Article

THE

EMBO

V4

TRANSPARENT
PROCESS

JOURNAL

Protein localisation by electron microscopy reveals
the architecture of the yeast spliceosomal

B complex

Norbert Rigo®, Chengfu Sun', Patrizia Fabrizio, Berthold Kastner & Reinhard Lihrmann™

Abstract

The spliceosome assembles on a pre-mRNA intron by binding of
five snRNPs and numerous proteins, leading to the formation of
the pre-catalytic B complex. While the general morphology of the
B complex is known, the spatial arrangement of proteins and
sNRNP subunits within it remain to be elucidated. To shed light on
the architecture of the yeast B complex, we immuno-labelled
selected proteins and located them by negative-stain electron
microscopy. The B complex exhibited a triangular shape with main
body, head and neck domains. We located the U5 snRNP compo-
nents Brr2 at the top and Prp8 and Snull4 in the centre of the
main body. We found several U2 SF3a (Prp9 and Prpl11) and SF3b
(Hsh155 and Cusl) proteins in the head domain and two
U4/U6 snRNP proteins (Prp3 and Lsm4) in the neck domain that
connects the main body with the head. Thus, we could assign
distinct domains of the B complex to the respective snRNPs and
provide the first detailed picture of the subunit architecture and
protein arrangements of the B complex.
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Introduction

Pre-mRNA splicing is carried out by a large, highly dynamic multi-
MDa protein-RNA complex, termed the spliceosome. On each pre-
mRNA intron, the spliceosome assembles anew by the stepwise
recruitment of small nuclear ribonucleoprotein particles (snRNPs)
and numerous non-snRNP proteins (reviewed by Will & Lithrmann,
2011). Each snRNP involved in splicing contains the respective
snRNA bound to a heteroheptameric Sm ring and additional specific
proteins, except for the U6 snRNA, which is bound to seven Sm-like

(Lsm) proteins instead. During the course of spliceosome assembly,
the snRNPs bind to the pre-mRNA in a stepwise manner. The first
step is the binding of the U1 snRNP to the 5’ splice site. The next step
is the ATP-dependent binding of the U2 snRNP to the branch-point
sequence (BPS), which results in the formation of the A complex.
This binding involves base-pairing of the U2 snRNA with the BPS,
stabilised by protein—protein and protein-RNA interactions involv-
ing the heteromeric U2 snRNP subcomplexes SF3a and SF3b (Will &
Lihrmann, 2011). Next, the U4/U6-U5 tri-snRNP is stably integrated
into the spliceosome resulting in the fully assembled spliceosome
(B complex).

In the tri-snRNP, the U4 and the U6 snRNAs are base-paired,
forming a three-way junction made up of the U4/U6 stem I, the U4/
U6 stem II and the U4 internal stem loop I that is located between
stems I and II (Mougin et al, 2002; Will & Liihrmann, 2011). The
proteins of the tri-snRNP can be grouped into U5 snRNP proteins,
U4/U6 di-snRNP proteins and additional proteins stably bound only
in the tri-snRNP (Gottschalk et al, 1999; Stevens & Abelson, 1999).
Among the US snRNP proteins, Prp8, Brr2 and Snull4 are the
largest and are important for catalytic activation of the spliceosome
(Nielsen & Staley, 2012). The U4/U6 di-snRNP proteins Prp3 and
Prp4 have been shown to interact with the U4 snRNA in stem II (Xu
et al, 1990; Nottrott et al, 2002), and Prp31 has been shown to bind
to stem loop I (Schultz et al, 2006; Liu et al, 2007). Upon integration
of the tri-snRNP into the spliceosome, the 3’ end of the U6 snRNA
base-pairs with the 5 end of the U2 snRNA (Madhani & Guthrie,
1992). Recent findings indicate that additional interactions between
components of the U2 and the U5 snRNPs contribute to stable tri-
snRNP binding (Hegele et al, 2012). Immediately before or simulta-
neously with the integration of the tri-snRNP, the Ul snRNA is
destabilised (Staley & Guthrie, 1999). This event frees the 5 splice
site and allows it to base-pair with the U6 snRNA (Kandels-Lewis &
Séraphin, 1993; Lesser & Guthrie, 1993).

The B complex represents the fully assembled spliceosome; it
contains all the snRNPs and additional non-snRNP protein
complexes such as the nineteen complex (NTC) and the retention
and splicing (RES) complex composed of Bud13, Snul7 and Pmll
(Dziembowski et al, 2004; Fabrizio et al, 2009). The protein

Department of Cellular Biochemistry, Max Planck Institute for Biophysical Chemistry, Gottingen, Germany
*Corresponding author. Tel: +49 551 201 1313; Fax +49 551 201 1197; E-mail: bkastne@mpibpc.mpg.de
**Corresponding author. Tel: +49 551 201 1405; Fax +49 551 201 1197; E-mail: reinhard.luehrmann@mpibpc.mpg.de

"These authors contributed equally to this work

© 2015 The Authors

The EMBO Journal Vol 34 | No 24 | 2015

3059



3060

The EMBO Journal

composition of the B complex from Saccharomyces cerevisiae is
shown in Fig EV1. The NTC proteins, the RES complex proteins and
the U1l snRNP proteins are present in substoichiometric amounts in
the yeast B complex as indicated by pale colours in Fig EV1.
Although the B complex represents the assembly stage that is
committed to splicing, the active site has not yet been formed.

Activation of the spliceosome involves the action of the RNA-
helicase Brr2 which, regulated by Prp8 (Small et al, 2006;
Mozaffari-Jovin et al, 2012, 2013), unwinds the U4/U6 RNA duplex
(Laggerbauer et al, 1998; Raghunathan & Guthrie, 1998; Hahn et al,
2012). Following this event, the spliceosome undergoes major struc-
tural and compositional changes that result in the release of the Ul
and U4 snRNAs together with numerous proteins (Fabrizio et al,
2009) and the adoption by the U6 snRNA of its catalytically active
conformation, which is stabilised by additional protein factors
recruited at this stage. A schematic depiction of the events taking
place during the transition from complex A to the activated complex
B*“ is given in Fig 1A. Following activation, numerous remodelling
events lead to catalysis of both steps of splicing, the release of the
spliced mRNA and spliceosome disassembly.

The molecular architecture and three-dimensional (3D) organisa-
tion of the spliceosomal B complex remain poorly understood.
Although there are a number of high-resolution 3D structures of
spliceosomal proteins or snRNP particles (reviewed by; Ritchie et al,
2009; Galej et al, 2014), there is no crystal structure of a fully
assembled spliceosome. The dynamic nature of the spliceosome and
the compositional and conformational heterogeneity of the purified
complexes make structural analysis challenging. These challenges
have made electron microscopy (EM) the method of choice for
structural studies with spliceosomal complexes (Stark & Liihrmann,
2006). Electron cryomicroscopy has yielded inter alia low-resolution
3D structures of the human B complex (Boehringer et al, 2004) and
the majority of its building blocks, the U1 snRNP (Stark et al, 2001),
the U2 snRNP subcomplex SF3b (Golas et al, 2003) and the U4/
U6-US tri-snRNP (Sander et al, 2006). Most recently, 3D cryo-EM
structures of the U4/U6-US tri-snRNP complex from S. cerevisiae
and of an endogenous late-assembly stage spliceosome from
S. pombe have been published at a resolution of 5.9 and 3.6
angstrom, respectively (Nguyen et al, 2015; Yan et al, 2015).
Despite this knowledge, it is not possible to describe unambiguously
the molecular architecture of the B complex and to discern its organ-
isation. To overcome this limitation, immuno-labelling studies have
been performed to locate proteins and RNA molecules within
spliceosomal complexes (reviewed by Liihrmann & Stark, 2009).

Following our previous work (Hacker et al, 2008), we adapted
the method for locating proteins in the tri-snRNP to the yeast
spliceosomal B complex by making use of the tandem affinity-puri-
fication (TAP) tag (Rigaut et al, 1999) and polyclonal anti-TAP
antibodies. We used antibody-induced spliceosome dimerisation to
locate proteins from each major building block and to understand
the architecture of the B complex. We located three U5 snRNP
proteins, and two U4/U6 di-snRNP proteins and the tri-snRNP
protein Prp38. To reveal the U2 snRNP within the B complex, we
located two SF3a and two SF3b proteins. In addition to the snRNP-
specific proteins, we located the RES complex protein Bud13. These
locations represent the first extensive mapping of a fully assembled
spliceosome and lead to a better understanding of its architecture.
Even if the catalytic centre has not yet been formed in the B
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complex, understanding the organisation of snRNPs and non-snRNP
proteins in the pre-catalytic spliceosome paves the way to under-
standing the rearrangement events necessary for catalytic
activation.

Results
Purification and morphology of yeast spliceosomal B complexes

In order to obtain immuno-labelled B complexes with the necessary
degree of purity and in sufficient amount for EM analysis, we
adapted the method previously established for stalling and purifying
yeast spliceosomal B complexes (Fabrizio et al, 2009). We
assembled B complexes in vitro on [3°P]-labelled M3-ActinA6 pre-
mRNA in yeast extracts from strains expressing the TAP-tagged
proteins of interest. To purify the complexes we used the MS2-MBP
(maltose-binding protein) affinity-purification method (Zhou &
Reed, 2003) with subsequent density-gradient ultracentrifugation in
the presence of glutaraldehyde (GraFix; Kastner et al, 2008). GraFix
greatly enhances the quality of EM images of spliceosomal particles.

We found that the modified sequence of purification steps (i.e.
with omission of the first glycerol-gradient centrifugation) compared
with the method previously described (Fabrizio et al, 2009)
produced spliceosomal particles that were nearly identical in
sedimentation value (Fig EV2A), protein and RNA composition
(Fig EV2B) and overall structure. The purification yielded homoge-
nous spliceosomal B complexes, with a very small number of
fragmented particles and almost no aggregation (Fig EV2C). After
image acquisition, class averages were generated which confirmed
that the B complexes purified by the modified method exhibited the
same (two-dimensional) structure (Fig 1C) as the previously
published B complexes (Fabrizio et al, 2009).

A schematic drawing of the domain architecture of the B complex
is given in Fig 1B. One predominant characteristic orientation of the
particles was observed in electron micrographs (Fig EV2C). This
view we term “main view”; it is characterised by an almost straight,
~30-nm-long main axis (Fig 1B). The upper one-third of the main
axis forms the “stump” domain and the domain making up the
bottom one-third the “foot”. From the stump, the “head” protrudes;
this displays some structural variability and can appear more globu-
lar or elongated and can project from the main axis at an angle close
to 90°. Characteristic for this view is the neck structure, the
roundish bridge that protrudes upwards from the central region of
the main axis and connects to the head domain. Although the head
frequently exhibits an elongated shape similar to that of the main
axis, in most cases it is shorter and can thus be distinguished from
the main axis. In addition, a line of stain separates it from the stump
region, to which it connects in most of the images. Moreover, the
outline of the main axis is straighter and better defined than that of
the head. These characteristic domains can be easily identified, not
only in class averages (Fig 1C) but also in the raw images (Fig 1D).

Anti-TAP antibodies induce specific dimerisation of spliceosomes
that contain a single TAP-tagged protein

As described earlier (Hacker et al, 2008), proteins were located by
immuno-labelling of the tri-snRNP particle, locating the antibody

© 2015 The Authors
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Figure 1. Architecture of the yeast spliceosomal B complex.

A Schematic depiction of events taking place during catalytic activation of the yeast spliceosome. The tri-snRNP binds to the A complex containing the U1 and U2

snRNPs to form the B complex. Subsequently, the U1 and U4 snRNAs are released and the spliceosome is rearranged to form the activated spliceosome (

complex).

gact

Two-dimensional structure of the spliceosomal B complex from Saccharomyces cerevisiae. The domain architecture of the B complex is summarised in the main

view on the left (B). Class averages are shown in the upper row (C) and negative-stain EM raw images of yeast B complexes displaying the main view in the lower
row (D). The B complex comprises a ~30-nm-long main axis from the centre of which an upwardly bent neck domain protrudes that is connected to a head
domain. A central area of high stain uptake and a furrow stretching upwards from it are also indicated. The scale bar in panel (B) represents 30 nm.

E Schematic depiction of anti-TAP antibody-induced B complex dimerisation that is used to locate a TAP-tagged protein in the spliceosomal B complex. The B
complexes are depicted in the main view, the antibodies are shown in orange with their characteristic Y shape, and the positions of the TAP tags are shown.

directly within EM images. However, owing to the high molecular
mass of the B complex, this strategy was not applicable to locate
proteins in spliceosomes, since the IgG molecule is too small to be
visible when bound to the particle.

As schematically depicted in Fig 1E, upon addition of rabbit poly-
clonal anti-TAP antibodies, the spliceosomes formed dimers (~70S)
that could be separated from monomeric B complexes (~40S). The
example of C-terminally TAP-tagged Brr2 (Fig 2A) shows that dimer
formation can be considered specific, as no dimers were formed
when anti-TAP antibodies were added to untagged spliceosomes
(Fig 2B). The specific formation of B complex dimers was also
observed when the TAP tag was fused to various other spliceosomal
proteins (Fig EV3). It can be ruled out that the introduction of the
TAP tag to any of the spliceosomal proteins used in this work affects
their function in splicing, since none of the yeast strains used
showed any severe growth defect (Appendix Fig S1) and all
prepared extracts were active in in vitro splicing albeit in some cases
(Prp11-TAP, Cusl-TAP and Budl13-TAP) with lower efficiency
(Appendix Fig S2). To confirm that the increase in the sedimenta-
tion coefficient upon anti-TAP addition is a result of dimer
formation and not spliceosome aggregation, we took negative-stain
EM images using the gradient fractions corresponding to a sedimen-
tation coefficient of 70S for EM specimen preparation. These images

© 2015 The Authors

(Fig 3) only show dimeric particles and no sign of aggregates, no
matter which protein carried the TAP tag. These particles show the
typical B complex shape. In addition, mass-spectrometric analysis of
the 70S gradient fractions show that the spliceosome dimers have a
protein composition that is typical of the yeast B complex
(Appendix Table S1). The observed spliceosome dimerisation is
specific to the presence of the TAP tag and the addition of anti-TAP
antibodies, and the spliceosomes labelled in this way can be used to
locate the TAP-tagged protein since the label (a complete spliceo-
some) can easily and reliably be identified in electron micrographs.

The B complex main axis harbours the U5 snRNP proteins
Snull4, Brr2 and Prp8

To locate the U5 snRNP protein Snull4, we used B complexes
containing Snull4 tagged C-terminally. B complex dimers were
analysed as described above, and negative-stain EM images were
recorded (Fig 4A). For analysis, we only considered dimers in which
at least one particle displayed the B complex main view (“main-
view dimers”) since the main view was the only view where
unambiguous domain assignment was possible. Seven main-view
dimers characteristic of the entire data set (100 main-view dimers
were used for each protein located in this study) are shown
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Figure 2. Antibody addition to B complexes harbouring TAP-tagged Brr2 leads to specific spliceosome dimerisation.

A, B Gradient profiles of affinity-purified, [?P]-labelled B complexes (yB) containing C-terminally TAP-tagged Brr2 (A) or tagless Brr2 (B). Spliceosomes were separated by
glycerol-gradient ultracentrifugation in the presence of glutaraldehyde. The colour code is explained in the legend below each graph. The fractions in which E. coli
ribosomal subunits migrated using the same centrifugation conditions and salt concentrations are labelled 30S and 50S. A shift in the sedimentation coefficient
from ~40S to ~70S can only be observed when both the TAP tag and anti-TAP antibodies are present (green line in A), and only then do antibodies co-migrate with
spliceosomal complexes (red line in A). In the absence of the anti-TAP antibody, spliceosome dimerisation was not observed (dotted graphs in A and B).

(Fig 4A). As it was observed in the majority of main-view dimers,
only one of the two particles of the dimer displayed the B complex
main view; the other particle (from now on called “second particle”)
very often had no recognisable features and therefore was used only
as a label for the TAP tag. The dimers from the Snull4 labelling
show a relatively high variation in the position of the second parti-
cle with respect to the main-view particle. The connection between
the two particles sometimes occurred through the neck-proximal
side of the foot domain (Fig 4A, frames 5-7), sometimes through
the neck-distal side of the foot domain (Fig 4A, frames 1, 2 and 4)
and in some dimers through the middle of the main axis on the
neck-distal side (Fig 4A, frame 3). In many main-view dimers, the
two particles had an extensive contact area and the antibody
bridging the two particles was not directly visible.

To determine the area within the main-view particle in which the
TAP tag and thus the C-terminus of Snull4 are located, we applied
distance restrictions based on the size of an IgG molecule. We
assumed that the F,, and F. domains of an IgG are both 7 nm long
(Silverton et al, 1977). Dimerisation of two particles, each carrying
one TAP tag, can occur by binding of one F,;, domain to the calmod-
ulin-binding peptide (CBP) of the main-view particle and the other
F,p, domain to the CBP of the second particle. Another possibility is
that one F,;, domain binds to the CBP of one particle and the F,
domain binds to one protein A domain of the second particle. On
the assumption that an IgG displays some flexibility in its hinge
region, the distance between the two TAP tags of a dimer cannot
exceed 14 nm. If the dimerisation occurs through binding of two
protein A domains from different particles to the F. domain of the
same IgG molecule, the distance between the two TAP tags involved
is even smaller than 14 nm. The strategy we applied to determine the
antibody-binding site is exemplified for four dimers of C-terminally-
tagged Snull4 in Fig 5. No matter which IgG domain binds to the
TAP tags of the spliceosomes forming the dimer, the TAP tag of
the main-view particle cannot be more than 14 nm away from the

The EMBO Journal Vol 34 | No 24 | 2015

outline of the second particle. The dimers of Fig SA are shown
schematically in Fig 5B, in which the outline of the second particle
involved in dimer formation is shown in red. For each dimer, we
then determined the area within the main-view particle that is closer
than 14 nm to the outline of the second particle (transparent red in
Fig 5C). If that all four dimers are antibody-induced, the TAP tag
can only be located in that fraction of the 14 nm areas that is
common to all four dimers (Fig 4D). Analysing all dimers of the
data set and applying the criteria explained above, we were able to
determine the area within the main-view B complex where the
C-terminus of Snull4 is located, viz, the bottom half of the main
axis but close to its centre without including the tip of the foot
domain (Fig SE and bottom drawing in Fig 4A).

The same strategy was used to locate the C-terminus of Brr2.
Fig 4B shows seven representative dimers. As can be seen here, the
dimerisation interface is located on the head-distal side of the stump
region, in nearly all dimers. Very often, a considerable distance of
the two particles within the dimer can be observed and the two
spliceosomes are connected by a clearly visible, narrow bridge.
However, the distance never exceeded 14 nm. These circumstances
allow a relatively precise location. Applying the approach described
above, we deduced that the C-terminus of Brr2 is located in the top
(head-distal) corner of the main axis in the area depicted in the
schematic drawing at the bottom of Fig 4B.

Our data indicate that the C-termini of Snul14 and Brr2 are clearly
separated within the main axis. As reviewed in the study by Grainger
and Beggs (2005), Snull4 has been shown to interact with the
N-terminal part of Prp8, whereas Brr2 interacts with the C-terminus
of Prp8. We located both, the C and the N-termini of the 280-kDa
protein Prp8 in the B complex. In the case of C-terminally TAP-tagged
Prp8, the main-view dimers can be divided into two groups. In the
majority of dimers, the second particle contacts the main-view B
complex in the middle or at the top of the main axis on the neck-
distal side (Fig 4C, frames 1-5). The second group comprises dimers

© 2015 The Authors



Norbert Rigo et al  Architecture of the yeast spliceosomal B complex

Snu114-TAP.C terminus Brr2-TAP C terminus

Prp3-TAP C terminus

AP-Pfpé'N terminus

TAP-Prp38 N terminus

Hsh155-TAP C terminus: Cus1-TAP C terminus

Prp11-TAP C terminus

The EMBO Journal

Prp8-TAP C terminus

Lsm4-TAP C terminus

Prp9-TAP C terminus

Bud13-TAP C terminus

Figure 3. Typical negative-stain electron micrographs of yeast spliceosomal B complex dimers.
Negative-stain EM images of B complex dimers were taken at 80,000-fold magnification to give an overview over the sample. For each image, a scale bar representing

60 nm is shown and the protein carrying the TAP tag is named. The purification of imm
did not show any sign of aggregation.

where the second particle contacts the main-view spliceosome at the
neck (Fig 4C, frames 6 and 7). In these relatively rare cases, the two
particles are close to each other with a large contact area, indicating
that the TAP tag may be located quite far from the particle periphery.
Analysing all dimers collected, we concluded that the C-terminus of
Prp8 must be located in the upper half of the main axis, closer to the
middle than to the C-terminus of Brr2 (sketch in Fig 4C).

© 2015 The Authors

uno-labelled spliceosomes yielded in all cases homogenous B complex dimers that

In dimers obtained with N-terminally-tagged Prp8, the dimerisa-
tion occurred either in the bottom two-thirds of the main axis on the
neck-distal side (Fig 4D, frames 1-4) or in the neck domain (Fig 4D,
frames 5-7). From this, we deduced that the N-terminus of Prp8
must be located in the bottom two-thirds of the main axis (sketch in
Fig 4D) but not at the very bottom of the foot domain. This area is
close to the one determined for the C-terminus of Snul14.
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Figure 4. Locations of the U5 snRNP proteins Snu114, Brr2 and Prp8 in the yeast spliceosomal B complex.

EM images of B complex dimers were taken at 115,000-fold magnification, and all dimers in which at least one particle displayed the B complex main view were collated
and analysed. For each protein, the raw images of seven main-view dimers representative of the whole dataset are shown in the left column. The right column for each
protein shows a schematic drawing of the dimer to emphasise the position of the second particle with respect to the main-view particle. When a bridge was observed between
the two particles forming the dimer, it is indicated in the scheme. In each sketch, the outline of the second particle at the dimerisation interface is shown as a red line
and the area within 14 nm of this outline is depicted as a transparent red area. An overlay of these areas, as obtained when all 100 dimers were analysed, is shown on the left
in the bottom of each panel. The final location of the respective protein is shown as a solid red area in the scheme at the bottom right of each panel.

A C-terminus of Snul14.
B C-terminus of Brr2.
C C-terminus of Prp8.
D N-terminus of Prp8.

From the locations of the proteins Snul14, Brr2 and Prp8, it can
be concluded that the main axis of the yeast B complex comprises
the U5 snRNP. In this, Brr2 is located at the top of the main axis and
Prp8 in the middle of the axis, with its C-terminus closer to the top
and the N-terminus closer to the foot, in an area where the
C-terminus of Snul14 also resides.

The U4/U6 snRNP proteins Prp3 and Lsm4 are located in the
neck domain

To identify the domains of the B complex comprising the U4/U6 di-
snRNP, we located the C-termini of Prp3 and Lsm4. This also helped

The EMBO journal Vol 34 | No 24 | 2015

us to locate indirectly the 3’ end of the U6 snRNA. The dimers
obtained with TAP-tagged Prp3 (Fig 6A) are all connected through
the neck domain. This places the area in which the C-terminus of
Prp3 is located in the neck domain of the B complex. In some of the
dimers, a distance between the two particles with a clearly visible
bridge can be observed (Fig 6A, frames 2 and 3), so that a location
in the main axis or the head can be ruled out. Our conclusion is that
Prp3 is located in the upper end of the neck where it connects to the
head (sketch at the bottom of Fig 6A).

For the C-terminus of Lsm4, we obtained main-view dimers
connected at the neck domain (Fig 6B, frames 1-6) similar to those
found for Prp3. In addition, we found dimers that were connected at

© 2015 The Authors
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Figure 5. Strategy used to deduce the location of the TAP tag within B complex dimers induced by anti-TAP antibody.

A Negative-stained raw images of four main-view dimers of Snu114-TAP containing B complexes. These four dimers have been chosen as they represent all the
different positions of the second particle with respect to the main-view particle that can be found in the data set.

B Schematic depiction of the B complex dimers. The outline of the second particle at the dimerisation interface with the main-view particle is drawn as a red line.

C Possible area of TAP tag location within the main-view particle. The area within 14 nm of the second particle outline at the dimerisation interface is shown as a
transparent red area. The TAP tag at the C-terminus of Snu114 must be within this area in the main-view particle.

D Deduced position of the TAP tag combining the knowledge gained from four dimers (A1-A4). The schematic diagrams of all four dimers have been aligned according
to the main-view particle and overlaid (left), and the area where all four possible TAP tag locations overlap can be identified as the darkest grey area within the B

complex main-view scheme. This area is highlighted in red on the right side.

E Final location of the C-terminal TAP tag of Snul14 when 100 dimers are analysed. The area of maximum overlap deduced from overlaying all dimers of the data set
(dark grey in the left-hand sketch) is shown as a solid red area in the B complex sketch on the right.

the head domain in a region distal from the main axis (Fig 6B, bottom
frame). Therefore, the area where the C-terminus of Lsm4 is located
covers the top of the neck and the bottom part of the head domain
(sketch at the bottom of Fig 6B). From these data, we conclude that
the 3’ end of the U6 snRNA is located in the region that joins the
neck and head. Probably, from there the U4/U6 stem II extends.

The tri-snRNP protein Prp38 is located in the middle of the
main axis

Furthermore, we located the N-terminus of Prp38, a U4/U6-US tri-
snRNP protein which is important for the release of the U4 snRNA
from the spliceosome (Xie et al, 1998). As deduced from the B
complex dimers harbouring TAP-Prp38 (Fig 6C), this protein resides
in the middle of the main axis, where it connects to the neck
domain. We found the N-terminus of Prp38 to be in close proximity
to the C-termini of Snull4 and Prp8 and the N-terminus of Prp8.
Therefore, we conclude that the middle of the main axis is the
binding interface of the US and the U4/U6 snRNPs.

The B complex head domain harbours the U2 snRNP

Next, we identified the position of the U2 snRNP within the B
complex. To determine the location of the heterotrimeric SF3a
complex, we located the C-termini of Prp11 and Prp9. In the majority
of B complex dimers obtained with Prp11-TAP, the second particle
touches the main-view particle at the neck domain (Fig 7A, frames

© 2015 The Authors

1-5). In some of these dimers, a clearly visible bridge between the
particles can be observed (Fig 7A, frames 3 and 4). In others, the
second particle is in contact with the main-view particle at the top of
the head domain (Fig 7A, frames 6 and 7). After considering all
dimers and applying the method described (see above and Fig 5),
we concluded that the C-terminus of Prpl1 is located in the head-
neck interface (Fig 7A, bottom) region largely overlapping with the
area where the C-terminus of Lsm4 is located.

In contrast to this, when Prp9 carried the TAP tag, no dimers
were observed in which the connection of the two spliceosomes
occurred at the neck in images of dimeric B complexes. In this case,
all dimers were connected either at the top of the head domain
(Fig 7B, frames 1-3) or at the top of the main axis (Fig 7B, frames
4-7). Thus, the C-terminus of Prp9 is located in the top part of the B
complex in the area where the head domain is connected to the
stump domain (bottom drawing in Fig 7B).

We then located the C-termini of Hsh155 and Cusl1 as representa-
tives of the SF3b complex. The dimers obtained with Hsh155-TAP
are very similar to those produced using Prp9-TAP. In approxi-
mately half of the dimers, the two particles are connected at the top
of the head domain (Fig 7C, frames 1, 2, 4 and 6), and in the other
half of the dimers, the connection occurs at the top of the stump
domain (Fig 7C, frames 3, 5 and 7). Therefore, we concluded that
Hsh155 is located in the head-stump interface region (sketch at the
bottom of Fig 7C).

A similar situation was found for the C-terminus of Cusl. In
most of the dimers, the dimerisation interface is the top of the
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Figure 6. Locations of the U4/U6-U5 tri-snRNP proteins Prp3, Lsm4 and Prp38 in the spliceosomal B complex.

After anti-TAP-induced dimerisation, TAP-tagged B complexes were sedimented and cross-linked with glutaraldehyde. Negative-stained specimens were prepared, and
images were taken at 115,000-fold magnification. For each protein, the left-hand panels show seven raw images of dimeric B complexes, with at least one particle displaying
the main view. The respective right-hand panels show schematic drawings of the dimers. The outline of the second particle at the dimerisation interface is shown as a solid red
line, and transparent red indicates the area within 14 nm of this outline. The location of the respective protein when the analyses of all dimers of the data set are taken into

account is shown at the bottom of each column.

A C-terminus of Prp3.
B C-terminus of Lsm4.
C N-terminus of Prp38.

head-stump joining region (Fig 7D, frames 1-3) or the top of the
stump domain (Fig 7D, frames 4-6). However, in rare cases, the
two particles of a dimer are connected at the neck domain (Fig 7D,
frame 7). In addition, the particles are relatively close to each other
in each dimer. Thus, the C-terminus of Cusl is also located in the
head-stump interface region but closer to the centre of the particle,
further away from the particle outline, as shown in the sketch at the
bottom of Fig 7D.

In summary, the four U2 snRNP proteins were found in the head
domain, in areas spanning from the head-stump interface region
(Prp9, Hsh155 and Cusl) to the head—neck interface region (Prpl1).
We conclude that the head is the domain of the spliceosomal B
complex that harbours the U2 snRNP, with the SF3b proteins being
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located closer to the main axis that contains the U5 snRNP. The
locations of SF3a proteins suggest interfaces with both the U5 axis
and the U4/U6 neck domain.

The RES complex protein Bud13 is located in the head of
the B complex

In addition to the snRNP proteins, the spliceosomal B complex
contains proteins that are organised in non-snRNP subcomplexes.
One such complex is the heterotrimeric RES complex formed by
Bud13, Snul7 and Pmll (Dziembowski et al, 2004). The RES
complex is required for splicing since depletion of Snul7 has been
shown to stall spliceosomes at a B-like stage, before release of the

© 2015 The Authors
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Figure 7. Locations of the C-termini of the U2 snRNP proteins Prp11, Prp9, Hsh155 and Cusl and the RES complex protein Bud13.

B complexes carrying the TAP tag at the C-terminus of the respective protein were purified, labelled with anti-TAP antibodies and negative-stain EM grids were prepared.
Images were taken at 115,000-fold magnification, and all main-view dimers were collated. For each protein, the left-hand panels show seven raw images of dimeric B
complexes, with at least one particle displaying the main view. The respective right-hand panels show schematic drawings of these dimers. The outline of the second particle
at the dimerisation interface is drawn in solid red, and the area within 14 nm of this outline is shown in transparent red. At the bottom, the final location of the C-terminus of

the respective protein is shown in a schematic drawing of the yeast B complex.
C-terminus of Prp11.

C-terminus of Prp9.

C-terminus of Hsh155.

C-terminus of Cusl.

C-terminus of Bud13.
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Ul snRNP (Gottschalk et al, 2001). Furthermore, the RES complex
has been shown to interact with SF3b proteins (Wang et al, 2005)
and with the pre-mRNA downstream of the branch point
(Wysoczanski et al, 2014). To be able to determine the position of
the RES complex, we located the C-terminus of its largest protein,
Bud13. In most of the B complex dimers obtained with Bud13-TAP,
the second particle was connected at the neck domain (Fig 7E,
frames 1-5). However, a few dimers where the connection occurred
through the top of the head domain were observed (Fig 7E, frames
6 and 7). On the basis of all dimers analysed, we deduce that Bud13
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is located in an area of the U2 snRNP-containing head domain of the
B complex close to the U4/U6 snRNP-containing neck domain
(sketch at the bottom of Fig 7E), overlapping to a large degree with
the areas we determined for Lsm4 and Prpl1, respectively.

Discussion

We located the C-termini of ten and the N-termini of two spliceo-
somal proteins that were selected to represent all building blocks
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of the yeast spliceosomal B complex present in stoichiometric
amounts. For this purpose, we developed a method to specifically
create spliceosome dimers upon antibody addition to spliceosomal
B complexes that incorporated a TAP-tagged version of the protein
of interest. In addition to efficient dimer formation, the genetic
tagging system that we applied also provided a positive control for
the specificity of antibody binding and the final location by
comparison with the untagged version. Moreover, as the same
antibody was used in this study for all localisation experiments,
the observation of different location sites for different proteins
provided an intrinsic control of the specificity of the observed
epitopes.

The C-termini of the three U5 snRNP proteins Prp8, Brr2 and
Snull4, and also the N-terminus of Prp8, were all found on the
elongated main axis of the B complex (see Fig 8A for a summary).
In the middle of the main axis, in the region from which the neck
domain protrudes, we found the N-terminus of the U4/U6-US tri-
snRNP protein Prp38. The C-termini of Prp3 and Lsm4, two U4/U6
snRNP proteins, were found at the upper end of the neck domain
(Fig 8B), the domain that connects the main axis with the head. The
head domain harboured the C-termini of the U2 snRNP proteins
Prpl11, Prp9, Hsh155 and Cusl as well as the C-terminus of the RES
complex protein Bud13 (Fig 8C). These locations provide, for the

)
D

U5 proteins

U4/U6 proteins
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first time, important and novel insight into the snRNP architecture
of the spliceosomal B complex.

The U5 snRNP occupies the entire main axis of the yeast
B complex

The positions of the U5 snRNP proteins clearly show that the
U5 snRNP is located on the main axis of the B complex. At the upper
end of the stump region, we found the C-terminus of Brr2, which
consists of two helicase cassettes that make up the C-terminal
two-thirds of the protein. The 3D structure of the two helicase
domains of the S. cerevisiae Brr2 protein (amino acids 442-2,163) in
complex with the C-terminal Jabl/MPN domain of Prp8 has been
solved by X-ray crystallography (Nguyen et al, 2013). In the crystal
structure, the N-terminal helicase cassette is shown to be the only
interaction site with the C-terminal Jabl/MPN domain of Prp8,
which in human has been shown to inhibit Brr2’s helicase activity
(Mozaffari-Jovin et al, 2013), thus preventing U4/U6 unwinding
and consequently spliceosome activation. In general, Prp8 has been
shown to be a key regulator of the DEAD-box helicase Brr2
(Mozaffari-Jovin et al, 2012; Nielsen & Staley, 2012). Indeed, these
findings are consistent with our location of the C-terminus of Prp8
in the bottom two-thirds of the stump, close to Brr2. We found that

U2 proteins

locations in the
tri-snBRNP

snRNPs

additional
proteins

Figure 8. Summary of the protein positions and snRNP architecture of the B complex from Saccharomyces cerevisiae.
A Locations of the three U5 snRNP proteins Prp8 (C-terminus in dark blue and N-terminus in white), Brr2 (light blue) and Snu114 (middle blue).

Locations of the two U4/U6 di-snRNP proteins Lsm4 (orange) and Prp3 (brown).

m o 0O ®

(orange), and the head domain harbours the U2 snRNP (green).
F Locations of Prp38 and the RES complex protein Bud13.
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Locations of the SF3a proteins Prp11 (very light green), Prp9 (bright green) and the SF3b proteins Hsh155 (middle green) and Cusl (dark green).
Positions of the proteins that have been mapped in the yeast tri-snRNP (Hacker et al, 2008).
SNRNP architecture of the yeast spliceosomal B complex. The U5 snRNP (blue) occupies the entire main axis, the neck domain is made up by the U4/U6 di-snRNP
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the N-terminus of Prp8 is located in an area spanning the middle of
the main axis to the upper part of the foot region, overlapping only
to a small degree with the area where the C-terminus is located.

We found the C-terminus of Snull4 (Fabrizio et al, 1997) in the
lower half of the main axis, overlapping to a large extent with the
area where the N-terminus of Prp8 was found. This finding is
consistent with the fact that Snul14 has been shown to interact with
Prp8 (in the region of amino acids 437-770: Boon et al, 2006;
Grainger & Beggs, 2005).

In addition to the U5 snRNP and U4/U6 di-snRNP proteins, the
tri-snRNP contains a set of proteins that are stably associated only
in the tri-snRNP (Gottschalk et al, 1999; Stevens & Abelson, 1999)
and that are incorporated into the B complex (Fabrizio et al, 2009).
Prp38 is a member of this group of proteins. We located the
N-terminus of Prp38 in the middle of the main axis, where the neck
domain originates, in an area that overlaps to a great extent with
the positions of Snul14 and the N-terminus of Prp8. This result is
consistent with previous findings that Prp38 can be co-purified with
the US snRNP (Stevens et al, 2001).

The B complex harbours the tri-snRNP in a structurally well-
preserved, open conformation

Within the neck domain of the B complex, we found the C-termini
of the U4/U6 di-snRNP proteins Prp3 and Lsm4. Prp3, together with
its interaction partner Prp4, binds to the U4/U6 snRNA duplex in
the region of stem II (Nottrott et al, 2002). Lsm4 is part of the Lsm
complex that binds to the 3’ end of the U6 snRNA (Achsel et al,
1999). The structure of the Lsm proteins in complex with a five-
nucleotide-long RNA sequence from the 3’ region of the U6 snRNA
has recently been solved (Zhou et al, 2014). We located Prp3 and
Lsm4 at the top of the neck domain of the B complex. We therefore
concluded that the neck domain harbours the U4/U6 di-snRNP, with
the 3’ end of the U6 snRNA positioned at the very top of the neck
(Lsm4 location), where it connects to the head domain of the B
complex. Prp3 was located directly at the bottom of this area; there-
fore, the U4/U6 stem II may also be located here.

The U4/U6-US tri-snRNP has previously been mapped exten-
sively by a similar method for locating proteins (Hacker et al, 2008).
The yeast tri-snRNP and the B complex show striking structural
similarities (compare our Fig 1C with Fig 1C and D in the publica-
tion by Hacker et al, 2008). Just like the B complex, the tri-snRNP
displays a ~30-nm-long main body from which a second domain
protrudes upwards (termed the “arm domain” in the tri-snRNP).
However, the tri-snRNP does not have a domain homologous to the
B complex’s head domain. In the tri-snRNP, the C-termini of three
US snRNP proteins (Prp8, Brr2 and Snul14) were found in the main
body of the tri-snRNP, with Brr2 occupying the very top region. In
the tri-snRNP, Prp8 is located directly below Brr2 with Snull4
following further towards the bottom. This exactly reflects the
pattern we found in the B complex. Furthermore, in the tri-snRNP,
Prp3 is in the top half, and Lsm8 at the very top, of the arm domain.
In the crystal structure (Zhou et al, 2014), Lsm4 and Lsm8 are in
direct contact; thus, the distance of these proteins can be considered
negligible compared with the resolution limits of EM-based localisa-
tion methods. Our conclusion is therefore that the arm domain of
the tri-snRNP and the neck domain of the B complex have the same
protein pattern. With this information, it is now possible to place
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the tri-snRNP unambiguously into the structure of the B complex
(main view). When doing so, the areas of all the proteins that have
been located in both complexes overlap almost perfectly. A
summary of the protein positions in the tri-snRNP is shown in
Fig 8D and the location of the tri-snRNP in the B complex in Fig 8E.

Negative-stain electron micrographs and electron cryo-
microscopic images of the tri-snRNP show that the arm domain is
quite flexible (H&dcker et al, 2008 and Supplementary Video 2
therein). The tri-snRNP can adopt an open and a closed conforma-
tion with respect to the relative orientation of the free end of the
arm domain towards the main body. We did not observe that kind
of flexibility for the homologous neck domain of the B complex. The
aforementioned fitting of the tri-snRNP structure into the B complex
main view only results in near-perfect overlapping of the protein
positions when the open conformation of the tri-snRNP is used. We
therefore conclude that the tri-snRNP is structurally well preserved
upon stable integration into the B complex and that it is locked into
the open conformation.

It can be concluded that the region where the U5 snRNP binds to
the U4/U6 di-snRNP is the middle of the main axis and the base of
the neck domain in the B complex. It has been shown that, in yeast,
Prp38 is essential for the release of the U4 snRNA from the spliceo-
some and mutation of Prp38 stalls splicing at the B complex stage
(Xie et al, 1998). Consistently with these results, we found Prp38 in
the middle of the main axis in an area where the neck domain
originates. In addition, the position of Prp38 overlaps with that of
the N-terminus of Prp8, which is in good agreement with the finding
that Prp8 is a key regulator of the activation step, in which the
U4/U6 snRNA duplex is unwound (Mozaffari-Jovin et al, 2012,
2013; Nielsen & Staley, 2012).

The A complex is in contact with two distant tri-snRNP sites
associated, respectively, with Brr2 and the Lsm ring

We located the C-termini of four U2 snRNP proteins (Prpl1, Prp9,
Hsh155 and Cusl1) in the head domain of the B complex. This shows
clearly that the U2 snRNP is located in this domain. After locating
the U4/U6-U5 tri-snRNP, knowing the position of the U2 snRNP
reveals the subunit architecture of the yeast spliceosomal B complex
that is summarised in Fig 8E. As there is no domain homologous to
the B complex head in the yeast tri-snRNP (Hacker et al, 2008), we
conclude that the head domain of the B complex is derived from the
spliceosomal A complex. This conclusion is also consistent with the
results from immuno-localisation experiments in the human spliceo-
somal B complex that place the pre-mRNA as well as the protein
SF3b155 (the human homologue to Hsh155) in the head domain of
the B complex (Wolf et al, 2009).

We found the C-termini of the two SF3b proteins Hsh155 and
Cusl1 in the head domain at the interface with the main axis that is
made up of the US snRNP. Probably the whole SF3b complex is
located in this region of the head. We also located the C-termini of
the two SF3a complex proteins Prpll and Prp9. Whereas the
C-terminus of Prp9 was located in the part of the head domain that
is in contact with the upper end of the U5 snRNP, the C-terminus of
Prpll is located in the part of the head that is in contact with the
U4/U6 snRNP. The 3D structure of the yeast SF3a complex, contain-
ing more than half of the total SF3a mass, has been solved by X-ray
crystallography and displays an elongated structure with Prp9 at one
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end, Prpl1 at the other end and Prp21 in between (Lin & Xu, 2012).
This agrees with the distant locations of Prp11 and Prp9 found here.

From the positions of the U2 snRNP subcomplexes SF3a and
SF3b, we could deduce the position of the A complex within the B
complex. We found that the A complex has two main attachment
sites to the tri-snRNP in the yeast B complex: one at the upper part
of the main axis in the region where we located the C-termini of the
US snRNP proteins Brr2 and Prp8 (overlapping in part with the areas
of Prp9, Hsh155 and Cusl), and one at the upper end of the neck
structure where the C-termini of Lsm4 and Prp3 can be found (over-
lapping with the areas of Prpl1 and Cusl). The finding that there is
contact between the U2 snRNP and the U4/U6 snRNP in the B
complex is consistent with previous results that show that stable
tri-snRNP integration into the spliceosome requires base-pairing of
the 5’ end of the U2 snRNA with the 3’ end of the U6 snRNA
(Madhani & Guthrie, 1992). The existence of contact between the
A complex and the US snRNP is supported by previous results
from yeast two-hybrid and co-immunoprecipitation experiments,
which showed a network of interactions involving SF3b proteins,
Brr2, Prp8 and Snull4 (Hegele et al, 2012).

The RES complex can be found in the head domain of the
B complex

We found the C-terminus of the heterotrimeric RES complex protein
Bud13 in the head-neck interface region (Fig 8F), in an area over-
lapping with the positions of Prp11 and Lsm4. Moreover, it overlaps
to a small degree with the area where Hsh155 has been located. Our
location of the C-terminus of Bud13 points to the location of the RES
complex core. The RES complex subunit Snul7 has been shown to
bind to the U2 snRNP (Gottschalk et al, 2001), and results of a yeast
two-hybrid screen and co-immunoprecipitation experiments prove
that Snul? interacts with SF3b complex proteins, Bud13 and the
third RES complex protein Pmll (Wang et al, 2005). The location of
the RES complex in the head domain, overlapping with the area
occupied by U2 snRNP proteins, is consistent with previous results.
Furthermore, our findings agree with the finding that Snul7 can be
cross-linked to the pre-mRNA between the branch point and the
3’ splice site (Wysoczanski et al, 2014), where Hsh155 could also be
cross-linked (McPheeters & Muhlenkamp, 2003).

The organisation of the B complex indicates large
rearrangements of the catalytic RNAs relative to the position of
Prp8 during activation

The catalytic RNA network of the spliceosome is associated with
Prp8, as this protein can be cross-linked to the 5" splice site, the 3’
splice site, the branch-point region, one nucleotide of the U6
snRNA and the 5 stem loop of the U5 snRNA (see reviews by
Grainger & Beggs, 2005; and Wahl et al, 2009). However, the posi-
tion of proteins in the B complex as mapped here indicates that in
this precatalytic spliceosomal complex, there is a considerable
distance between Prp8 and RNA sequences, such as U6 and the
5" end of U2, that later form the catalytic centre. For example,
whereas Prp8 is located in the elongated main axis of the B
complex, the 3’ end of U6 could be indirectly mapped to the neck
domain. Furthermore, the U2 snRNA was mapped indirectly by
locating various SF3a and SF3b proteins to the head domain of the
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B complex. The pre-mRNA also appears to be located in the head,
based on immuno-labelling results in the human B complex (Wolf
et al, 2009), and on the fact that SF3a and SF3b proteins that bind
to the pre-mRNA at or in the vicinity of the branch-point region
(Staknis & Reed, 1994) are also located in the head domain of the
yeast B complex. Thus, our results imply that during activation of
the spliceosome, there is a large movement of the spliceosome’s
catalytic RNA elements relative to Prp8. Indeed, the B complex is
known to be extensively remodelled during the activation step
(Fabrizio et al, 2009). Our results thus provide initial insights into
the molecular nature of the RNP remodelling events that occur
during spliceosome activation. Applying the method for locating
proteins that we developed in this study to later spliceosomal
complexes (B, B* and C) should lead to a more detailed
understanding of these RNP rearrangements.

During revision of the manuscript, the 3D structure of the S. cere-
visiae tri-snRNP, determined by cryo-EM at a resolution of 5.9 A,
was reported (Nguyen et al, 2015). On the basis of our fitting of the
tri-snRNP into the B complex, our protein locations are consistent
with the protein positions in the 3D structure.

Materials and Methods

Strains and plasmids

The yeast strains used in this work expressing the respective
C-terminally TAP-tagged proteins were constructed in previous
work (Hacker et al, 2008) or produced according to the method
described previously (Puig et al, 2001). By using the plasmid
pBS1479 (Puig et al, 2001) as a template, the C-terminal TAP
cassette was amplified and fused to the C-terminus of the respective
protein by PCR. Yeast strains expressing N-terminally TAP-tagged
proteins were constructed in the same way, with the plasmid
pBS1761 (Puig et al, 2001) as template. In some cases, the TEV
protease cleavage site of the TAP tag was replaced by a PreScission
protease cleavage site. In those cases, the plasmid pBS1539-Psc
(Kramer et al, 2014) was used as PCR template.

Purification and immunolabelling of spliceosomal B complexes

The method for stalling spliceosome assembly at the B complex
stage and purifying the spliceosomal particles was an adaptation
of the method described previously (Fabrizio et al, 2009).
Uniformly [*?P]-labelled M3-ActinA6 pre-mRNA bearing three
phage R17 MS2 binding sites at the 5 end was produced by
in vitro transcription with T7Z RNA polymerase and pre-incubated
with a 15-fold molar excess of the MS2-MBP fusion protein (Das
et al, 2000) in 20 mM HEPES (pH 7.9) at 4°C for 30 min. The
MS2-MBP-bound pre-mRNA was then incubated for 60 min with
yeast whole-cell extract (Gottschalk et al, 1999) under splicing
conditions (60 mM K,HPO,/KH,PO, pH 7.4; 3% w/v PEG 8000;
50 uM ATP; 2 mM spermidine; 2.5 mM MgCl,; 40% v/v yeast
extract; 2 nM M3-ActinA6 at 30-50 cpm/fmol). The typical scale
of the splicing reaction was 100 ml. After complex assembly, the
potassium concentration was adjusted to 150 mM and the precipi-
tate was removed by centrifugation at 13,300 g and 4°C for
10 min. The supernatant was loaded on 2 ml amylose-agarose
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(New England Biolabs) that was pre-equilibrated in G150 buffer
(20 mM HEPES-KOH pH 7.9; 1.5 mM MgCl,; 150 mM KCl; 0.5 mM
DTT; 0.5 mM PMSF) containing 5% w/v glycerol and 0.01% w/v
NP-40. After washing with 10 ml of the same buffer and 50 ml of
G75 buffer (20 mM HEPES-KOH pH 7.9; 1.5 mM MgCl,; 75 mM
KCl; 0.5 mM DTT; 0.5 mM PMSF) containing 5% w/v glycerol
and 0.01% w/v, NP-40 spliceosomes were eluted with 12 mM
maltose in G75 buffer containing 5% w/v glycerol and 0.01% w/v
NP-40. From the peak fractions, ~10 pmol of B complexes was
taken and incubated with 30 pmol of rabbit polyclonal anti-TAP
antibodies (Thermo Scientific) for 90 min on ice (for the control
no antibodies were added). After antibody binding, the whole
volume was loaded on a 10-30% w/v glycerol gradient with a
parallel 0-0.4% w/v glutaraldehyde (Electron Microscopy
Sciences) gradient in G75 buffer and centrifuged in a Sorvall
THG660 rotor for 16 h at 4°C at 51,000 g (max.). The gradients
were fractionated from the bottom in 125 ul fractions. The peak
fractions were used directly for EM specimen preparation.

To confirm the presence of the antibody in the gradient
fractions, an enzyme-linked immunosorbent assay was carried out
essentially as described by Wolf et al (2009).

Electron microscopy and image processing

Negative-stain EM grids were prepared according to the single
carbon film method (adapted from Kastner, 1998; and Kastner et al,
2008). Briefly, 50 mM glycine was added to the glycerol-containing
gradient fractions to quench the glutaraldehyde. Then, ~25 pl of the
fraction was pipetted into a well in a black polyoxymethylene block
pre-cooled on ice. Next, a thin (< 10 nm) carbon film was floated
on the sample and covered with a perforated carbon copper mesh
grid, and particle adsorption was allowed to take place on ice until
the desired particle density was achieved (typically 120-180 min).
The excess of sample solution was blotted away, and the adsorbed
particles were stained for 2 min with ~3.5% w/v uranyl formate (in
ddH,0) on ice. After blotting the excess of staining solution, the
grids were dried at room temperature for ~10 min and stored until
image acquisition.

EM images were taken at room temperature in a CM200 FEG
microscope (FEI) with 160 kV acceleration voltage at a magnifi-
cation of 115,000 in eucentric height and a defocus of ~1.2 pm using
a 4k x 4k CCD camera (TVIPS) with two-fold binning of the pixels.
For locating proteins, these raw images could be used directly. For
making class averages, images taken at 80,000-fold magnification
were used. About 9,000 single-particle images of monomeric yeast B
complexes were collected in a semi-automated way using the
custom-made automated picking software JohnHenry (B. Busch and
H. Stark, unpublished data). The software suite CowEyes (H. Stark,
manuscript in preparation) custom-made by the 3D Electron Cryo-
Microscopy Research Group (Max Planck Institute for Biophysical
Chemistry, Gottingen, Germany) was used for all subsequent image-
processing steps. The images were coarsened to a pixel size of 5 A,
and bandpass filtering was applied. After reference-free alignment
(Dube et al, 1993), the particles were classified by using multivari-
ate statistical analysis (Van Heel & Frank, 1981; Van Heel, 1984)
and averaged. The resulting averaged images of selected classes
were used as references for the next round of alignment until the
class averages were stable.
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Strategy for locating proteins

The strategy used to locate spliceosomal proteins in negative-stain
EM images is described in detail in the Results section. Briefly, all
main-view dimers that could be identified were used for analysis.
The outline of the second (non-main-view) particle that is involved
in dimerisation was traced and the area within the main-view parti-
cle within 14 nm of this outline was determined for each dimer.
This area represents the sum of all possible positions of the TAP
tag. Thereafter, all dimers were aligned according to the main-view
particle and the areas of potential TAP tag location where overlaid.
The segment where all areas overlapped was then determined; this
represents the final location of the TAP tag.

Expanded View for this article is available online.
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