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Summary

Splicing of pre-mRNA occurs in a multicomponent
macromolecular machine—the spliceosome. The splice-
osome can be assembled in vitro by a stepwise assem-
bly of a number of snRNPs and additional proteins on
exogenously added pre-mRNA. In contrast, splicing
in vivo occurs in preformed particles where endoge-
nous pre-mRNAs are packaged with all five spliceo-
somal U snRNPs (penta-snRNP) together with other
splicing factors. Here we present a three-dimensional
image reconstruction by cryo-electron microscopy of
native spliceosomes, derived from cell nuclei, at ares-
olution of 20 A. The structure revealed an elongated
globular particle made up of two distinct subunits con-
nected to each other leaving a tunnel in between. We
show here that the larger subunit is a suitable candi-
date to accommodate the penta-snRNP, and that the
tunnel could accommodate the pre-mRNA component
of the spliceosome. The features this structure reveals
provide new insight into the global architecture of the
native splicing machine.

Introduction

Eukaryotic pre-mRNAs must undergo several posttran-
scriptional modifications before their export to the cyto-
plasm as functional mMRNAs. Most pre-mRNAs contain
intervening sequences (introns) that must be removed
in order to place the coding sequences (exons) in a
protein-reading frame. The mechanism of this critical
processing event, known as pre-mRNA splicing, has
been extensively worked out (reviewed in Brow, 2002).
However, the regulation of splicing and alternative splic-
ing, which accounts for the versatility of proteins en-
coded by the genome (Brett et al., 2002; Smith and
Valcarcel, 2000), is still not well understood, particularly
from the standpoint of the structure of the spliceo-
some —the macromolecular machine that catalyzes the
splicing reactions.

Numerous studies in vitro have shown that the assem-
bly of the spliceosome into a 60S ribonucleoprotein
(RNP) particle occurs in a stepwise manner (Brow, 2002).
This process involves an intricate series of interactions
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between five major uridine-rich small nuclear RNP com-
plexes (U1, U2, U4, U5, and U6 snRNPs), as well as a
number of non-snRNP splicing factors, which are dy-
namically recruited to the spliceosome when an exoge-
nous pre-mRNA is added to a crude nuclear extract.
Density gradient centrifugation and native gel electro-
phoresis revealed at least four intermediate complexes
(E/CC, A, B, and C) in this assembly process. The U
snRNPs are the central components of the spliceosome.
They participate in splice site recognition and thus have
an essential function in splicing through cooperative
RNA:RNA interactions between the snRNAs and with
the pre-mRNA (Brow, 2002; Staley and Guthrie, 1998).

Large RNP particles that are functional in pre-mRNA
splicing and contain stoichiometric amounts of all five
spliceosomal U snRNAs associated with more than 60
pre-mRNA splicing factors have been isolated from
yeast nuclei (Stevens et al., 2002). This penta-snRNP
complex was proposed to assemble prior to binding of
the pre-mRNA substrate, thus highlighting the important
role of large, preformed, complexes in pre-mRNA splic-
ing. The apparent discrepancy between the notion of a
stepwise assembly of the spliceosome in vitro, and the
occurrence of a functional penta-snRNP complex
in vivo, has been explained by a “holospliceosome”
model in which the sequential complexes represent or-
dered modulations within the spliceosome (Brow, 2002).
Yet, it has been pointed out that such distinct com-
plexes, which represent intermediate states in spliceo-
some assembly in vitro, may not occur in vivo (Nilsen,
2002; Stevens et al., 2002).

Consistent with the notion of a preformed splicing
complex, we have previously shown that freshly synthe-
sized pre-mRNAs are packaged with all five spliceoso-
mal U snRNPs and a number of protein splicing factors
in large multicomponent nuclear RNP particles. These
particles were isolated from cell nuclei and purified by
density gradient centrifugation, where they sedimented
as 200S complexes (Spann et al., 1989; Sperling et al.,
1985). Mass measurements by scanning transmission
electron microscopy (STEM) revealed that the 200S
complex has a mass of 21 MDa, and that it is composed
mainly of four similar subcomplexes, which are assem-
bled together with the pre-mRNA (Mdller et al., 1998).
The 21 MDa complex is much larger than the 60S in vitro-
assembled spliceosome, hence termed supraspliceo-
some. The supraspliceosome can be dissociated to sub-
complexes whose mass is 4.8 MDa as determined by
STEM mass measurements, which is similar to the
estimated mass of the in vitro-assembled spliceosome
(Mdller et al., 1998). In fact, each of the individual sub-
complexes resembles the 60S in vitro-assembled splice-
osome also with respect to sedimentation coefficient
(60S-70S), dimensions, and composition. These sub-
complexes were shown to contain the five spliceosomal
U snRNAs (unpublished data). Moreover, these subcom-
plexes are able to restore splicing activity to a micrococ-
cal nuclease treated nuclear extract (see Supplemental
Figure S1 at http://www.structure.org/cgi/content/full/
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15/5/833/DC1). Therefore, they are referred to hereafter
as native spliceosomes.

Supraspliceosomes are routinely isolated from mam-
malian cells, using a protocol mild enough to guarantee
the preservation of the structure of native complexes
present in the cell (Spann et al., 1989; Sperling et al.,
1985). Three-dimensional (3D) image reconstruction of
isolated supraspliceosomes by automated electron to-
mography of negatively stained (Sperling et al., 1997)
and of frozen hydrated (Medalia et al., 2002) complexes,
revealed a structure whose dimensions are 50 X 50 X
35 nm. These studies also showed that the four native
spliceosomes are interconnected within the supra-
spliceosome in a flexible way. They may thus adopt
different angular settings, and this imposes a significant
restriction on reaching high resolution in EM image anal-
ysis. Therefore, for the present study we produced free
individual native spliceosomes and carried out image
reconstruction of frozen hydrated particles by the sin-
gle-particle technique. This technique has been instru-
mental in the 3D image reconstruction of certain spliceo-
somal subcomplexes at 10 A resolution (Golas et al.,
2003; Stark et al., 2001). However, structural information
at this resolution is not yet available for any of the native
splicing complexes. Here we determined the 3D struc-
ture of the native spliceosome at a resolution of 20 A.
The structure reveals an elongated globular particle
composed of two distinct subunits. The two subunits
are interconnected to each other leaving a tunnel in
between, which is a suitable candidate to accommodate
the pre-mRNA.

Results

Isolation and Purification of Native Spliceosomes

To obtain free native spliceosomes, we took advantage
of the high occurrence in introns of sequences that con-
form to the 5’ splice site consensus but are not used for
splicing (Miriami et al., 2002). We have thus hybridized
purified supraspliceosomes (Spann et al., 1989; Sperling
and Sperling, 1998; Sperling et al., 1985) to DNA oligonu-
cleotides of redundant sequence complementary to the
consensus 5’ splice site sequence, and subjected them
to RNase H digestion. The resulting complexes were
purified by centrifugation in a 10%-45% glycerol gradi-
ent. Native spliceosomes sedimented at the 60S-70S
region of the glycerol gradient, and aliquots from these
fractions were taken for electron microscopy (EM).

To study the native spliceosomes in their natural aque-
ous environment, we used cryo-EM. In order to obtain
the relatively high concentration of particles, which is
advantageous for single-particle reconstruction, we
used a positively charged lipid monolayer (Kornberg and
Darst, 1991), to effectively adsorb and thus concentrate
the particles while preserving their native structure
(Medalia et al., 2002). A typical field of ice-embedded
native spliceosomes, concentrated on a positively
charged lipid monolayer, is shown in Figure 1. A 3D
structure was reconstructed from 9297 raw single-parti-
cle images by first calculating an initial model using
the common lines approach (Penczek et al., 1996). This
initial model was then refined by using cycles of multiref-
erence alignment to reprojections of the model (see Ex-

Figure 1. Native Spliceosomes

Visualization by cryo-EM of native spliceosomes. The bar represents
40 nm.

perimental Procedures). Due to complete random orien-
tation in the vitreous ice, representative angular views
of native spliceosomes were equally populated. Figure
2 depicts a gallery of selected raw images (upper row),
and the class average to which each particle was as-
signed (middle row), as well as the corresponding repro-
jections (lower row). The total number of members of
each class is also indicated. After refinement, the Fourier
shell correlation function (van Heel, 1987) was used to
calculate the resolution of the 3D reconstruction giving
values of 20 A for the 3¢ threshold criteria, and 22 A for
the 0.5 threshold criteria.

Architecture of the Native Spliceosome

The reconstructed native spliceosome presents an elon-
gated globular structure (Figure 3), with the longest di-
mension (termed central axis) of 28 nm (Figure 3A). Nota-
bly, an internal division of the whole structure of the
native spliceosome is visible in Figures 3D and 3F, re-
vealing two distinct globular bodies, interconnected by
a net of bridges that create the surface of interaction
between these two bodies. The dimension of the larger
subunit (Figure 3F, “L”) along the central axis is 17 nm
and the dimensions perpendicular to this axis are 24 X
22 nm. The dimensions of the smaller subunit (Figure
3F, “S”) are 11 nm along the central axis and 21 X 17
nm perpendicular to this axis.

It is clear from the reconstruction that the native
spliceosome has no global symmetry. Yet, it is possible
to find elements that could indicate certain degree of
local symmetry, such as protuberant bodies that appear
similar and can be found more than once inside the
particle (Figure 3E and 3F, red circles). The reconstruc-
tion also reveals that the contacts between the two sub-
units of the native spliceosome are achieved mostly
through a group of thin necks or a net of bridges (Figure
3, green arrows). One side of the particle depicts a very
compact structure (Figures 3A-3C), whereas the other
side exposes a cavity inside the native spliceosome
(Figures 3D-3F). In addition, several holes can be found
in the interface between the two subunits. This feature
is consistent with previous observation, where the pres-
ence of a hole inside the subcomplexes of the supra-
spliceosome was detected by cryo image restoration
(see Figure 8 in Medalia et al. [2002]). Furthermore, the
structure reveals a principal hole that passes through
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the whole particle, creating a tunnel positioned approxi-
mately in the middle of the particle (Figures 3A and 3D).

Subunit Architecture

The fact that native spliceosomes are composed of two
distinct subunits was previously observed by Miiller et
al. (1998). In that study, the STEM images revealed a
clear division inside the native spliceosome, which was
observed both in the individual native spliceosome and
in some orientations of the native spliceosome within
the supraspliceosomal complex (see Figure 1 in Muller
et al. [1998]). Consistent with this observation, the STEM
mass measurements revealed two major equally popu-
lated distinct groups of small particles with masses of
1.5 and 3.1 MDa, which together add up close to the
4.8 MDa mass of the native spliceosome (Miiller et al.,
1998). Notably, the dimensions of each of these small
particles correspond to that of the respective subunit
within the native spliceosome, indicating that the native

Figure 2. Single-Particle Image Reconstruc-
tion of Native Spliceosomes

A gallery of representative raw images (upper
row), class averages (middle row), and corre-
sponding reprojections (lower row). The num-
ber at the bottom of each column indicates
the number of members in each repre-
sented class.

spliceosome is composed of these two distinct subunits
and that the cleavage occurs at the observed division.
The present 3D reconstruction of the native spliceosome
corroborates this observation by showing a similar non-
symmetrical division of the particle (Figure 3F).

The two subunits are not only different in shape and
size but also with respect to the distribution of high
densities within the native spliceosome. Because RNA
is denser than protein, the localization of regions of high
density can provide some information about internal
organization of RNA and protein components. Admit-
tedly, the resolution of our reconstruction is not suffi-
cient to assign RNA and proteins by the method de-
scribed by Spahn et al. (2000). Nevertheless, it is
possible to see, from the contour level representation
of cross-sections of the 3D density map (Figure 4), that
all the high-density regions (red lines) are placed on
the large subunit. A closer examination of this density
distribution reveals that the high-density regions do not

Figure 3. Surface Representation of the 3D Reconstruction of the Native Spliceosome at 20 A Resolution

(A-F) Six views of the native spliceosome are shown, separated by rotation of 60° about the central axis. Green arrows indicate connecting
points between the large (L) and small (S) subunits. Red circles indicate similar protruding bodies. The reconstruction was generated from
9297 images of unstained, frozen-hydrated particles. The threshold for rendering was chosen based on a molecular weight of 4.8 MDa for
the complex (Mdller et al., 1998).
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Figure 4. Density Distribution within the Native Spliceosome
(A-C) Contour level representation of cross-sections through the
3D density map of the native spliceosome. The sections, separated
by 40 A, are parallel to the planes depicted at the top of each column.
(D) Surface representation of the 3D reconstruction of the native
spliceosome. High-threshold rendering (red surface) shows the
high-density mass region that represents the stable RNAs (see text).
The division between the large and small subunits of the native
spliceosome is depicted by the yellow broken line.

spread all over the large subunit. On the contrary, as
visible in Figure 4A, they are placed on the left-half side
of the large subunit. Figures 4B and 4C complete the

picture by demonstrating that the high-density distribu-
tion is split into two regions. Figure 4D shows that they
are interconnected, which is in good agreement with
the fact that the spliceosomal U snRNAs are involved
in several base-pairing interactions with each other to
make the spliceosome functional (Brow, 2002). More-
over, it can be estimated that the U snRNAs occupy 4%
of the total volume of the native spliceosome. Accord-
ingly, Figure 4D shows that high-threshold rendering
(red surface) that encloses the densest 4% of the total
volume is entirely located within the large subunit of the
native spliceosome. Thus, the high-density distribution
suggests an internal organization where all the stable
RNA components —the five spliceosomal U snRNAs — of
the native spliceosome are placed in the large subunit.

Discussion

Bridges, a Cavity, and a Tunnel

in Native Spliceosomes

This study presents the 3D structure of the native
spliceosome at a resolution of 20 A, which is the highest
resolution available to date for spliceosomes derived
from living cells in an intact form. The structure reveals
new features of the native spliceosome, including a cav-
ity, a tunnel, and bridges that connect between two
distinct subunits.

The cavity inside the native spliceosome could pro-
vide a place to transiently store the pre-mRNA. As the
number of bases that are involved in the splicing reac-
tion represents only a small fraction of the entire labile
pre-mRNA, the cavity might protect the part that is not
directly involved in the splicing reaction from nonspe-
cific degradation. The net of bridges provides a way by
which the two subunits can interact at different places
and, at the same time, keep the actual contact interac-
tion to a minimum. This dual characteristic may confer
stability to the whole particle and also may allow a cer-
tain degree of elasticity between the two subunits. In
that case, it is possible to propose a model in which,
under certain circumstances, the cavity closes up pro-
viding differential protection to the pre-mRNA to allow
its continual processing.

The structure of the native spliceosome is made up
of two distinct subunits connected to each other, leaving
a tunnel in between. The diameter of this tunnel is vari-
able, but at the narrowest region it reaches 15 A, which
is large enough for the RNA in an extended conformation
(Robertus et al., 1974) to pass through (Hewat and Blaas,
2004). Tunnels or channels have been shown to charac-
terize macromolecular machines involved in the metab-
olism of biopolymers (e.g., ribosomes in protein syn-
thesis [Berisio et al., 2003] and RNA polymerase Il in
transcription [Bushnell et al., 2002]), providing a trans-
port route for the biopolymer while it is being processed.
By analogy, the tunnel observed here is a suitable candi-
date to accommodate the pre-mRNA component of the
native spliceosome.

The Large Subunit of the Native Spliceosome

Is a Suitable Candidate to Accommodate

the Penta-snRNP

U1 snRNP is the smallest of the spliceosomal U snRNPs,
having a mass of ~0.24 MDa (Stark et al., 2001). The
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mass of the other spliceosomal U snRNPs has not been
measured but can be estimated either based on their
sedimentation coefficient (Muller et al., 1998) or by tak-
ing into account the biochemical information of their
major components. From several proteomics studies
(Gottschalk et al., 1999; Rappsilber et al., 2002; Stevens
et al., 2002; Will et al., 2002) the averaged estimated
mass of U2 snRNP is 1.3 MDa, and the averaged esti-
mated mass of the U4/U6.U5 tri-snRNP is 1.5 MDa. Alto-
gether, the estimated mass of the five spliceosomal U
snRNPs is about 3.0 MDa, which is close to the 3.1 MDa
mass of the large subunit of the native spliceosome as
determined by STEM (Mdiller et al., 1998). Thus, it is
reasonable to propose a model in which the large sub-
unit of the native spliceosome harbors the penta-snRNP.
This model is supported by the distribution of high densi-
ties within the reconstructed native spliceosome (Figure
4). Since RNA is denser than proteins, the stable RNA
components of the native spliceosome have been as-
signed here to the high-density regions. This assign-
ment, which places the spliceosomal U snRNAs in close
proximity, is also consistent with previous studies that
have shown multiple base pairing interactions among
the spliceosomal U snRNPs (reviewed in Staley and
Guthrie, 1998).

In addition, the volume of the spliceosomal U snRNPs,
as estimated from the available structural information,
is similar to the measured volume of the large subunit,
thereby reinforcing the model. Specifically, based on
the 3D model of U1 snRNP (Stark et al., 2001), U2 snRNP,
and U4/U6.U5 tri-snRNP 2D images (Kastner, 1998), to-
gether with their estimated masses (see above), the esti-
mated volume of the penta snRNP is 4300 nm?, whereas
the volume of the large subunit of the native spliceosome
is 4200 nm?.

Although alternative internal organizations are possi-
ble, the one presented here is consistent with all the
biochemical and structural data currently available.
These include the mass calculation, the volume estima-
tion, and stable RNA localization by observation of high-
density distribution. All these observations are consis-
tent with the model in which the large subunit of the
native spliceosome is assigned as the penta-snRNP.
The non-snRNP splicing factors may then be assigned
to the small subunit. Direct localization studies are re-
quired to confirm this proposal. Nonetheless, the pro-
posed assignment of the five spliceosomal U snRNPs
to the large subunit is further supported by the identifica-
tion of the penta-snRNP complex from yeast (Stevens
et al., 2002). This complex was shown to assemble prior
to binding of the pre-mRNA substrate and to act as a
functional module. The occurrence of the preassembled
penta-snRNP is consistent with the supraspliceosomal
model (discussed below), in the sense that the assembly
of the splicing machine with the intron is brought about
by simultaneous multiple interactions, rather than by a
stepwise assembly of spliceosomes as inferred from
earlier studies in vitro.

The Native Spliceosome: The Building Block

of the Supraspliceosome

Studies of splicing in vitro brought about the concept
that spliceosomes are assembled in a stepwise manner

(Brow, 2002). In this context, it should be pointed out
that while this work was written up, 3D reconstructions
of two intermediates of the in vitro-assembled spliceo-
some were published: the C complex spliceosome,
which contains three of the five spliceosomal U snRNAs
at 30 A resolution (Jurica et al., 2004), and a precatalytic
spliceosomal complex B lacking U1 snRNP, at 40 A
resolution (Boehringer et al., 2004). From a biological
point of view, a comparison between these complexes
and the native spliceosome is difficult to make because
it has not been established that these intermediate com-
plexes occur in vivo (Nilsen, 2002; Stevens et al., 2002).
Nevertheless, itis interesting to note that the dimensions
of these complexes appear to be similar to those of the
native spliceosome.

The 3D reconstruction of the native spliceosome pre-
sents a structure that is not only consistent with previous
structural and biochemical data but also brings new
architectural insight that helps understand the splicing
phenomenon. The supraspliceosome represents a stand-
alone complete macromolecular machine capable of
performing splicing of every pre-mRNA independent of
its length or number of introns (Spann et al., 1989). Within
the supraspliceosome, the pre-mRNA can be processed
simultaneously at four sites, as each native spliceosome
is capable of processing one intron at a time. The cavity
inside the native spliceosome may represent a transient
storage place for pre-mRNA sequences that are not
directly involved in the ongoing splicing reaction. The
tunnel inside the native spliceosome may provide a pas-
sage through which the pre-mRNA and other splicing
factors could pass through. In that way, efficient com-
munication between the subcomplexes of the supra-
spliceosome is guaranteed, in order to correctly identify
splice sites and ensure the ligation of exons in the cor-
rect manner. Such an accurate and efficient communi-
cation is important to allow the nonsequential removal of
introns (Kessler et al., 1993), and is essential for splicing
regulation and alternative splicing (for a comprehensive
discussion see Miiller et al. [1998] and Sperling et al.
[1997]).

The assembly of the splicing machine with the pre-
mRNAin vivo is probably brought about by simultaneous
multiple interactions, rather than by a stepwise manner
as inferred from studies in vitro. Such a large number
of interactions that the cell has to deal with can be
regulated within the supraspliceosome. Having the na-
tive spliceosomes as the building blocks of this large
macromolecular assembly, this large number of interac-
tions can be compartmentalized into each intron that is
being processed. At the same time, the whole supra-
spliceosome enables the communication between the
native spliceosomes, which is needed for regulated
splicing. The organization of the supraspliceosome, like
other macromolecular assemblies that exist as pre-
formed entities, avoids the necessity to recruit the multi-
tude of splicing components each time the spliceosome
turns over. In that sense, the overall coordination of the
cellular interactions is reduced from the hard work of
repeatedly placing each piece in the correct position of
the puzzle to the relatively simpler work of coordinating
the preformed puzzle.
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Experimental Procedures

Isolation of Purified Native Spliceosomes

Purified supraspliceosomes (Spann et al., 1989; Sperling and Sper-
ling, 1998; Sperling et al., 1985), prepared from HelLa cell nuclei
(CILBIOTECH, Mons, Belgium), were incubated with DNA-oligonu-
cleotides of redundant sequence complementary to the 5’ splice
site consensus sequence (AGGTRAGT) and subjected to RNase H
digestion. The treated sample was centrifuged in a second 10%-—
45% glycerol gradient, and the native spliceosomes were collected
in aliquots from fractions corresponding to the 60S-70S region of
the gradient.

Cryo-EM

For cryo-EM, native spliceosomes were incubated for 20 min on a
charged lipid monolayer, sampled on a grid coated with holey car-
bon film, and washed with water as described (Medalia et al., 2002).
The frozen-hydrated samples were imaged under low-dose condi-
tions (= 10 e /A? at a magnification of 93,620 and at a defocus
range from —1.0 to —4.0 pm, using an FEI (Eindhoven, The Nether-
lands) Tecnai F20 FEG transmission electron microscope (TEM) op-
erating at 200 KV and equipped with a 1 k X 1 k TEMcam CCD
camera (pixel size 24 um) (TVIPS, Gauting, Germany), with an effec-
tive sampling of 0.26 nm/pixel in the images.

Single-Particle Image Reconstruction

The Boxer procedure from the EMAN software package (Ludtke et
al., 1999) was used to collect 9297 single-particle images. The 3D
reconstruction using this data set was performed with the SPIDER
software package (Frank et al., 1996). Low-pass filtered single-parti-
cle images were subjected to a reference-free alignment procedure
and hierarchical classification. The class averages were then com-
puted and an initial 3D model was obtained using the common-lines
technique (Penczek et al., 1996). The robustness of this procedure
is demonstrated in Supplemental Table S1 and Figure S2. Refine-
ment of the structure was performed after contrast-transfer phase-
flip correction of the raw single-particle images (done with the CTFIT
procedure of the EMAN software package [Ludtke et al., 1999]),
using the back-projected images from the initial model in a multiref-
erence alignment and classification procedure. For each refinement
cycle, the particle images with the lowest 20% crosscorrelation
coefficient were excluded from the reconstruction. The removed
particles were reconsidered in the next iteration, and 89% of the
rejected particles were consistently rejected in the subsequent cy-
cles. The Fourier shell correlation function (van Heel, 1987) was used
to calculate the resolution of the 3D reconstruction with values of
20 A for the 3¢ threshold criteria and 22 A for the 0.5 threshold
criteria. The Amira software package was used for the surface ren-
dering of the reconstruction.
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