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Abstract

The prespliceosome, comprising U1 and U2 snRNPs bound to the pre-mRNA 5" splice site (5'SS)
and branch point sequence, associates with the U4/U6.U5 tri-snRNP to form the fully-assembled
precatalytic pre-B spliceosome. Here, we report cryo-EM structures of the human pre-B complex
captured before U1 snRNP dissociation at 3.3 A core resolution, and the human tri-snRNP at 2.9
A resolution. U1 snRNP inserts the 5"SS-U1 snRNA helix between the two RecA domains of the
Prp28 DEAD-box helicase. ATP-dependent closure of the Prp28 RecA domains releases the 5'SS
to pair with the nearby U6 ACAGAGA-box sequence presented as a mobile loop. The structures
suggest that formation of the 5'SS-ACAGAGA helix triggers remodeling of an intricate protein-
RNA network to induce Brr2 helicase relocation to its loading sequence in U4 snRNA, enabling
Brr2 to unwind the U4/U6 snRNA duplex to allow U6 snRNA to form the catalytic center of the
spliceosome.

Pre-mRNA splicing consists of removal of non-coding introns and ligation of coding exons
by two transesterification reactions catalyzed by an immense ribonucleoprotein particle
called the spliceosome. First, the pre-mRNA 5" splice site (5”SS) is attacked by the
conserved branch-point (BP) adenosine upstream of the 3’SS, yielding the cleaved 5’-exon
and lariat-intron/3”-exon intermediate. Then, the freed 3" hydroxyl of the 5’-exon attacks
the 3’SS, ligating the exons and releasing the lariat intron (1-3).

The spliceosome assembles in a stepwise manner from five SnRNPs, each containing an
SnRNA (U1, U2, U4, U5 or U6) and then undergoes an extensive remodeling process to
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form its active site (1-5). The accuracy of pre-mRNA splicing relies on splice site
recognition by the spliceosome, which is mainly achieved through interactions with the
snRNAs. The 5’SS is recognized by pairing with U1 and the BP is recognized by pairing
with U2 within the prespliceosome (6), which recruits the pre-formed U4/U6.U5 tri-snRNP
(7-10) to yield the fully assembled pre-B complex (11-13). In this pre-catalytic
spliceosome, U6 snRNA, which will ultimately fold to form the active site, is chaperoned in
an inactive conformation through pairing with U4 snRNA, and the 5’SS is still paired with
U1 snRNA. Spliceosome activation is initiated by disruption of the 5”SS-U1 snRNP
interaction by the DEAD-box helicase Prp28 (14) to transfer the 5’SS to the invariant
ACAGAGA box of U6 snRNA and the 5" exon to U5 snRNA loop 1. 5”SS transfer results
in the formation of the B complex, and is followed by extensive reorganization of the
spliceosome promoted by unwinding of the U4/U6 snRNA duplex by Brr2 helicase (15,16),
which dissociates U4 snRNP and allows U6 snRNA to fold and pair with U2 snRNA,
forming the catalytic center.

Over the past few years, cryo-EM studies of human and Saccharomyces cerevisiae (hereafter
referred to as yeast) spliceosomes have greatly advanced our structural understanding of pre-
mRNA splicing (1-3). Yet the early activation process, particularly the mechanism of Prp28-
mediated 5’SS transfer from U1 snRNP to the U6 and U5 snRNAs, which ultimately
ensures its correct positioning during catalysis, is poorly understood. The cryo-EM structure
of yeast U4/U6.U5 tri-snRNP showed that U4 snRNA is already loaded in the active site of
Brr2 helicase prior to associating with the prespliceosome to form the pre-B complex (7-
9,17), whereas it was evident in the earlier cryo-EM structure of human U4/U6.U5 tri-
SnRNP that Brr2 is kept away from U4 snRNA by Sad1l (10) and relocates to bind U4
SnRNA during the pre-B to B transition (13). In the previous cryo-EM structure of the
human pre-B complex, the loosely associated U1 snRNP was located in the cryo-EM density
map without a precise orientation (13).

In this study, we report high-resolution cryo-EM structures of the human tri-snRNP and pre-
B spliceosome which reveal the interaction of the U1 snRNP with the tri-snRNP within pre-
B as well as an intricate network of interactions between the RNA and protein components
within the tri-snRNP. Our structures provide crucial insights into the mechanism of Prp28-
dependent transfer of the 5’SS from U1 snRNP to the U6 sSnRNA ACAGAGA sequence, and
how this is coupled to Brr2 relocation to allow spliceosome activation.

Structure determination of the human U4/U6.U5 tri-snRNP and pre-B

complex

Human spliceosomes were assembled on an AdML pre-mRNA substrate in HeLa nuclear
extract in the presence of a Prp28 helicase mutant, where the DEAD motif is replaced by
AAAD and consequently ATP-dependent RecA domain closure is prevented. This mutant is
dominant negative and stalls the spliceosome at the pre-B stage (Supplementary Methods;
fig. S1) (11). The purified sample used for cryo-EM studies contained all five SnRNAs as
well as the pre-mRNA. Initial data processing revealed a mixture of pre-B complex and tri-
snRNP, indicating some dissociation during sample preparation, consistent with the loose
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association of tri-snRNP at the pre-B stage (11) (fig. S1). Cryo-EM data analysis yielded
reconstructions for tri-snRNP and the pre-B complex at average resolutions of 2.9A and
4.0A, respectively (Fig. 1, fig. S2 to S6, Table S1-S2, Supplementary Material PyMOL
sessions 1 and 2). The resolution of the pre-B complex core was improved to 3.3A by
applying a soft mask, and focused refinement yielded reconstructions of the U1 and U2
lobes at sufficient resolution to position the two sSnRNPs unambiguously (fig. S6).

Organization of U4 and U6 snRNAs in human tri-snRNP

The human tri-snRNP and pre-B complex structures were previously reported at an overall
resolution of 7A (10) and 10A (5.9A for the pre-B core) (13). The higher resolution of our
maps allowed us to build more complete models of the protein and RNA components that
revealed an intricate network of interactions crucial for recognition of the 5’SS upon its
transfer from U1 to U6 snRNA at the pre-B stage. The U4 snRNA nucleotides 73 — 79 base
pair with nucleotides 36 — 30 of U6 snRNA (Fig. 2A, fig. S7). This helix, previously
attributed incorrectly to the 5" stem of U6 sSnRNA (13), is now referred to as U4/U6 stem 111
(18). The U4 snRNA nucleotides 63— 67 form a structure, which we refer to as a quasi-
pseudoknot, stabilized by base pairing between U4 nucleotides U63 and A67 and between
G64 and U6 nucleotide A47, continuous stacking of base pairs as well as cross-strand
stacking of U4 A68 and U6 G49 (Fig. 2B, fig. S7, A-C). This quasi-pseudoknot is further
stabilized by binding of the U4 nucleotides 68 — 70 to the -sheet surface of the RBM42
RRM domain. The U6 A48 base is flipped out from the quasi-pseudoknot and sandwiched
between Dim1 and the RBM42 RRM domain (Fig. 2 A and B). RBM42 had been identified
by mass-spectrometry as an integral component of the tri-snRNP (10) and the pre-B
complex (11) but had not been observed in previous cryo-EM structures (10,13).

The formation of these RNA structures has important functional implications. Firstly, stem
I11 formation occludes U4 snRNA nucleotides 68 — 81, which are loaded in the active site of
Brr2 helicase after relocation in the B complex for U4/U6 duplex unwinding (13,19).
Secondly, the formation of the quasi-pseudoknot brings U6 snRNA nucleotides A36 and
A47 closer to enable the ACAGAGA-containing intervening sequence to loop out and
project towards the U1 snRNP in the pre-B complex for 5’SS pairing (Fig. 1B and C, Fig.
2A, fig S7B).

The U4 Sm core domain is packed against the RNaseH and Endonuclease (Endo) domains
of Prp8 and the U4/U6 helix stem 111, and Snu66 cements the interaction between Prp8 and
the U4 core domain (Fig. 2C and D). Two a-helices of Snu66 also interact extensively with
the U4 snRNA quasi-pseudoknot and the U4 core domain. The C-terminus of SNRNP-27K
(20) traverses from the ACAGAGA loop, interacting with Snu66 and the flat face of the U4
core domain (21), to the central hole of the Sm core domain where it interacts with U4
snRNA and projects its disordered N-terminal RS domain (Fig. 2C and D, fig. S5E).
SNRNP-27K had been detected in human tri-snRNP by mass spectrometry (10) but had not
been identified in previous structures. Its highly-conserved C-terminus forms a loop
immediately adjacent to the flexible ACAGAGA-box, suggesting that it may contribute to
orienting U6 snRNA during 5’SS transfer (Fig S7D). Indeed, mutations in this loop can
activate cryptic 5’SSs that lack complementarity to U6, suggesting a role for SNRNP-27K in

Science. Author manuscript; available in PMC 2019 October 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Charenton et al.

Page 4

fidelity during 5’SS transfer (20). The extensive network of interactions described above
cooperatively stabilizes the organization of the U4/U6 snRNP domain, which differs
substantially from that of the yeast tri-snRNP (7-9). The U4/U6 stem I11 and the quasi-
pseudoknot do not form in yeast (6-8) which lacks RBM42 and SNRNP-27K.

Interaction of Brr2 within human tri-snRNP

Brr2 helicase occupies two very different positions during spliceosome assembly. In yeast
tri-snRNP (7-9) and in yeast (17) and human B complexes (13,19), Brr2 is loaded on U4
SnRNA ready to unwind the U4/U6 duplex. In human tri-snRNP (10) and pre-B complex
(13), Brr2 is kept in a pre-catalytic position away from its U4 substrate by multiple
interactions (Fig. 2, E and F). Brr2 is tightly bound to the Prp8 Jab domain which interacts
with the Reverse Transcriptase (RT) and Linker domains of Prp8. The Brr2 N-terminal
helicase cassette is supported by Prp6 bound to the RNaseH and RT domains of Prp8, and
Snul3, whereas the Brr2 C-terminal helicase cassette is packed against its PWI domain,
which in turn contacts Sad1 bound to Snul14 and the Prp8 RT domain. Our high-resolution
maps of the human tri-snRNP and pre-B reveal that the pre-catalytic position of Brr2 is
further stabilized by numerous contacts involving its long (~400 aa) N-terminus (fig. S5D).
The extreme N-terminus of Brr2 wraps around the Prp8 Large domain and forms a helix that
bridges the Brr2 helicase domain to the Prp6 helical repeats, before turning back and folding
into the Plug domain (22) which blocks the Brr2 N-terminal helicase cassette (Fig 2E). A
long N-terminal linker connects to the PWI domain by binding first between the Prp8
RNaseH domain and the Prp6 helical repeats and then to a composite interface formed by
the Prp8 RT domain and a Prp6 peptide (Fig. 2, E and F). Interestingly, this Prp6 peptide is
part of an extensive N-terminal domain upstream of the Prp6 helical repeat domain that
winds through the tri-snRNP and adopts a different conformation in B complex (fig. S5B,
fig. S11). This complex network of interactions rationalizes the effects of various Brr2 N-
terminal deletions that cause slow growth or lethality in yeast and weaken the interactions of
Brr2 with the spliceosome (22).

Interaction of the Prp28 N-terminus with the spliceosome

In the previous structures of human tri-snRNP (10) and pre-B complex (13) only the crystal
structure of the two RecA domains was docked into the low-resolution maps. Our high-
resolution map enabled us to place not only the RecAl and RecA2 domains but also the N-
terminal region of Prp28 (Prp28-N) (Fig.3, fig. S5C). Immediately upstream of the RecAl
domain, residues 286 — 356 form an “anchor” at the interface between Prp8-N and Snul14
(Fig. 3A). This anchor domain is well conserved in higher eukaryotes but largely absent in
yeast (Fig. 3C), suggesting that in yeast Prp28 is recruited to the pre-B complex by a distinct
mechanism. Upstream of the anchor, Prp28-N polypeptide runs along Prp8 to U5 snRNA
loop 1, strikingly following the exact same path as the 5" exon in B complex (Fig. 3, A and
B). Upstream of this peptide is a disordered loop rich in basic residues that may cover the
equally disordered U5 snRNA loop 1. This “5”-exon mimic” peptide is highly conserved
(Fig. 3C) and essential in yeast (23). We speculate that that upon 5SS transfer, the 5 exon
would displace Prp28-N from Prp8, weakening the interaction of Prp28 with the
spliceosome and allowing its release and subsequent binding of B-complex proteins at the

Science. Author manuscript; available in PMC 2019 October 26.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Charenton et al.

Page 5

same position (Fig. 3B). Finally, upstream of the “5’-exon mimic” Prp28-N forms a long
alpha helix that connects the Prp8 Jabl domain and Brr2 C-terminal helicase cassette. This
enhances Prp28 binding to spliceosomes where Brr2 is not relocated, and in turn means
Prp28-N may stabilize Brr2 helicase in its inactive position so that dissociation of Prp28 and
relocation of Brr2 are highly cooperative. Interestingly, the B-complex protein Spp381 uses
the same binding surface on the Brr2 C-terminal helicase cassette (17), providing an
additional example of mutually exclusive interactions of the spliceosome with Prp28 or B-
complex proteins.

Structure of the pre-B spliceosome

In the fully assembled pre-B complex, U2 snRNP resides on top of tri-snRNP, flexibly
tethered by the newly formed U2/U6 helix 11 (11) and U6 LSm ring, which moves 90 A
relative to its tri-snRNP position and weakly binds SF3B1 (Fig. 1, B and C). Our high-
resolution structure revealed an additional docking point of U2 snRNP to tri-snRNP,
mediated by the long C-terminus of SF3AL (hPrp21) which loosely binds along Prp4 and the
U4 5" stem-loop before forming a stable anchor between Dim1 and Prp8, consistent with
cross-linking data (10) (Fig. 1, B and C, fig. S6E). This contact corresponds to an
unassigned helix in human B complex (11,13), suggesting that it persists until Brr2-
mediated U4/U6 unwinding. The structure of tri-snRNP remains largely unchanged upon
pre-B formation except that the only pre-B—specific factor, Prp4 kinase, binds in the space
between the Prp6 helical repeats, U4/U6 duplex and Prp8 RNaseH domain (Fig. 1A-C, 2F,
fig. S6D, S11). In that location, Prp4 kinase is ideally positioned to phosphorylate its known
substrates Prp6 and Prp31 during the pre-B to B transition ((Fig. 1A-C, fig. S11) (24).

In the pre-B complex the U1 snRNP is highly mobile, which previously precluded its
unambiguous assignment (13), and has poorly defined density even in subclasses of pre-B
particles that nonetheless show strong signal for U2 snRNP (fig. S8). Hence, U1 sSnRNP is
mainly anchored to tri-snRNP via the pre-mRNA substrate in pre-B and the interactions of
U1 snRNP with tri-snRNP are transient (fig. S8). By extensive 3D classification, we were
able to locate a subset of particles where U1 snRNP is stably bound (fig. S3 and S8),
enabling us to position it unambiguously (Fig. 1, B and C, 4A, fig S6). When in contact with
tri-snRNP, the U1 snRNP inserts between the U4 Sm core and Prp28 RecAl, placing Ul
snRNA stem 111 between the U4 snRNA 3” stem loop and the Prp8 Endo domain, while the
U1 Sm proteins SmE and SmG contact Prp28 RecAl (Fig. 1, B and C, 4A). Although the
U1 and U2 snRNPs are not in direct contact in the pre-B complex, their relative orientation
is similar to what is observed in the yeast prespliceosome (6), suggesting they may be
bridged by auxiliary U1 components such as the PRPF39 homodimer when U1 snRNP is
first presented to tri-snRNP as part of the prespliceosome (fig. S9).

U1/5’SS duplex disruption by Prp28 helicase in pre-B complex

Docking the U1 snRNP structure into the low-resolution map docks the U1/5’SS duplex
directly into the RNA-binding pocket of the Prp28 RecAl domain and in close proximity to
the 5”SS acceptors: U5 snRNA loop 1 and the U6 snRNA ACAGAGA-loop (Fig. 4A). The
presence of U1 snRNP induces a movement of RecA2, which is brought closer to RecAl
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thus clamping the U1/5’SS duplex (fig. S10). In our structure, the U1/5’SS duplex is still
intact, consistent with stalling at the pre-B stage. This implies that we do not observe a fully
closed conformation due to our use of a DEAD-box mutant of Prp28 that is deficient in
proper ATP binding (23), a canonical prerequisite for helicase domain closure (25).

To gain insight into U1/5"SS disruption by Prp28, we superimposed the structure of the
DEAD-box helicase Vasa (26) trapped in a closed conformation bound to single-stranded
RNA (ssRNA), believed to represent a post-duplex disruption state of the enzyme where the
two RecA domains bind and distort one RNA strand to induce release of the other (Fig. 4, B
and C). This superimposition aligns the Vasa-bound ssRNA with the U1 snRNA strand of
the U1/5’SS duplex, identifying U1 snRNA as the strand gripped by the Prp28 RecA
domains upon closure, which frees the 5’SS from its U1 chaperone (Fig. 4, B and C). The
close proximity of the freed 5°SS to the mobile U6 SnRNA ACAGAGA box and U5 snRNA
loop 1, and the residues of the Prp8 Endo domain that recognize nucleotides +1 and +2 of
the intron in B complex (13,19), likely ensures that once the duplex is melted, a valid 5°SS
can be directly transferred before it reanneals with U1 snRNA.

Model for 5’-splice site transfer to U6 snRNA and Brr2 relocation

Comparison of the structures of human tri-snRNP, pre-B complex, and B complex suggests a
plausible mechanism for pre-B complex activation (Fig. 5 and Movie S1). At the pre-B
stage, U1 snRNP is loosely tethered to the spliceosome and contacts tri-snRNP transiently
(Fig. 5A). When U1 snRNP docks into the tri-snRNP, the RecA domains of Prp28 bind ATP
and clamp around the 5" end of U1 snRNA, disrupting the U1/5’SS duplex and delivering
the 5'SS to U6 (Fig. 5, B and C). While the ACAGAGA box is fully exposed in pre-B, U5
snRNA loop 1 and the adjacent exon-binding channel of Prp8 are blocked by the N-terminal
domain of Prp28, suggesting that initial 5’SS annealing occurs at the ACAGAGA box. This
initial recognition may involve only a few nucleotides (fig. S7) but the ACAGAGA helix
will extend to that observed in the B complex during activation (13,19). Converting the
flexible ACAGAGA loop into a growing helix would increasingly destabilize and unfold the
quasi-pseudoknot, inducing dissociation of RBM42. Pairing of the 5'SS with U6 SnRNA
would also destabilize stem 111 and displace U4 snRNA from U6 snRNA thereby freeing the
Brr2 loading sequence (Fig. 5D). Moreover, the unwinding of stem 111 and conformational
change of U4 and U6 snRNAs would destabilize the Shnu66 and SNRNP-27K interaction
networks and liberate the U4 core domain and the RNaseH and Endo domains of Prp8. The
rotation of the RNaseH domain disrupts numerous interactions that kept Brr2 in its inactive
position (fig. S11) allowing the helicase to relocate and bind U4 snRNA for unwinding.
Dissociation of the Brr2 C-terminal helicase cassette would destabilize the PWI domain and
facilitate Sad1 dissociation. Concomitantly the 5” exon displaces Prp28-N from U5 snRNA
and Prp8, which would trigger Prp28 and U1 snRNP dissociation and allow B-complex
protein recruitment (Fig. 5, D and E).

It is intriguing that the sole binding of the 5”SS can trigger such a large reorganization of
multiple protein and RNA components in agreement with (11). This transition can occur
without ATP-fueled unwinding of RNA (11). Release of the 5’SS from U1 snRNP is
triggered by ATP-dependent closure of the two RecA domains and ATP hydrolysis may only
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be necessary for separation of the two RecA domains to release the 5” end of U1 snRNA
from Prp28 (25).

Overall, our pre-B and tri-snRNP structures reveal the mechanism of 5’SS delivery, identify
the binding site for U1 snRNP in the fully-assembled spliceosome and show how a DEAD-
box helicase can act within a large ribonucleoprotein complex. The structures show how
dramatic compositional and conformational changes in the spliceosome are coupled to
crucial checkpoints in splice site recognition, and provide a structural framework for further
biochemical analysis of this process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One Sentence Summary

Structure of a fully assembled pre-catalytic human spliceosome explains catalytic center
formation.
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Fig. 1. Structures of human tri-snRNP and pre-B complex.
(A) Overview of human U4/U6.U5 tri-snRNP. (B and C) Overview of the human U1.U2.U4/

U6.U5 pre-B complex in two orientations. The black dashed line represents the theoretical
path of the pre-mRNA intron.
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Fig. 2. Structural features of the human tri-snRNP.
(A) Organization of U4 snRNA in the tri-snRNP prior to Brr2 relocation. SL, stem loop. The

mobile ACAGAGA loop is depicted as a red dashed line. (B) Close-up view of U4/U6 stem
| capped by the quasi-pseudoknot and its stabilization by RBM42 RRM. (C) and (D) U4
region in two orientations. Note how Snu66 and SNRNP-27K wrap around the U4 Sm ring,
Prp8 Endonuclease and RNaseH domains, U4/U6 stem 111 and the quasi-pseudoknot thereby
solidifying the organization of the U4 region prior to Brr2 relocation. (E) Complex
interaction network of Brr2 N-terminal domain with tri-snRNP components. Brr2-C, C-
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terminal helicase cassette of Brr2. Brr2-N, N-terminal helicase cassette of Brr2. Prp8-L,
large domain of Prp8. (F) Another view of the complex interaction network of the Brr2 N-
terminal domain with tri-snRNP components. Prp8-RT, Prp8 reverse transcriptase domain.
Note the extended N-terminal domain of Prp6. On this panel, the Prp4 kinase (active site is
represented as an orange circle) as it interacts in pre-B and its phosphorylation targets on
Prp6 (magenta spheres) are represented.
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Fig. 3. Interaction of Prp28 with thetri-snRNP.

360

359
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141

(A) Interaction of the N-terminus of Prp28 with the tri-snRNP. Brr2-C, C-terminal helicase
cassette of Brr2. Prp8-N, N-terminal domain of Prp8. (B) Same view but of the 5" exon and
B-complex proteins in human B complex (PDB 6AHD). (C) Sequence alignment of Prp28

N-termini from different species.
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Fig. 4. Binding of U1 snRNP to tri-snRNP in pre-B complex.
(A) Close-up view of the U1/ tri-snRNP interface in pre-B complex. The mobile

ACAGAGA loop is depicted as a red dashed line. The disordered U5 snRNA loop 1 is
depicted as a blue dashed line. The 5" splice site (5'SS) is in striking proximity to the
ACAGAGA sequence, looped out between the quasi-pseudoknot and U4/U6 stem 111, and
U5 snRNA loop 1. (B) A model of Prp28 with the 5" end of U1 snRNA after ATP-
dependent closure of the two RecA domains and the 5’SS release. The RecAl domain of the
closed form of the Vasa DEAD-box helicase was overlaid on the RecAl domain of Prp28,
showing the position of the 5° end of U1 snRNA. (C) Superposition of the closed form of
the VVasa DEAD-box helicase on Prp28 RecAl, showing the position of the sSRNA as
observed in the original crystal structure (26). Note that the ssSRNA and the 5" end of U1
snRNA occupy a similar position suggesting that Prp28 disrupts the U1/5’SS duplex by
binding the U1 snRNA, thereby freeing the pre-mRNA 5’SS to pair with the free
ACAGAGA sequence.
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Fig. 5. Schematic representation of pre-B complex activation.
(A) Association of the prespliceosome with the tri-snRNP. (B) Docking of U1 snRNP inserts
the 5"SS-U1 snRNA duplex between the two RecA domains of Prp28. (C) Transfer of the
5SS to the U6 sSnRNA ACAGAGA-loop destabilizes the binding of U1 snRNP and Prp28.
(D) Formation of the 5"SS-ACAGAGA helix and dissociation of Prp28 induce movement of
the U4 core domain and relocation of the Brr2 helicase. (E) Binding of Brr2 to the single
stranded region of U4 snRNA made accessible by the 5SS induced reorganization of the
U4-U6 snRNA interaction.
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