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RNA structure analysis of human spliceosomes
reveals a compact 3D arrangement of snRNAs

at the catalytic core
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Although U snRNAs play essential roles in splicing, little is
known about the 3D arrangement of U2, U6, and U5
snRNAs and the pre-mRNA in active spliceosomes. To
elucidate their relative spatial organization and dynamic
rearrangement, we examined the RNA structure of
affinity-purified, human spliceosomes before and after
catalytic step 1 by chemical RNA structure probing. We
found a stable 3-way junction of the U2/U6 snRNA duplex
in active spliceosomes that persists minimally through
step 1. Moreover, the formation of alternating, mutually
exclusive, U2 snRNA conformations, as observed in yeast,
was not detected in different assembly stages of human
spliceosomal complexes (that is, B, B**, or C complexes).
Psoralen crosslinking revealed an interaction during/after
step 1 between internal loop 1 of the U5 snRNA, and intron
nucleotides immediately downstream of the branchpoint.
Using the experimentally derived structural constraints,
we generated a model of the RNA network of the step 1
spliceosome, based on the crystal structure of a group II
intron through homology modelling. The model is topo-
logically consistent with current genetic, biochemical, and
structural data.
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Introduction

Nuclear pre-mRNA splicing is catalysed by the spliceosome,
which assembles de novo onto each intron from preformed
subcomplexes and single factors (Wahl et al, 2009). Central to
assembly and catalysis are the U1, U2, U4/U6, and U5 snRNPs,
with their respective U snRNA components (denoted as Ul,
U2, U4, US, and U6). The snRNAs recognize short, degenerate
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sequences in the intron that define the 5 splice site (ss),
the so-called branchpoint (bp), and the 3’ ss, which is typi-
cally preceded by a pyrimidine-rich track (polypyrimidine
tract: PPY). DExD/H-type RNA helicases, as well as a
GTPase (Snull4), sequentially rearrange the RNAs (Staley
and Guthrie, 1998) to create a catalytic centre and facilitate
the two successive transesterification steps of splicing.
Initially, the 2’ OH of the branchpoint adenosine attacks the
5" phosphate of the 5 ss, resulting in cleavage of the pre-
mRNA at this site and the concomitant ligation of the 5" end of
the intron to the branchpoint adenosine, generating a lariat-
like structure (step 1). The liberated 3’ OH of the 5 exon then
attacks the 3’ phosphate at the 3’ ss, leading to excision of the
intron lariat and the ligation of the 5" and 3’ exons (step 2).

Spliceosome assembly (Wahl et al, 2009) starts with an
interaction between Ul snRNP and the 5’ ss to form the E
complex (Michaud and Reed, 1993; Das et al, 2000). Then, U2
snRNP interacts with the branchpoint, forming the pre-
spliceosomal A complex. Next, the U4/U6.US tri-snRNP
joins to form the pre-catalytic B complex. In this complex,
the 3’ end of U6 interacts with the 5" end of U2 to form U2/U6
helix II, and U4/U6 remains base paired (Figure 1). The
activated B complex (B*®) then forms by transfer of the
5" ss from Ul to the ACAGA box of U6 (Staley and Guthrie,
1999) and unwinding of the U4/U6 base-pairing interaction
(Figure 1C), leading to release of both Ul and U4 snRNPs.
The latter unwinding event allows U6 sequences from U4/U6
stem I to pair with the 5’ end of U2 to form U2/U6 helix I
(Madhani and Guthrie, 1992), and U6 sequences from U4/U6
stem II to form the U6 internal stem-loop (ISL) (Figure 1D).
The emergent catalytic centre, encompassing U2/U6 helix I
and the U6 ISL, is flanked by the first-step reactants, that is,
the 5’ ss, via interaction with the U6 ACAGA box (Wassarman
and Steitz, 1992; Lesser and Guthrie, 1993), and the branch-
point adenosine, via the connection of the branchpoint
helix to U2/U6 helix 1. After the final activation step is
mediated by the PRP2 RNA helicase (Kim and Lin, 1996)
(see Supplementary Table S1 for protein names), the cataly-
tically competent B* complex forms, and it catalyses step 1,
leading to C complex formation. US loop 1 (Figure 1B) is
thought to align the exons for step 2 by contacting both splice
sites (Newman and Norman, 1992; Sontheimer and Steitz,
1993; Dix et al, 1998; O’Keefe and Newman, 1998; McConnell
and Steitz, 2001); but its function may be redundant as it is
not essential for step 1 of splicing (O’Keefe et al, 1996;
Ségault et al, 1999). After a remodelling step by the PRP16
RNA helicase, step 2 is catalysed. The mRNA is then released
and the spliceosome is disassembled.

Although the splicing apparatus is evolutionarily highly
conserved (Fabrizio et al, 2009), some of the RNA-RNA
interactions differ between yeast and man. For example, a
shortened U2/U6 helix I, consisting only of helix Ia
(Figure 1D), was proposed for the mammalian spliceosome
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Figure 1 RNA structures in the spliceosome. (A) Proposed alternative structures of the human U2 snRNA based on the models of the yeast U2
snRNA. (B) Structure of U5 snRNA. (C) Structure of the U4/U6 di-snRNA duplex. (D, E) Models for the step 1 catalytic centre according to
Madhani and Guthrie (1992) and Sun and Manley (1995), respectively. The following colour code for the U snRNAs is used in all diagrams:
green U2, magenta U6, black pre-mRNA, and blue US. The solid boxes denote the snRNA Sm binding sites. Black boxes E1 and E2 are exon 1
and exon 2. Pre-mRNA intron is depicted by a black line. All sequences and nucleotide positions shown are from human and abbreviations for

natural modifications are in Supplementary Figure S2.

(Sun and Manley, 1995), which would create a 4-way
junction between U2 and U6 (Sashital et al, 2004), as
opposed to the 3-way junction proposed for yeast (Madhani
and Guthrie, 1992). A U2/U6 helix III (Figure 1D), upstream
of the U6 ACAGA box, was proposed to form in both spliceo-
somes (Figure 1), but with minor differences in the nature of
the helix (Sun and Manley, 1995; Yan and Ares, 1996). Two
mutually exclusive U2 structures were proposed to toggle
iteratively in the yeast spliceosome (i.e., the U2 stem IIA/IIC
toggle; see Figure 1A) (Hilliker et al, 2007; Perriman and
Ares, 2007). It is not known whether this U2 toggling also
occurs in the human spliceosome. Thus, a reliable picture of
the RNA-RNA network in the mammalian spliceosome is
currently lacking.

The idea that self-splicing group II introns are the evolu-
tionary ancestors of nuclear pre-mRNA introns (Sharp, 1985;
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Cech, 1986) suggested early on that the function of RNA
elements of group II introns might be provided in trans by
spliceosomal U snRNAs during nuclear pre-mRNA splicing
(Sharp, 1988), and that they might catalyse the latter. This
suggested that the spliceosome, like group II introns, might
be a ribozyme, with its catalytic core embedded in a protein-
RNA rather than an RNA-only scaffold. The reaction mechan-
isms and stereochemistry are identical in the two systems
(Moore and Sharp, 1993; Padgett et al, 1994; Sontheimer
et al, 1999). Structurally, domain V of group II introns and the
U6 ISL in the spliceosome are homologous (Madhani and
Guthrie, 1992; Shukla and Padgett, 2002; Keating et al, 2010),
and both bind an essential magnesium at identical positions:
at C377 in a group IIC intron in Oceanobacillus theyensis
(Baker et al, 2001), and at U80 in the U6 ISL in yeast (Fabrizio
and Abelson, 1992; Yean et al, 2000), which is equivalent to
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U74 in human (Figure 1D). Both systems have a so-called
catalytic triad of three consecutive conserved nucleotides
(nts) (AGC at nts 53-55 in human U6, CGC in group IIC,
and AGC in group IIA) that also coordinates the essential
magnesium. These elements are positioned in the structure
of an excised group IIC intron by triple interactions, with
the bulged nucleotide of domain V and the so-called J2/3
junction interacting with the catalytic triad (Baker et al, 2001;
Toor et al, 2008). Similar interactions have been proposed for
the spliceosome, with the GA immediately following the U6
ACAGA box mimicking the function of the J2/3 junction
(Michel et al, 2009; Keating et al, 2010). Finally, U5 loop 1
(see above) is thought to be functionally analogous to the
exon-binding site (EBS1) in group II introns (Newman and
Norman, 1992).

To date, RNA structures have never been probed directly
in purified spliceosomes. Here, we have characterized the
RNA-RNA network in highly purified, human B, B*, and
C spliceosomal complexes by RNA structure probing and
psoralen crosslinking. Using the proposed similarities to
group II introns (Michel et al, 2009; Keating et al, 2010) and
experimentally derived structural constraints, we constructed
a model of the RNA-RNA network of the human spliceo-
somal C complex. This model was then docked to the crystal
structure of the Prp8 protein (Galej et al, 2013), thought to be
the central binding platform for the functional RNA core of
the spliceosome.

Results

RNA structure probing of purified human spliceosomes
To probe their RNA structure, human B, B*®, and C spliceoso-
mal complexes, assembled in HeLa cell nuclear extracts in vitro,
were purified via MS2 affinity selection. C complexes were
formed on the PM5 pre-mRNA, which lacks exon 2
(Supplementary Figure S1), thereby stalling splicing after
step 1. C complexes assembled on PMS5 are functional, as
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they catalyse step 2 when exon 2 is provided in trans
(Bessonov et al, 2008). B complexes were assembled on PM5
by incubating for 8 min, and B** complexes were formed on the
PM5-20 pre-mRNA, which contains a truncated PPY tract that
stalls splicing at the B stage (Bessonov et al, 2010). We treated
the isolated complexes with dimethyl sulphate (DMS; A- and
C-specific), 1-cyclohexyl-3-(2-morpholinoethyl) carbodiimide
metho-p-toluene sulphonate (CMCT; U-specific and low
reactivity towards G), or p-ethoxy-a-ketobutyaldehyde
(kethoxal; G-specific) (Ehresmann et al, 1987). Reactivity of a
nucleotide towards any of these reagents indicates that it is
unpaired and accessible. A lack of reactivity indicates that it is
involved in a base-pairing interaction or interacts with a
protein. RNA base modifications were detected by primer
extension with reverse transcriptase (RT), which stops after
transcribing the nucleotide immediately preceding the modified
base (Ehresmann et al, 1987).

We initially analysed the U5 protection pattern in purified
U4/U6-US tri-snRNPs and B, B**', and C complexes (Figure 2;
Supplementary Figure S2). By quantitating the intensity of
the reverse transcription stops, we distinguished three levels
of modification: weak, medium, and strong, as indicated by
the size of the dots (Figure 2B, inset; see Supplementary
Figure S2B for an example of quantification). All known
double-stranded regions of US were inaccessible in all com-
plexes analysed. Major changes in accessibility of the internal
loops (ILs) 1 and 2 were not detected, suggesting that US does
not undergo major structural rearrangements during splicing.
Only minor changes were observed in IL 1 and IL 2 during
the B to B* transition, which likely reflect subtle changes in
U5 snRNA structure and/or protein-RNA interactions at this
stage. In contrast, nearly all US loop 1 nucleotides (C38-U41)
were accessible in the tri-snRNP, but their accessibility
decreased during the transition from the B to C complex
(Figure 2A, CMCT for B and C complexes). As U5 loop 1
contacts the 5 and 3’ exons prior to step 2 of splicing
(Sontheimer and Steitz, 1993), shielding of U41 and U42 in
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Figure 2 Nucleotide accessibility of U5 snRNA in spliceosomal complexes. (A) Chemical modification of the tri-snRNP (TSN) and B, B, and
C complexes with the reagents indicated above the lanes (see text for details; KE: kethoxal). Modified bases were detected by primer extension
analysis with an oligonucleotide complementary to U5 nts 83-103. See Supplementary Figure S2 for complete data set. Lanes to the right of a
particular sequence were from a single gel; structural features of U5 are indicated on the right. (B) Summary of US base accessibilities observed
in spliceosomal complexes. The colour code and the correlation of the dot sizes with reactivity are shown in the inset. Nucleotides upstream
from the primer annealing site that do not bear labels were unreactive. Superscript m: 2’0-methyl. Source data for this figure is available on the

online supplementary information page.

2806 The EMBO Journal VOL 32 | NO 21| 2013

©2013 European Molecular Biology Organization



US is likely due to their interaction with the sole exon present
in the PM5 and PM5-20 substrates.

A U2/U6 3-way junction at the core of the RNA network
of the B*°* and C complexes

To determine whether the U2/U6 duplex forms a 3- or a 4-
way junction in active human spliceosomes, we investigated
U2 and U6 base accessibilities in B, B**, and C complexes
(Figure 3; Supplementary Figures S3 and S4). As shown by
protection of U2 nucleotides 3-11 (Supplementary Figure S3,
hil) and U6 nucleotides 87-95 (Figure 3B; Supplementary
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Figure S4C), U2/U6 helix II, consistent with both the 3- and 4-
way junction model, was present in all three complexes. In
the 4-way junction model (Sun and Manley, 1995), the CGC
sequence of U6 (nucleotides 79-81) is paired with U6 nucleo-
tides 54-56 (Figure 3A, inset). Significantly, U6 nucleotides
79-86 immediately adjacent to U2/U6 helix II were accessible
in B** and C complexes (Figure 3B) and thus not engaged in
base-pairing interactions. This is not compatible with the
formation of a 4-way junction, but rather supports a 3-way
junction similar to that thought to form in yeast (Madhani
and Guthrie, 1992).

A 80 ARAUG S
\p
u 8
S st ®
AS% < C%e  UBISL @ 5
rede UBSnRNA G, - &% B
] o ®c
Goee 40 Cm- Gm2
UCGA Ve »
U Ac LA G -A _—
m b 60— cn.gU 80~
Ayc pose] -é.m..
PreemRNA @Y’ Are § - e
UA A 80 . g |Hel|xl
Pl %0 C GUGAAGCGUUC+Y
[Eoxon Glon PgY, “angl i
+1/p AGAUUAT * GG”UUU‘I/CCG”G”‘CUC*I“I/CGCU T
PPY "LCUAGW U Y 888 § —10 3§
: uacudt Cle
3% | | T Am\ la Helix | U6 ISL

gUAUUC‘l“P vonwe Vge ‘j%U 11
” i U2 snRNA Cm.G
BP helix s U6snRNA G A

G-C

U-A

KE Gm|
— GAUY-AM

Bim C+ B_af C+ R t Q—CUAGWVUC GH GW‘(IDQ—

- = - ceagen Helix la /g,,‘ ¢ Helixll

B U6 snRNA__DMS

Sequence Bact
CUAG

lulo

U2 snRNA U2 SL1
C C complex C complex
PM5 MINXgg
U6 snRNA —
Sequence -~ + -+ ATP

CUAG -+ -+ -+ -+ DMS
- ! - G55
' X SR

c
b
N

(PR

6 78 910111213141516

N
)
w
E-N
3]
[o>]
~
=Y
«©
S
N
=
N
~

D U6 snRNA @ 5
32 P

s % 11808 8 S o
5+~ AYUGGA A AUU QB
3+~UAJUCYYG, ,Cm\|/ YGA A i

4'9 ﬁ "‘GUGA”@@ %éA

40 BP Helix |
Helix llir Interactlon
U2 snRNA
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oligonucleotide complementary to U6 nts 80-100. Only the relevant portion of the sequencing gel is shown. (D) Summary of U2 and U6 protection
in the proposed helix IIl region in the B, B**', and C complexes. The original helix IIl spans U6 nts 30-42 and U2 nts 36-49. The ACAGA box of U6
is boxed. Source data for this figure is available on the online supplementary information page.
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The determined accessibility pattern of nucleotides in the
U6 ISL in both B** and C complexes is consistent with its
previously proposed structure (Epstein et al, 1980; Fortner
et al, 1994). Specifically, nucleotides C62-U64 and A70-G72
were protected from chemical modification, suggesting that
the upper stem forms, while nucleotides C66-C68 were
accessible, indicating that the upper loop forms (Figure 3B).
The lower part of the stem showed some partial reactivity,
which is due either to helix breathing or to the presence of the
non-canonical G - A base pair. The bulged nucleotide U74 was
protected in the B®*" and C complexes, and A73, proposed to
pair with C61, showed consistently low reactivity with DMS.
While an alternative structure is possible (see below), the U6
ISL structure that forms upon spliceosome activation persists
through step 1 of splicing, as only minor differences were
observed in the loop in the B> versus C complex.

RNA structure probing showed that both B**" and C com-
plexes likely contain U2/U6 helix Ia and Ib, as nts 49-55
of U6 (Supplementary Figures S4A and B) and 20-28 of U2
(Supplementary Figure S3, hl) were protected from modifi-
cation, except for possible breathing of the G-C pair at the
beginning of U2/U6 helix Ia (summarized in Figure 3A). The
only change observed upon C complex formation was DMS
reactivity at U6-C55 (Supplementary Figures S4A and B).
However, when ATP (which is normally absent during MS2
affinity selection of the C complex) was present throughout
the purification steps, U6-C55 was unreactive towards DMS
(Figure 3C, cf lanes 6 and 8). No additional ATP-dependent
changes in RNA accessibility were found, and identical
results were obtained with a MINX pre-mRNA substrate
containing a mutated 3’ ss (MINXgg; Supplementary
Figure S1) (Figure 3C).

Although all bases in the U6 ACAGA box (nts 41-45)
were protected from chemical modification, intron position
A + 3 was invariably accessible in both B**' and C complexes,
and U+2 and U+ 6 became accessible in the C complex
(Supplementary Figures S4A-C). This indicates that initially
only ACA of the ACAGA box base pairs with intron nucleo-
tides near the 5 ss (Figure 3A). For the U2 branchpoint
binding region (nts 33-38), the protection pattern revealed
that the U2/pre-mRNA branchpoint helix is formed in both
the B*' and C complexes (Figure 3A; Supplementary
Figure S3). Finally, most U6 nucleotides proposed to base
pair with U2 to form U2/U6 helix III (i.e., nts 30-42) were
accessible to chemical modification, with the exception of
U31 and U32 at the end of the proposed U2/U6 helix III
(Figure 3D; Supplementary Figure S4). Correspondingly,
U2 nts 42 and 45-47, which are proposed to base pair with
U6 in helix III, were accessible in all complexes analysed
(Figures 3D and 4A-C; Supplementary Figure S3); notably
U2-A48 (which is thought to base pair with U6-U31), as well
as U2-U49 were protected. Taken together, these data indi-
cate that the entire U2/U6 helix III does not form in B, B, or
C complexes.

Mutually exclusive U2 snRNA conformations are not
detected in B, B, or C complexes

We next investigated whether, as observed in yeast, U2 snRNA
undergoes a conformational change during the B-to-C complex
transition, in which U2 stem IIA opens allowing formation of
U2 helix IIC (Figure 1A) (Hilliker et al, 2007; Perriman and
Ares, 2007). Formation of U2 helix IIC in human spliceosomes

2808 The EMBO Journal VOL 32 | NO 21| 2013

would lead to protection of U2 nts 89-95 (Figure 4C).
However, in B, B®, and C complexes, these nucleotides, as
well as their neighbours, were fully accessible (Figures 4A-C;
Supplementary Figure S3). We thus conclude that U2 helix IIC
does not form in human B, B, and C spliceosomes. However,
during the B** to C transition, we observed increased accessibility
of nts US55 and US58 in the loop, in the 3’ strand of the stem (C61-
G63), and at C50 (Figures 4D-F). Thus, some restructuring of U2
stem-loop ITA occurs during or after step 1 of splicing. Finally, the
first two base pairs of U2 stem IIA (U47-A66 and A48-U65) did
not form in any of the spliceosomes analysed, as A66 and U65
were accessible in B, B*, and C complexes (Figures 4D and E).
Although A48 was protected, it does not base pair with U65, but
appears to be involved in other interactions.

Psoralen crosslinking reveals a novel intron-U5
interaction

Psoralen crosslinking is a powerful method to determine
higher order interactions in RNA assemblies (Hausner et al,
1990; Wassarman and Steitz, 1992). Upon UV irradiation at
364nm, psoralen will primarily form mono-adducts with
favourably exposed bases and, to a lesser extent, di-adducts
between bases if they are in the correct orientation relative to
one another, for example, on opposite strands of a helix
facing each other. To analyse such interactions between
spliceosomal RNAs, we performed psoralen crosslinking
with B, B*', and C complexes, and looked for crosslinked
RNAs by northern blotting, probing sequentially for U2, US,
U6 (Figures 5A-C) and U4 (Supplementary Figure S5A), or by
direct autoradiography of the blot, to reveal the position of
radiolabelled pre-mRNA-containing crosslinks (Figures 5A-C,
pre-mRNA panels). The identities of the crosslinked RNAs
can be deduced by comparing the migration behaviour of the
various bands detected with each probe; a band detected by
two (or three in the case of a double crosslink) different
probes indicates the formation of a crosslink between each of
the probed RNA species.

Within our purified C complexes, there are two different
forms of the intron lariat, designated as long (Ip) (i.e.,
essentially full-length ending at nt 478), and short (Is),
which apparently arises via 3’ end trimming of the intron.
The latter is estimated to lack ~ 50 intron nucleotides (i.e., to
end at ca nt 430), based on the relative gel migration of the
two intron species and comigrates with exon 1, as revealed by
RNase H digestion assays (data not shown). The relative
abundance of I}, and Is varies among different extracts and is
probably due to a nucleolytic activity (Ruskin et al, 1984;
Ruskin and Green, 1985). Crosslinks containing both forms
are most apparent if the crosslinked species is small (i.e.,
with the U5 snRNA, see below) and, due to their poor
separation on the gel, both forms are less apparent with
longer crosslinked partners (i.e., the U2 snRNA).

The pattern of psoralen crosslinks was independent of ATP
during the spliceosome affinity purification steps (Figure 5,
compare + ATP with — ATP), suggesting that energy is not
required to maintain the RNA architecture once it is estab-
lished. A U2/U6 crosslink mapping to U2/U6 helix II (Hausner
et al, 1990) was detected in all complexes (Figure 5, U2/U6
hII). In addition, a crosslink containing the pre-mRNA and U6
(pre/U6; B and B** complexes) or U6 and the lariat intron
(I/U6; C complex), corresponding to the intron/U6 ACAGA-
box interaction (Wassarman and Steitz, 1992), was also
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Figure 4 Remodelling of U2 stem-loop IIA between steps 1 and 2 of splicing. Base accessibility to CMCT (A) and DMS (B) of U2 nts U87-G97 in
B and C complexes, analysed by primer extension with oligonucleotide K31 (complementary to U2 nts 149-169). (C) Summary of base accessibility
of the U2 snRNA from the branchpoint binding region (thick bar) to the Sm binding site (starting at G98). Colour code as in Figure 2B. Solid line:
sequences that would be involved in U2 helix III (hIIl); shading: nucleotides that would be paired if helix IIC was formed (double-headed arrow).
(D-F) DMS, CMCT, and kethoxal (KE) modifications of the stem IIA region of U2 in B and C complexes. Critical nucleotides are shown on the right.
The strong DMS modification of A66 that leads to stops at positions C67 and A66 (compare lane 6 with lanes 1 and 3) is likely due to gel compression
that results in the A66 signal being split into two bands. A similar effect was observed at this position in the ddG sequencing lane 1 (see also
Supplementary Figure S3B). Source data for this figure is available on the online supplementary information page.

detected. The I/U6 crosslinked RNA species comigrates with
the U2/U6 hII crosslink (as revealed by RNase H digestion,
Supplementary Figure S6A). A second U2/U6 crosslink (U2/U6
hIllr) migrating above U2/U6 hll, and a double crosslink
containing the intron, U2, and U6 (I/U2/U6) (Figure 5, see
also below), were first observed in the C complex. An intron/
U2 crosslink (I/U2) was very abundant in the C complex, but
almost undetectable in the B and B*® complexes. Two cross-
links containing U5 and either the long or short form of the
PMS intron (I/US and Is/US5; Figure 5, see also below) were
also visible. A previously undetected double crosslink con-
taining U2, the intron, and US (U2/1/US, Figures 5B and C; see
also below) was also observed in the C complex. For each
double crosslinked species, both single crosslinked species
must also be present. As both I/U2 and I/U5 crosslinks are
detected (Figure 5C; see also Figure 6), the data suggest that in
the U2/1/US5 double crosslinked species, both snRNAs are
crosslinked to the intron. Similar psoralen-crosslinked species
were also detected in C complexes formed on the MINXgg

©2013 European Molecular Biology Organization

pre-mRNA (Supplementary Figure S5B), demonstrating that
these RNA-RNA interactions are not substrate specific, but
rather occur generally within the spliceosome.

To confirm the identity of the crosslinked RNAs and
map the crosslinking sites, we performed DNA oligonucleo-
tide-directed RNase H digestions (Hausner et al, 1990) with
crosslinked RNA from purified C complexes. Oligonucleotide
(oligo) induced RNase H hydrolysis will induce a change in
mobility of the target depending on the position of the
oligonucleotide binding site. We first analysed U5 and U2-
containing crosslinks in total crosslinked RNA using oligos
complementary to different portions of the intron (Figure 6C),
the PM5 exon (Ex) or the U6 snRNA. Cleavage products were
visualized by northern blotting using U5 and U2 probes
(Figure 6A). The crosslinks designated as I/U5, I/U2, and
U2/1/U5 were not cleaved by the exon (lanes Ex) or U6 oligos
(which were, however, effective in cleaving the exon or U2/U6
crosslinks; Figure 6B), confirming that these crosslinks do not
contain the exon or U6 snRNA. In contrast, the U5-containing
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Figure 5 Identification of RNA-RNA interactions via psoralen crosslinking. Northern blot analysis of psoralen-crosslinked RNA obtained from
the B (A), B* (B), and C (C) complexes. The panels with signals obtained from the **P-labelled pre-mRNA (visualized directly), or probes
against U5, U2, or U6 (indicated below) are displayed next to one another for each complex. All panels were derived from a single blot. Ps:
psoralen; Pre: pre-mRNA; I, intron. Crosslinks are labelled to the right or left of the panels. Pre-mRNAs and first step intermediates are
indicated on the left. The PM5-20 pre-mRNA used for B*' complex isolation is 68 nts shorter than the PM5 pre-mRNA used for the B and C
complexes. The band labelled with an asterisk corresponds to a truncated pre-mRNA (~7% of total) remaining in the C complex preparation
that could not undergo the first step of splicing. (D) X, Y, and Z are regions excised from an equivalent gel and from which crosslinked species
were extracted for further characterization (Figure 7). Source data for this figure is available on the online supplementary information page.

crosslinks were cleaved with oligos complementary to the
intron (Figure 6, U5 panel, lanes 2-4), confirming that the
major U5 crosslinked species contain the latter.

Close inspection of the cleavage products containing U5
that are generated upon RNase H digestion with the intron
oligonucleotides indicates that US is crosslinked downstream
of the branchpoint in the linear 3’ tail of the lariat intron for
the following reasons. With intron oligo C, which spans the
branchpoint and could theoretically cleave on either side of it
(Figure 6C), two U5-containing products (I and III) reflecting
US crosslinked to the two forms of the intron lariat (I;, and Is)
are observed in the C complex (Figure GA, lane 4). These
cleavage products were not further cleaved with oligo A,
which is complementary to nucleotides in the loop of the
lariat (lanes 3 and 4); that oligo A is generally active is
evident by the fact that the oligo C cleavage products of the
I/U2 crosslink were further cleaved when oligo A was addi-
tionally present (Figure 6A, U2 probe, cf lanes 3 and 4). This
indicates that the U5-containing cleavage products obtained
with oligo C do not contain an intact or opened loop, and that
US is crosslinked to the intron downstream of the branch-
point. The latter is also supported by the small size of the
oligo C cleavage products containing U5. As the most down-
stream cleavage position of oligo C is theoretically at intron nt
401, the US crosslink must be located downstream of this
position, but it cannot be further downstream than ca.
nucleotide 430, the approximate 3’ end of the shorter intron.
Consistent with this, oligo B, which binds a few nucleotides
further downstream of oligo C, produces even shorter frag-
ments (II and IV) crosslinked to U5 (lane 2), albeit with low
efficiency (cleavage with oligo B alone is generally ineffi-
cient). In summary, these data indicate that the US crosslink
is located somewhere between intron positions 401 and ca
430, which places it ~6-34 nucleotides downstream of the
branchpoint.

As the U2/I/US crosslink was cleaved by the C oligo,
but no additional US-containing cleavage products were

2810 The EMBO Journal VOL 32 | NO 21| 2013

detectable (Figure 6A), the same two fragments appear to
be generated from both the single and double crosslinks. This
was corroborated by RNase H studies with purified U2/1/U5
crosslinked RNA, where identical, short US-containing clea-
vage products were observed (Supplementary Figure S6C).
Thus, US likely crosslinks to the same intron position in both
I/US5 and U2/1/U5. This is also consistent with the fact that
the double crosslink must arise from two, more abundant,
single crosslinks, namely I/U5 and I/U2.

The crosslinks designated as I/U2 and U2/1/US5 were
also targeted by the intron oligos, as well as by an oligo
complementary to U2 (Figure 6), confirming the presence of
the intron and U2 snRNA (Figure 6A, U2 panel); the material
still detected at the position of U2 alone after cleavage with
the U2 oligo is a cleavage product of the U2/U6 helix II
crosslink (compare Figure 6B, lanes 3 and 4, U2 and U6 probe
panels). The intron/U2 crosslink was cleaved with intron
oligo C that spans the branchpoint region (Figure 6A, U2
panel, lane 4). When oligo A was present in addition to C a
smaller (compared with oligo C alone) cleavage product
containing U2 (band VII) was observed (compare lanes
3 and 4, bands VII and VI). This indicates that the U2
crosslink is associated with the lariat structure, consistent
with it being crosslinked while in a standard branchpoint
helix interaction. Accordingly, the U2 crosslinked fragment
generated by RNase H digestion with oligo B (band V) was
slightly larger than that obtained with oligo C alone (band
VI), indicating that U2 is crosslinked upstream of the oligo B
binding site.

The identity of the U2/U6 crosslinks in the C complex was
similarly confirmed using oligos directed against U2 or U6
(Figure 6D, grey lines labelled U2 and UG6), in the case of
I/U2/U6 directed against the intron (Supplementary Figure
S6), and subsequent northern blotting using U2 and U6 probes
(Figure 6B; Supplementary Figure S6A). All crosslinks contain-
ing U2 and U6 were cleaved with the U2 and U6 oligos
(Figure 6B, lanes 3 and 4, U2 probe and U6 probe panels).

©2013 European Molecular Biology Organization
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Figure 6 Mapping of C complex-specific psoralen crosslinks by site-specific RNase H cleavage. Total psoralen-crosslinked RNA from the C
complex was incubated with RNase H and the oligonucleotides indicated above each lane (see C and D for their position), and the reaction products
were subsequently identified by northern blotting. The origin of the signals is noted below the panels in (A) and (B), with ‘Pre-mRNA’ indicating the
signal derived from the **P-labelled pre-mRNA. (A) Mapping of crosslinks of U2 and U5 to the intron. The two intron species (intron long: I and
intron short: Ig) that are present in the C complex are indicated. The likely structures of the main cleavage products are shown schematically, where a
blue dot indicates crosslinked U5 snRNA and a green dot indicates crosslinked U2 snRNA. The location of the cleavage sites is indicated on the
cleavage products, assuming that RNase H will cleave at most 3 nts away from the ends of a DNA/RNA duplex (Nowotny et al, 2005). (B) Mapping
of snRNA-snRNA crosslinks. The asterisk denotes truncated pre-mRNA (see Figure 5). The double asterisks denote cleavage products from the
U2/U6 helix II duplex and the arrow denotes the cleavage product from the U2/I/US5 crosslink. (C, D) The annealing positions of DNA
oligonucleotides used for RNAse H mapping are indicated by thin lines. In (D), the position of the crosslinks, as determined by primer extension
analysis (see Figure 7), is indicated by red bars. Source data for this figure is available on the online supplementary information page.

As I/U2 and U2/U6 hII (as opposed to U2/U6 hlllr) are the
major, single crosslinks, the double crosslinked 1/U2/U6 spe-
cies most likely consists of U2 crosslinked both to the intron,
and to U6 via U2/U6 helix II. Given that the crosslink species

©2013 European Molecular Biology Organization

designated as U2/U6 IIIr migrates slower than U2/U6 hl, it
should contain a crosslink at a position other than U2/U6 helix
II; indeed, as shown below, primer extension analyses suggest
a crosslink within a region of U2/U6 helix III.
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Next, we determined the precise crosslinking sites by
primer extension analysis (Figure 7). As RT is unable to
extend through the site of crosslinking, the last nucleotide
incorporated by RT should directly precede the crosslinked
nucleotide. Additional psoralen-induced RT stops observed
downstream of the very last stop, can be attributed to the
formation of psoralen mono-adducts. As it was not possible
to purify individual crosslinks due to their complex comigra-
tion pattern (Figure 5), we purified RNA from three regions of
the gel (X, Y, and Z in Figure 5D, where the U2/I/US and
I/U2/U6 crosslinks should be mainly in Z, the I/U2 crosslink
mainly in Y, and the I/U5 and U2/U6 hllIr crosslinks mainly
in X). Primer extension with a primer complementary to U5
(Figure 7A) revealed a strong last RT stop at the nucleotide
preceding U40 with RNA from the gel regions X and Z,
indicating that U5-U40 crosslinks with the intron in both
the I/US5 and the U2/1/U5 crosslink species. In the case of U2,
the presence of mono-adducts resulted in multiple strong RT
stops (reducing the intensity of more upstream stops and
making their quantitative comparison difficult), with the last
RT stop observed at the nucleotide preceding U2-U32 with
RNA isolated from all three regions. These data indicate that
in the I/U2 (region Y) and the U2/I/US and 1/U2/U6 cross-
links (region Z), the intron is crosslinked to U2-U32. As this
U2 nucleotide is involved in the U2/pre-mRNA branchpoint
helix interaction, these data further indicate that this
U2/pre-mRNA interaction is still present in the C complex.
The signal observed with RNA from region X is likely due to
contamination with the I/U2 crosslink due to smearing.

When U6 crosslinks in regions X, Y, and Z were analysed
using a primer that anneals upstream of U2/U6 helix 1II, the
last RT stop observed with RNA from region Z was the
full-length U6 snRNA, consistent with the idea that U6 in
the I/U2/U6 double crosslink species is only crosslinked to
U2 via helix IT (which is not detected by the primer used in
this experiment). In contrast, the last stop in regions X and Y

was U6-U32, which was previously proposed to be involved
in a base-pairing interaction in the U2/U6 helix III (see
Figure 3D; Sun and Manley, 1995). This suggests that in the
crosslink species designated as U2/U6 hlllr (which may also
contaminate the Y region of the gel), U6-U32 is crosslinked to
the U2 snRNA, the only other U6 crosslink partner in this
region of the gel. Our RNA structure probing showed that U6
nucleotides surrounding the crosslinked U6-U32 are pro-
tected (Figure 3A), and that U2 nucleotides surrounding
U2-U49 are also protected (Figure 3A), suggesting an RNA-
RNA interaction between U2 and U6 that maps to a region of
U2/U6 helix III (Figure 3D; Sun and Manley, 1995). However,
due to the extensive formation of psoralen mono-adducts
on U2, clear evidence for the formation of a U2 crosslink at
U2-U49 or neighbouring nucleotides could not be obtained.
Nonetheless, both RNA structure probing and psoralen cross-
linking suggest that there is an interaction between U6 and
U2 in the region previously proposed to form U2/U6 helix III,
which does not appear to form entirely in the human C
complex. Importantly, similar results were obtained when
the crosslinked species from C complexes formed on the
MINXgg substrate were also analysed by primer extension
(Supplementary Figure S7).

A three-dimensional model of the RNA network in the
spliceosomal C complex

The extensive parallels between nuclear pre-mRNA splicing
and group II intron autocatalytic excision suggested that the
core in both systems may be structurally homologous. As our
purified C complexes contain a functional catalytic centre,
and as the excised group IIC intron from O. iheyensis (Toor
et al, 2008) is the catalytically relevant structure (Baker et al,
2001), we constructed a model of the RNA network of the C
complex (i.e., post-step 1) by RNA homology modelling
(Massire and Westhof, 1998; Jossinet et al, 2010; Westhof
et al, 2011). To this end, we modelled the respective U2/U6
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Figure 7 Mapping of psoralen-crosslinked nucleotides by reverse transcription. (A-C) RNAs crosslinked in C complexes formed on the PM5
substrate were isolated from gel regions X, Y, and Z (see Figure 5D) as indicated above each lane, and analysed by reverse transcription with
primers complementary to US nts 83-103 (A), U2 nts 77-97 (B), or U6 nts 80-100 (C). Ps: psoralen; the control was material isolated from an
equivalent gel region from a non-crosslinked sample. Primer extension of RNA isolated from the U2 (in B) or U2/U6 (in C) region of a
preparative gel (compare Figure 5). Labelled stops correspond to the crosslinked nucleotides. Source data for this figure is available on the

online supplementary information page.
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sequences (Figure 8A, nucleotides in shaded area; see
Supplementary Figure S8B for a conventional representation)
into the catalytic core from the group IIC intron. In this core,
the bulged nucleotides of domain V, the catalytic triad, and
the J2/3 junction form a triple helix (Supplementary
Figure S8A) and similar interactions are proposed to be
present in the spliceosome (Michel et al, 2009; Keating
et al, 2010). Accordingly, we modelled the respective U6
RNA elements (bulged nucleotides of ISL, the catalytic triad
AGC as part of the U6/U2 helix Ib, and the G46-A47 im-
mediately following the ACAGA box) into the triple helix
structure of the group II intron (Toor et al, 2008) (Figure 8A,
thick-dotted lines). This fixed the orientation of the ACAGA
box with respect to U6 in the catalytic centre.

The two-nucleotide bulge of domain V is structurally
essential for positioning a magnesium ion in the group II

©2013 European Molecular Biology Organization

intron. To allow a similar structure in the U6 ISL, we shifted
the register of the upper stem by one nucleotide (Figure 8A).
The resulting alternative pairing agreed much better with our
RNA structure probing data (medium DMS reactivity at A73
and none at U74). A two-nucleotide bulge for U6 ISL was also
suggested earlier (Toor et al, 2008; Michel et al, 2009) and the
Ubatac ISL from the minor spliceosome could successfully be
replaced with a group II domain V element that had a two
nucleotide bulge (Shukla and Padgett, 2002; Supplementary
Figure S8B, inset). We next modelled U6/U2-helix Ia and the
two bulging As that connect helix Ib (part of the triple helix).
A very similar arrangement of two short helices was found in
a 5S rRNA structure (Supplementary Figure S8C), and we
thus used it as a template. To reach the upstream U6
dinucleotide G46-A47 (also part of the triple helix), a sharp
bend at the connecting A48 had to be introduced (Figure 8B).
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We then added the splicecosomal RNA elements to the
homology core. To find the correct spatial positions, we
were guided by RNA structural constraints (this work;
Sontheimer and Steitz, 1993; McConnell and Steitz, 2001;
Rhode et al, 2006) and the suggested natural continuations of
the RNA strands from the homology core. To model the
attachment of the ACAGA box, we assumed that only the
ACA sequence paired with nucleotides +4 to +6 of the
intron. Further, we added an idealized helix with three base
pairs to the 5’ end of the ACAGA box (Figure 8A) to facilitate
spatial positioning. At the 3’ end, the thio-U crosslink of
intron U+2 to the ultimate A45 of the ACAGA box
(Sontheimer and Steitz, 1993) was modelled as a stacking
interaction, in agreement with the crystal structure of a
thio-dT/adenosine crosslink (Saintomé et al, 1996). The
neighbouring U6-A43-intron-U + 4 base pair fixed the orien-
tation of the ACA mini-helix of the ACAGA box (Figure 8C).
This in turn determined the orientation of the U6 and intron
strands that join to form the ACAGA box, and also the spatial
position of the 5" end of the intron on the other side that
points towards the catalytic centre. To attach the branchpoint
helix, we first modelled the helix according to Berglund et al
(2001) and connected it to U2/U6 helix Ia with the AAGU
connector sequence (nts 29-32) of U2. This initial extended
configuration (not shown) was adjusted manually to position
the branchpoint. A bend was introduced at U2-A29, so that
the branchpoint 2’ OH came close to the 5’ ss phosphate and
additionally faced the catalytic centre. The final relative
orientation of the branchpoint helix to the ACAGA box is
such that the U2 strand faces the ACAGA box and the intron
strand is on the opposite side of it. This is in agreement with
previous site-directed hydroxyl-radical probing from the + 10
intron position of the pre-mRNA (adjacent to the ACAGA box;
Figure 8A); in these studies, the U2 backbone of the branch-
point helix was hit by radicals, whereas the intron with the
branchpoint was not (Rhode et al, 2006).

We next attempted to fit U5 interacting with exon 1. To this
end, we constructed an idealized U5 loop 1 with an attached
exon 1 (Figure 8C). We modelled the U5 loop 1 on a tRNA
anticodon loop because of their close structural and functional
similarities (also, the EBS1 site of the O. iheyensis group II
intron has a similar fold; see Supplementary Figure S8D). The
tRNA wobble position corresponded to the U5-U40 position
and exon 1 paired to the neighbouring loop 1 nucleotides
corresponding to the tRNA anticodon. The model is idealized
as the previous crosslinks (Sontheimer and Steitz, 1993) do
not imply pairing. However, using the 3’ end of exon 1 as a
guide for positioning, US with the exon 1 could be fit to the
right of the catalytic centre (Figure 8C). This general position
is homologous in space to the exon-binding site in the group II
intron. Further, U5-U40 is then in the correct spatial proximity
to interact with nucleotides of the PPY tract. This would
satisfy our constraints from the I/US5 crosslink.

Interestingly, the nucleotides of U2 and U6 that interact in
the suggested U2/U6 helix III region are located in the same
spatial section of the model (Figure 8C, magenta and green
arrows). To model this situation, we first created a small
helix containing the interacting nucleotides of U6 and U2
(Figure 8A). By adjusting the U2 connection to the BP helix
and the U6 connection to the ACAGA box, this idealized
helix IIl region could be fit to the left of the catalytic centre by
two sharp bends at the respective connecting nucleotides

2814 The EMBO Journal VOL 32 | NO 21| 2013

(Figure 8D). While some parts of the resulting RNA model are
idealized situations, overall it represents a clash-free, homo-
logy model of the RNA core of the spliceosome that takes into
account all available experimental constraints.

Discussion

Our characterization of the RNA-RNA network in purified
spliceosomes solved a number of long-standing issues
pertaining to the spliceosomal RNA network and supplied
sufficient constraints for homology modelling of the RNA
core of the spliceosomal C complex. RNA structure probing
demonstrated that a 3-way junction of the U2/U6 duplex is
present during step 1 and is actively maintained for step 2
(Figure 3). Transient structures may form during spliceosome
transitions, however, the intact helix Ib that we detect during
and after step 1 is also required for both steps of splicing in
yeast (Hilliker and Staley, 2004). As our C complexes are
stalled after the PRP16-mediated rearrangement required for
step 2 catalysis (Bessonov et al, 2008), our data suggest that
the core containing all essential metal-binding sites (Fabrizio
and Abelson, 1992; Yean et al, 2000) does not change
between the two catalytic steps, and thus that the
spliceosome has only one catalytic centre, as also proposed
previously by others (Steitz and Steitz, 1993). Our results
further underscore the similarities between the spliceosome
and group II introns, which also have only one catalytic
centre (Chanfreau and Jacquier, 1994; Baker et al, 2001;
Chan et al, 2012). For the spliceosome, this suggests that
the main function of the structural transition between
catalytic steps 1 and 2 is to remove the first-step phosphate,
that is, the branchpoint branched to the 5" end of the intron,
from the catalytic centre and to replace it by the second-step
phosphate in a concerted structural transition. During this
transition, exon 1 is held in place by the interaction of loop 1
of US, suggesting a placement of step 1 and step 2 phosphates
similar to that found in group II introns (Chan et al, 2012).

We cannot conclusively determine the conformation of the
U6 ISL at A73 and U74. A pH-dependent cycle of protonation
and deprotonation of A73 (Venditti et al, 2009) is unlikely,
as we did not detect any variability of DMS reactivity at A73.
We adopted the two nucleotide bulge as the most likely active
conformation as a basis for our modelling, as it is the
conformation of the domain V transplant that functioned in
the minor spliceosome (Shukla and Padgett, 2002). Essential
proteins that contact the U6 ISL, such as Prp8 or Cwc2/RBM22
(Newman and Norman, 1992; Teigelkamp et al, 1994; Reyes
et al, 1999; Siatecka et al, 1999; Turner et al, 2006; Rasche et al,
2012; Schmitzova et al, 2012) may induce such an active
conformation. These proteins undoubtedly also may serve to
stabilize the weak base-pairing interactions between the
ACAGA-box and the pre-mRNA. Not surprisingly, the reactive
groups in the protein-free structure of a U2/U6 model duplex
are separated by large distances, and it was postulated that
essential protein-mediated activation step(s) are necessary to
bring them closer (Burke et al, 2012). Thus, genuine nuclear
pre-mRNA splicing with only U snRNAs is highly unlikely (see
Smith and Konarska, 2009 for discussion).

Stem-loop ITA of U2 was the only RNA structural element
that showed restructuring dynamics concomitant with step 1
of splicing (Figure 4). The U2-specific splicing factors SF3a/b
are known to be destabilized during catalytic activation
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(Bessonov et al, 2008; Warkocki et al, 2009; Lardelli et al,
2010; Ohrt et al, 2012) and stem-loop IIA interacts with the
RNA binding surface of SF3a (Lin and Xu, 2012). This
suggests that stem-loop IIA structural dynamics might be
linked to destabilization of SF3a, and possibly of SF3b, and
may also be linked to the transition between steps 1 and 2.
SF3a/b destabilization may also explain the enhanced
intensity of the U2/intron crosslink in the C complex
(Figure 5). As SF3a/b proteins also contact the pre-mRNA
at/near the branchpoint sequence (Gozani et al, 1996), these
proteins might shield this region from psoralen intercalation
in the B and B*' complexes, but no longer in the C complex.
The yeast equivalent of helix IIC (Hilliker et al, 2007;
Perriman and Ares, 2007) did not form upon restructuring
of stem-loop IIA (Figure 4). As helix IIC cannot form in U12
(Frilander and Steitz, 1999), the U2 equivalent in the minor
spliceosome, these results suggest differences between yeast
U2 structural dynamics during splicing, and those of both
human U2 and U1l2. Alternatively, helix IIC may have
escaped detection because it forms only transiently and
cannot be captured in our stalled, purified spliceosomes, or
it may only form in the intermediate B* complex that was not
analysed here.

During step 1, US loop 1 is near the 5’ ss site (Sontheimer
and Steitz, 1993) and the 5’ end of the intron (McConnell and
Steitz, 2001) and therefore proximal to the branchpoint,
consistent with the US-intron crosslink identified in this
study. Localization of the 3’ ss AG by the spliceosome was
proposed to occur via a 5’ to 3’ scan of the PPY tract, starting
from the branchpoint (Smith et al, 1989; Liu et al, 1997). The
U5 loop 1 crosslink downstream of the branchpoint may be a
snapshot of this scanning process and suggests that, by
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Turned left
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keeping exon 1 in a fixed position relative to the catalytic
centre, US snRNP may be crucial in guiding the 3’ ss into the
catalytic centre.

In contrast to group II introns, the core RNA network of the
spliceosome functions within a protein scaffold in which
PRPS8 is thought to be the central platform. As the crystal
structure of the yeast Prp8 protein in complex with the Aar2
assembly factor was recently solved (Galej et al, 2013), we
investigated whether our model of the spliceosome’s RNA
core could be docked to the structure of the Prp8 protein. The
crystal structure represents an assembly intermediate in
which the so-called RNase H and JAB1/MPN domains are
held in place mainly via interaction with Aar2. For the
purpose of docking, we removed the Aar2 protein, removed
the RNase H domain, as its exact position and functional
location in the absence of Aar2 is uncertain, and ignored
the JAB1/MPN domain which is not thought to contribute to
the RNA binding surface (Galej et al, 2013). We used only a
few constraints: (i) US must be on the side where it contacts
the Prp8 protein (blue peptide in Figure 9B; Turner et al,
2006); (ii) the branchpoint must be close to the region to
where it crosslinks to an unordered Prp8 loop (black loop in
Figure 9B; Galej et al, 2013); and (iii) the ACAGA/pre-mRNA
helix must be proximal to where the RNase H-like domain is
positioned; a direct contact of the 5 ss with the RNase H
domain was not considered because a corresponding
crosslink was only detected up to the B complex stage
(Reyes et al, 1999). We found one orientation that satisfied
these constraints (Figure 5C). In this orientation, the tip of the
finger of the RT-like domain is very close to the catalytic
centre. Indeed, a peptide (aa 871-970) containing this finger
was found crosslinked to both the 5’ ss and the branchpoint

5"ss and BP XL

«— U5 loop 1 XL

Helix Il
oy region

Turned right

Figure 9 Docking of the RNA model onto the structure of the yeast Prp8 protein. (A) Structural overview of the Prp8 protein (Galej et al, 2013).
(B) The landmarks used to dock the RNA model. The Aar2 protein and the Jabl/MPN domain are removed. (C-E) The docked RNA model is
shown on the solvent-accessible surface of the combined reverse transcriptase and endonuclease domains coloured according to their
electrostatic potential (+ 3 kTe ~'). Three orientations are shown: a face-on view (C) and rotations by 90° of this view to the right (D) or left (E).

A movie animation is in Supplementary Data.
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(Turner et al, 2006). Exon 1 can be placed in a basic cleft
connected to a basic exit channel (Figure 9D). Due to the
lack of constraints, the position of US is tentative (Figure 9D).
The U6 ISL would be oriented into the cavity of the Prp8
protein (Figure 9E), where it is still available for interaction
with other proteins. The large basic cavity between the endo-
nuclease domain and the thumb of the RT domain would
form a binding surface for helix Ia/b and provide sufficient
surface for entry of the PPY tract. Given that we have not
attempted to adjust the RNA model to the protein surface, it is
interesting that we could dock it in a unique orientation to the
Prp8 protein, lending support for validity of our RNA model.
Together with future information about RNA-protein inter-
actions, our 3D model and its interaction with Prp8 can now
be tested, and thus serve as a basis for further exploration of
spliceosomal structure and dynamics.

Materials and methods

Materials

Oligodeoxynucleotides used are complementary to the RNAs listed
with beginning and ending nucleotides shown (with name in
brackets): U2 snRNA: 75-95 (U2), 77-97 (K91), 149-169 (K31);
U4 snRNA: 65-83 (B1); US snRNA: 83-103 (B2); U6 snRNA: 56-68
(U6), 80-100 (K34), 90-103 (U689); PM5 pre-mRNA: 281-262
(RTacaga281_262), 171-182 (Ex); MINXgg pre-mRNA: 229-249
(MINXggRT). Universal RNA adaptor is 5-GACGACUCUAUAGUGU
CACCUAAAU-3/, with its complementary oligodeoxynucleotide:
5'-ATTTAGGTGACACTATAG-3' (URA, positions 8-25). DMS was
purchased from Fluka, CMCT from Sigma, and kethoxal from
Research Organics.

Purification of spliceosomal complexes

Spliceosomes were assembled in vitro, and purified by gradient
centrifugation and subsequent MS2-affinity selection using amylose
beads (New England Biolabs) essentially as described earlier
(Deckert et al, 2006; Bessonov et al, 2008, 2010; Hartmuth et al,
2012), using the PM5, PM5-20, or MINXgg (Golas et al, 2010) pre-
mRNAs.

Chemical modification and primer extension

Chemical modifications were performed essentially as described
elsewhere (Hartmuth et al, 1999; Rasche et al, 2012) using 1-3 pmol
of native complex. To analyse the extreme 3’ end of U6, cyclic 3’
terminal phosphates were removed (Cameron and Uhlenbeck,
1977), the universal RNA adaptor was added using T4 RNA ligase
(New England Biolabs) and 3’-extended U6 molecules were gel
purified. Sequence-marker templates were also prepared in this way
from U6 prepared by transcription in vitro. Primer extensions were
performed as described (Hartmuth et al, 1999) and quantified by
phosphorimaging (Typhoon 8600). At least three independent
experiments were quantified, using the Quantity One program
(Bio-Rad) (see Supplementary Figures S2B for details). Signals
were divided into three classes according to the fold increase
observed: 1.1- to 2.4-fold increase: weak; 2.5- to 3-fold increase:
medium; greater than 3-fold increase: strong.
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Psoralen crosslinking and analysis of crosslinks

Purified spliceosomes (2-5pmol) were crosslinked, and crosslinks
were analysed by gel electrophoresis (5% polyacrylamide/8 M urea)
and northern blotting as described previously (Behzadnia et al,
2007). RNase H digestion of total crosslinked RNA from the C
complex was performed essentially as described (Behzadnia et al,
2007), except that RNase H was from NEB. Crosslinked species
were purified from denaturing gels identical to those shown in
Figure 5. RNA from the sections indicated was recovered
and analysed by primer extension, with primers B2 (US5), K91
(U2), or K34 (U6).

Model building

Initial trials on the feasibility of building a group II intron homology
model of the RNA network of the spliceosome were performed with
both the Manip program (Massire and Westhof, 1998) and the
newly devised program Assemble (Jossinet et al, 2010).
Refinement was performed with NUCLIN-NUCLSQ and the model
was checked for consistency using built-in routines (Westhof et al,
1985). These routines are now part of the Assemble suite (Jossinet
et al, 2010). The homologous core (red area in Figure 8A) was
modelled on coordinates from 3G78 (Toor et al, 2008; Wang, 2010),
using the following mappings (given as O. theyensis (0i) to
spliceosome): Oi 3-5 to pre-mRNA 1-3; Oi 286-289 to U6 44-47;
0i 358-366 to U6 53-61; Oi 375-381 to U6 72-78; and Oi 383-385 to
U2 20-21. Helix Ia and Ib was modelled on 2AWB (Schuwirth
et al, 2005): 2AWB 29-33 to U6 51-55 and 2AWB 49-57 to U2 20-
29. Figures were prepared with Pymol (Schrédinger, LLC).
Docking was performed using Hex 6.3 (http://hex.loria.fr/;
Ritchie and Kemp (2000)). Initial orientations satisfying crosslink
constraints were chosen to orient the receptor (Prp8 from pdb code
4143) and the ligand (RNA model). The twist angle range was set to
30° with a step size of 7.5° and distance range was set to 5A. The
electrostatic surface potential was calculated using the adaptive
Poisson-Boltzmann solver (Baker et al, 2001) implemented in
Pymol.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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