
(i.e. in two separate steps). Cap hypermethylation was
then assayed by immunoprecipitation with the m;G cap-
specific rabbit antibody, R1131, which does not precipitate
m’G-capped RNA or RNP particles. As expected, snRNP
core particles (U1 + TP) were hypermethylated efficiently
(Figure 10, lane 1). Interestingly, the U1 subcore particle
(Ul + FT) did not support hypermethylation, thereby
demonstrating that it is indeed functionally distinct from
the Ul core particle (lane 2). The B/B’ and D3 proteins
alone, which are not capable of binding to Ul snRNA,
also did not support Ul cap hypermethylation (lane 3).
However, two-step reconstitution with the subcore plus
B/B’ and D3 resulted in the formation of a core particle
active in hypermethylation (lane 4). Thus, these results
clearly demonstrate that the two-step assembly of the
snRNP core particle leads to a functionally active particle.
They further suggest that the in vitro Sm core assembly
pathway described here is relevant to the assembly process
in vivo, and that the B/B’ and D3 proteins contribute
either directly or indirectly to the m;G cap hypermethyl-
ation reaction.

Discussion

We have investigated in detail interactions among the
various snRNP core proteins and their subsequent inter-
action with Ul RNA to form the core RNP structure of
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the Ul snRNP. We demonstrate that the assembly of the
snRNP core is an ordered process which involves the
initial formation of several heteromeric protein complexes
and an intermediate snRNP ‘subcore’ particle.

Existence of multiple protein-protein interactions
in the snRNP core

The structure and stability of the snRNP core has been
proposed to be determined predominantly by protein—
protein interactions (see Introduction). This idea is sup-
ported further by our finding that each of the eight Sm
proteins is involved in one or more RNA-free heteromeric
complexes. In addition to the previously reported D1-D2
(Lehmeier et al, 1994), B-D3 and B’-D3 complexes
(referred to here as B/B’-D3; Hermann et al., 1995), we
have identified, by immunoprecipitation analyses with
in vitro translated Sm proteins, complexes of E-F, E-G,
E-F-G and D1-D2-E-F-G. Each of these complexes remains
intact at moderate salt concentrations (e.g. 250 mM KCl),
which is consistent with the idea that they are formed not
only in vitro but also in vivo. The E-F-G and B/B’-D3
complexes are extremely stable, withstanding buffers con-
taining up to 750 mM KCl (see Figure 4 for B/B’-D3;
data not shown for E.F-G). Since the E.F-G protein
complex is much more stable than the E-F or E-G complex,
the majority of the E, F and G proteins in the cytoplasm
are presumably present in an E-F-G complex prior to their
association with UsnRNA.

An E.F-G complex was also detected in RNA-free,
native snRNP protein preparations which were generated
by dissociation of snRNP particles in the presence of
EDTA and the anion exchange resin, DE53. The existence
of E, F and G as a multimeric complex in these preparations
is supported by their sedimentation behavior on sucrose
gradients; native E, F and G proteins co-sediment, peaking
at 3.7S on the gradient (see Figure 1). Assuming that they
form a globular complex, the estimated M, of this E-F-G
heterooligomer, based on its sedimentation coefficient, is
~56 kDa. Since the calculated M, of an E-F-G trimer is
29 kDa, the sedimentation behavior of this complex
suggests that it contains multiple copies of E, F and G.
Analysis of the protein composition of the 3.7S complex
by gel electrophoresis and silver staining (data not shown)
indicated that equal molar amounts of each polypeptide
are present; based on the relative radioactive intensity of
its components, the E-F-G complex detected with in vitro
translated proteins (see Figure 2B) also appears to contain
stoichiometric amounts of E, F and G. Given its sedimenta-
tion coefficient and the apparent stoichiometric relationship
of its constituents, we propose that the E-F-G multimer
observed with native snRNP proteins contains two copies
of each polypeptide and, thus, is a hexameric complex.

That the E-F-G multimer is a functional, core snRNP
assembly intermediate is supported by several observa-
tions. The extreme stability of this complex in vitro
suggests that it remains intact during assembly of the
snRNP core. Furthermore, the 3.7S E-F-G complex
obtained from sucrose gradient fractionation could be
integrated into a Ul snRNP core particle by in vitro
reconstitution with Ul snRNA and the remaining Sm
proteins (see Figure 6). Additionally, electron microscopic
analyses of the RNA-free E-F-G multimer revealed that
its ultrastructure strongly resembles that of fully formed



snRNP core particles (Plessel et al., in preparation). It is
thus conceivable that the E-F-G multimer provides a
structural platform for snRNP core assembly, and that the
ultrastructural similarity of Ul, U2, U4 and U5 snRNP
cores observed by electron microscopy (Lithrmann et al.,
1990) reflects the presence of the E-F-G multimer in each
of these particles.

Previous in vivo pulse—chase studies identified an RNA-
free complex containing E, F, G and one or more D
protein, which sedimented as a 6S particle on sucrose
gradients (Fisher et al., 1985; Sauterer et al., 1990). This
complex is likely to be the D1-D2-E-F-G complex which
we have detected by co-precipitation studies with in vitro
translated proteins. While the D1-D2-E-F-G complex was
not observed after sucrose gradient centrifugation of native
HeLa snRNP proteins, the in vivo complex may have been
stabilized by the presence of additional cellular factors
which are lacking in our purified snRNP protein prepara-
tions. Determination of the sedimentation coefficient of
the D1-D2-E-F-G complex formed with in vitro translated
polypeptides was not possible, as the high amount of
globin present in the reticulocyte lysate used for translation
interfered with sedimentation.

The identification of numerous protein—protein inter-
actions among the Sm proteins suggests that several of
these proteins contain multiple protein interaction domains.
Two evolutionarily conserved sequence motifs which are
common to all of the Sm proteins have been shown to be
involved in at least two of the Sm protein interactions.
These so-called Sm motifs 1 and 2 are a hallmark of the
Sm protein family (Cooper et al., 1995; Hermann et al.,
1995; Séraphin, 1995). The Sm motifs, which contain few
absolutely conserved residues, but rather related amino
acids, have been proposed to mediate the proper folding
necessary for interactions among the Sm proteins
(Hermann et al., 1995; for review, see Mattaj and Nagai,
1995). Indeed, truncation of the Sm motifs in either B’ or
D3 (Hermann et al., 1995) or amino acid substitution of
a highly conserved residue in Sm motif 1 of the G
polypeptide (M.Jahn, A.Fischer and R.Liihrman, unpub-
lished data) resulted in the loss of B’-D3 or E-F-G complex
formation, respectively. Although it is likely that the Sm
motifs play a role in other Sm protein interactions, the
specificity of the Sm protein interactions suggests that
they are mediated by less conserved residues within or
adjacent to the Sm motifs or by the remaining regions of
the Sm proteins. In the case of E, F and G, almost the
entire protein is comprised of the Sm motifs, and thus
protein—protein interactions involving these proteins most
certainly are mediated by residues of the Sm motifs 1 and
2. Since E, F and G interact specifically with one another
(e.g. F and G each interact with E, but not with each
other), non-conserved residues in and around these con-
served motifs must also play a decisive role.

Interestingly, the protein—protein interaction site(s)
required for formation of a stable D1-D2-E-F-G complex
appear to be generated only after the interaction of DI
with D2, and of E, F and G with each other. Specifically,
the E-F-G complex interacts much more strongly with the
D1-D2 complex than with either D1 or D2 alone (Figure
3). Similarly, D1-D2 interacts more efficiently with the
E-F-G multimer than with any of its constituents alone
(data not shown). The generation of functionally important

The snRNP core particle assembly pathway

intra- and/or intermolecular structural domains upon
association of the E, F and G proteins is supported by the
unexpected behavior of the prototypical anti-Sm antibody,
Y12. While Y12 recognizes the individual E, F and G
proteins only poorly, the E-F-G complex, on the other
hand, is precipitated very efficiently by Y12; the extent
of precipitation of the complex was much higher than
that which could be accounted for by the collective
precipitation of its individual components (see Figure 2B).
Thus, the E-F-G complex, and possibly the D1-D2 complex,
have intra- or intermolecular regions which are exposed
or created during heterooligomerization and which are
necessary for subsequent interactions with other Sm
protein complexes, and ultimately with UsnRNA as well
(discussed below).

The snRNP core assembly pathway

Given that the Sm proteins form several heteromeric
complexes in the absence of RNA, we were interested in
determining if these complexes represent actual RNP core
assembly intermediates which associate as such with
UsnRNA and, additionally, whether they interact concur-
rently or in a stepwise manner. For this purpose, HeLa
snRNP proteins were fractionated by sucrose gradient
centrifugation or immunoaffinity chromatography such
that Sm protein subgroups which reflected the composition
of the heteromeric complexes were obtained. Following
in vitro reconstitution, the association of these defined
Sm protein mixtures with Ul snRNA was assayed by
immunoprecipitation. Interestingly, incubation of Ul RNA
with E, F and G or with B/B’ and D3 alone did not
lead to stable RNP formation (see Figures 6 and 7).
Reconstitution of a stable RNP ‘subcore’ was observed
first in the presence of DI, D2, E, F and G. Thus, the
prior interaction of several Sm proteins appears to be a
prerequisite for RNA binding. A similar phenomenon is
observed with the mammalian signal recognition particle
(SRP) proteins, SRP9 and SRP14, which bind to the SRP
RNA only after forming a dimer (Strub and Walter, 1991).
As in the case of SRP9 and SRP14, none of the Sm
proteins contain well-defined RNA binding domains (for
overview, see Hermann et al., 1995). It thus seems highly
likely that the RNA binding regions of the Sm proteins
are intermolecular and, therefore, present only after hetero-
oligomerization. In contrast to SRP9 and SRP14, which
required only dimerization for RNA binding, the Sm
proteins must form large multimeric complexes in order
to associate stably with UsnRNA. At present, we cannot
determine whether the D1-D2-E-F-G complex binds as
such to the Sm site of the UsnRNA or whether the E-F-G
multimer initially binds in a non-specific, non-stable
manner that subsequently is stabilized by binding of
D1-D2. In the case of the U2 snRNP-specific A’ and B”
proteins, for example, the specific and stable interaction
of U2-B” with the U2 snRNA requires its prior interaction
with U2-A’ (Scherly et al, 1990). In this context, it is
interesting to note that addition of the 3.7S E-F-G multimer
and the remaining Sm proteins to the U1 snRNP reconstitu-
tion assays without prior assembly of a DI-D2-E-F-G
complex led to core particle assembly (see Figure 6).
Thus, both interaction pathways are plausible and, in fact,
both may be relevant in vivo. Cross-linking studies, which
can detect less stable protein—-RNA interactions than
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Fig. 11. Model of the probable assembly pathway of core snRNP
particles. A schematic representation of core snRNP assembly based
on in vitro observations is shown. A stable E-F-G hexamer binds to a
D1-D2 dimer. This heteromeric complex is capable of interacting with
Ul snRNA (as well as U2, U4 and U5 snRNA) to create the subcore
particle, which is the first stable RNP particle formed along the snRNP
core assembly pathway. A B’-D3 (or B-D3) complex binds the subcore
to complete the assembly of the core particle. While the E-F-G
complex appears to be present as a hexamer, our estimation of the
number of polypeptides within the D1-D2 and B/B’-D3 complexes is
speculative; the precise stoichiometry of the Sm proteins within the
various protein complexes and snRNP particles remains to be
elucidated.

immunoprecipitation analyses, should help to clarify the
question of whether E-F-G interacts with the Sm site of
Ul snRNA in the absence of other Sm proteins.
Association of the B, B’ and D3 proteins with Ul
snRNA was not observed when they were incubated alone
or in the presence of D1 and D2 (see Figure 7). Rather,
the stable association of these proteins with the Ul
snRNP required the prior formation of the D1-D2-E-F-G-
containing subcore particle (see Figure 7). This observation
is consistent with previous in vivo kinetic studies which
suggested that B/B’ are the last proteins to associate
during snRNP assembly (Fisher et al., 1985; Feeney et al.,
1989). Our results thus demonstrate that the Sm protein
heteromeric complexes associate in an ordered fashion
during the in vitro assembly of the snRNP core. The most
probable snRNP core assembly pathway, based on our
data, is depicted schematically in Figure 11 (note that the
stoichiometry of the various complexes has yet to be
determined and is not intended to be represented in our
cartoon). While it is conceivable that the B/B'-D3 complex
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also interacts with UsnRNA, in regions other than the
Sm site, the general predominance of protein—protein
interactions in the snRNP core suggests that the association
of B/B’-D3 is mediated primarily by protein—protein
contacts. The dependence of the B/B'-D3 interaction on
the formation of a subcore particle indicates that the
B/B’-D3 binding sites, whether protein—protein or protein—
RNA in nature, are created by the prior association of the
remaining Sm proteins. Several examples of cooperative
binding, where the initial association of a particular protein
results in conformational changes in either the RNA or
protein component of an RNP particle such that new
protein or RNA binding sites are created, are observed
during the assembly of the SRP. For example, although
the SRP19 and SRP54 proteins both interact directly with
the SRP RNA, the SRP54-RNA interaction requires the
prior association of SRP19 with the SRP RNA (Rémisch
et al., 1989). Similarly, while the SRP68 and SRP72
proteins do not interact with each other in the absence of
SRP RNA, an SRP68-SRP72 interaction is observed
following the formation of an SRP72-RNA complex
(Liitcke et al., 1993). While the sequence of events during
snRNP core assembly is now clear, the stoichiometry of
the Sm proteins remains to be established. It is currently
not clear, for example, whether the B/B’-D3 complex
interacts with the UsnRNP subcore in the form of a dimer
or multimer, containing either both the B and B’ proteins
and/or multiple copies of D3.

Several lines of evidence suggest that the snRNP
subcore particle which contains the D1, D2, E, F and G
proteins is a bona fide functional intermediate in the
in vitro snRNP core assembly pathway. Subcore formation
was not restricted to Ul snRNPs, but was also observed
with U2, U4 and U5 snRNA (data not shown). Based on
its ability to withstand sucrose gradient centrifugation,
immunoprecipitation and washes with buffers containing
300 mM NaCl, the U1 subcore appears to be a relatively
stable RNP complex. Furthermore, the pre-formed Ul
subcore particle could be chased into the core complex
by the addition of B/B’-D3, even in the presence of a
high concentration of competitor Ul snRNA (Figure 8).
Finally, analyses of the Ul subcore snRNP in an in vitro
5’ cap hypermethylation assay demonstrated that the
subcore particle does not support hypermethylation. How-
ever, consistent with it being a functional assembly inter-
mediate, the subcore could be converted to a core Ul
snRNP which is active in the cap hypermethylation assay,
simply by adding the B/B’-D3 complex (Figure 10).

The ability to reconstitute the snRNP core stepwise
with purified Sm proteins paves the way for a detailed
investigation of the role of individual Sm proteins in the
biogenesis and transport of snRNPs. The results of cap
hypermethylation assays carried out with both Ul core
and subcore particles (see Figure 10) demonstrate that the
B, B’ and/or D3 proteins are required for the conversion
of the Ul snRNA’s m’G cap to its hypermethylated m;G
form. This correlates well with previous studies, in which
the B and B’ proteins appeared to be the target of iodoacetic
acid modification which inhibited 5’ cap hypermethylation
(Plessel et al., 1994). These proteins may facilitate hyper-
methylation by providing a docking site for the cytoplasmic
methyltransferase. It will now be possible to examine this
process in more detail by initially reconstituting the



subcore particle and subsequently adding B/B’ and/or D3
mutants obtained either by in vitro translation or by
recombinant methods. A similar strategy could also poten-
tially be used to elucidate the NLS of the UsnRNPs,
which is generated only after assembly of the UsnRNP
core particle.

Materials and methods

Antibodies

Antisera specific for the D2. D3. G or F proteins were raised in rabbits
according to standard immunization protocols (see also Hermann et al..
1995). Additionally. the following monoclonal antibodies were used:
anti-Sm Y12 (Lerner er al.. 1981). anti-B/B" KSm5 (Williams et al..
1986). R1131 (Lithrmann et al.. 1982) and anti-B” 4G3 (Habets et al..
1989).

Preparation of snRNP proteins and anti-B/B’ affinity
chromatography

The preparation of native snRNP proteins was carried out as described
previously (Sumpter et al.. 1992). For immunoaffinity chromatography
of the B. B’ and D3 proteins with mAb KSmS. 800 ul of ascites
containing the mAb KSmS were incubated overnight at 4°C with 1 ml
of pre-swollen protein G-Sepharose (Pharmacia) in phosphate-buffered
saline (PBS: 20 mM potassium phosphate and 130 mM NaCl. pH 8.0).
The bound antibodies were cross-linked to protein G-Sepharose using
dimethylpimelimidate (DMP) as described (Harlow and Lane. 1988).
The anti-B/B’ affinity matrix was then equilibrated with PBS. For
immunodepletion of the B. B’ and D3 proteins from snRNP proteins.
~300 pg of native snRNP proteins (TP. 0.3 mg/ml) were passed through
the column at a rate of 1 ml/h and the column washed with 0.5 ml of
PBS. Both the sample and wash fractions (~1.5 ml) were collected and
denoted as flow-through (FT). The column subsequently was washed
stepwise with 2 ml of wash buffer containing 50 mM HEPES-KOH.
pH 7.9. 0.5 mM dithioerythrol (DTE) and increasing concentrations of
KCl (i.e. 150 mM. 300 mM, 500 mM, 750 mM. 1 M or 2 M) at a rate
of 4 ml/h. After a pre-elution wash with 10 ml of 10 mM KPO, buffer.
pH 6.8. the bound proteins were eluted twice with 500 pl of 100 mM
glycine. pH 2.6. The column was equilibrated subsequently with PBS.
The eluates (500 pl) were collected and immediately neutralized with
1 M KPO, buffer. pH 8.0. Glycerol was added to a final concentration
of ~5% (w/v)to all fractions before freezing in liquid nitrogen and storing
at —-80°C. For analysis on high-TEMED SDS-12.5% polyacrylamide gels
(Lehmeier et al.. 1990). 1/15 of the flow-through and 1/5 of the other
fractions were extracted with phenol—chloroform. precipitated by addition
of 4-5 volumes of acetone and washed three times with 70% (v/v)
ethanol.

For immunoblotting. ~15 pg of protein from either TP. FT or
the eluted material were separated on a high-TEMED. SDS-12.5%
polyacrylamide gel. transferred to nitrocellulose and immunostained as
described (Lehmeier et al.. 1990). Incubation of nitrocellulose strips
with antibodies was performed with a 1:1000 dilution of mAbs KSm5
(anti-B/B") or 4G3 (anti-B") and a 1:100 dilution of anti-D3 rabbit serum.

In vitro reconstitution of snRNPs

In vitro reconstitution of snRNP particles was performed essentially as
described (Sumpter et al.. 1992). In brief. ~0.1 pmol of **P-labeled
snRNA (isolated from native HeLa snRNP particles) was prepared as
described (Plessel et al.. 1994) and then mixed with 10 pug of yeast
tRNA and a 10-fold molar excess of either total snRNP proteins
(0.3 mg/ml) or proteins isolated either by sucrose gradient centrifugation
or anti-B/B’ immunoaffinity chromatography. The addition of equal
amounts of *?P-labeled Ul snRNA to each assay within an experiment
was controlled by measuring the counts per min (c.p.m.). The reaction
mixtures were incubated for 30 min at 30°C and then for 15 min at
37°C for reconstitution. The ‘two-step’ reconstitution of core from
subcore particles consisted of two consecutive reconstitution incubations
(each of 30 min at 30°C. 15 min at 37°C): snRNA was mixed with
B/B'/D3-depleted core proteins for the first reconstitution. and the
B/B'/D3 proteins were added to the second reconstitution. For the Ul
competition experiments. unlabeled competitor Ul snRNA (isolated
from native HeLa snRNP particles) was added in a 400-fold molar
excess over “P-labeled Ul snRNA and added to the reconstitution at
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either 0. 45 or 50 min (described as Ist. 2nd and 3rd in Figure 8).
Reconstitution mixtures were used directly for all subsequent assays.

In vitro transcription and translation

Plasmids containing the cDNAs encoding D1, D2, D3. E. F or G were
linearized with Sall. and the plasmid with the B’ cDNA was linearized
with HindIll (restriction enzymes from New England Biolabs). The
linearized plasmids were used as templates for transcription with T7
RNA polymerase. One microgram of each in vitro transcribed mRNA
was translated with rabbit reticulocyte lysate in the presence of [**S]-
methionine (Amersham) in a total reaction volume of 75 pl, according
to the manufacturer’s instructions (Promega Biotech; see also Lehmeier
et al.. 1994: Hermann et al., 1995). A 3 ul aliquot was analyzed by
high-TEMED. SDS-PAGE and the bands visualized by autoradiography.

Protein-protein RIPAs

For the protein—protein interaction studies (shown in Figures 2, 3 and
4). individual in vitro translated proteins (2-10 pl each) were mixed.
incubated for 15 min at 30°C. followed by 30 min at 25°C. and then,
in the presence of the appropriate antibody, for an additional 30 min at
25°C. The mixture was then added to 10 pl of protein A-Sepharose
(Pharmacia). which had been pre-incubated for 2 h with PBS containing
1% bovine serum albumin (BSA). Incubation was continued in a total
volume of 400 pl of PBS for 2 h at 4°C with constant mixing. The
Sepharose-bound antibodies were pelleted and washed five times with
1 ml of IPP (10 mM Tris—HCI, pH 8.0. 0.1% NP-40, and 150 mM KCl.
unless stated otherwise in the figure legend). Proteins were fractionated
on high-TEMED. SDS-12.5% polyacrylamide gels, which were treated
subsequently with Amplify (Amersham) and the bands visualized by
fluorography. normally for 12 h.

Protein-RNA RIPAs

Antibodies used for immunoprecipitation were coupled initially to pre-
swollen protein A-Sepharose (Pharmacia) in PBS for 12 h at 4°C.
Particles reconstituted with [*?P]pCp-labeled snRNAs and proteins
(described above) were incubated with antibody-coupled protein A—
Sepharose in the presence of PBS containing 1% RNase-free BSA in a
final volume of 400 ul. After a 2 h incubation at 4°C with constant
mixing, the Sepharose-bound antibodies were pelleted and washed four
times with IPP buffer containing 300 mM NaCl; in order to determine
if the RNA remained intact during incubation, an aliquot from the
supernatant was removed after the initial centrifugation. RNA was then
extracted from the pellet and supernatant aliquot with phenol—chloroform,
and precipitated with ethanol using sodium acetate as a carrier. RNA
was separated on 10% polyacrylamide gels containing 7.0 M urea and
visualized by autoradiography.

Sucrose gradient fractionation

Reconstituted RNP samples were mixed with reconstitution buffer
(20 mM HEPES-KOH. pH 7.9. 50 mM KCI. 5 mM MgCl,, 0.2 mM
EDTA, 0.5 mM DTE) to a final volume of 200 pl before loading onto
the sucrose gradients: native HeLa snRNP proteins (~35 ug) in 200 pl
of reconstitution buffer were incubated at 30°C for 15 min and then
applied directly to the sucrose gradient. Reconstituted RNP samples
were fractionated on 5-20% (w/v) sucrose gradients prepared with PBS
containing 0.01% (v/v) NP-40; snRNP proteins were fractionated on 6—
20% (w/v) sucrose gradients prepared with buffer containing 20 mM
KPO,. pH 8.0 and 300 mM KCl. Centrifugation was carried out at 4°C
for either 20 h at 39 000 r.p.m. in an SW40 rotor (for RNP particle
gradients and their respective standards) or 26 h at 45 000 r.p.m. in a
TLSS55 rotor (for snRNP protein gradients and their respective standards).
Gradients were fractionated manually from top to bottom. with a total
of 20 fractions. Fractions containing *>P-labeled RNA were analyzed by
scintillation counting. Gradient fractions containing the sedimentation
standards or the snRNP proteins were precipitated with 5 volumes
of acetone and the protein analyzed by high-TEMED. SDS-PAGE.
Sedimentation standards used were cytochrome c¢ (2.3S), creatine kinase
(4.8S). aldolase (7.8S) and catalase (11.2S). An approximate calculation
of the M of the E-F-G complex from the 3.7S sedimentation coefficient
was obtained by the formula S = 0.00242xmol. wt®®7_ which is based
on the sedimentation of a standard globular protein (Eason, 1984) and
is only intended to provide a rough estimate for our purposes (taking
into account that the E-F-G complex is not likely to have a globular shape).

Cap hypermethylation

Analysis of cap hypermethylation of in vitro reconstituted particles in
HeLa S100 extract was carried out essentially as described by Plessel
et al. (1994).
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