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1. SUMMARY 1

1 Summary

In eukaryotes, splicing is a process during which the non-coding introns of the

pre-messenger RNA (pre-mRNA) are removed, and the protein-coding exons are

ligated. The introns are de�ned by conserved 5' splice site (5'SS), 3'SS, and the branch

site1. These sequences are recognized by a highly dynamic molecular machinery

called the spliceosome that catalyzes the splicing reactions. The spliceosome is a large

ribonucleoprotein (RNP) complex that contains �ve small nuclear ribonucleoproteins

(snRNPs), namely U1, U2, U4, U5, and U6 snRNPs, and other non-snRNP proteins1.

The spliceosome is assembled in a stepwise manner on the pre-mRNA, and during

the early assembly phase, U1 and U2 snRNPs recognize the 5'SS and the branch site,

respectively, forming the prespliceosome complex (A complex). In the A complex, the

U2 snRNA base-pairs with the branch site, forming the U2-BS helix. The branch-site

adenosine (BS-A), the nucleophile of the �rst catalytic step of splicing, is bulged

out from the U2-BS helix and thereby de�ned. The U2-BS helix is stabilized by U2

proteins, especially the SF3b complex. As revealed by recent cryo-EM structures of

fully assembled spliceosome complexes2 3, SF3B1 (human)/Hsh155 (yeast), the major

sca�olding protein of the SF3b complex, contains a ring-like HEAT domain and tightly

wraps around the U2-BS helix. The closed conformation of the SF3B1/Hsh155 HEAT

domain (SF3B1/Hsh155HEAT) found in the spliceosomes is distinct from the open

conformation found in the crystal structure of isolated SF3b complex, but the trigger

to this functionally important conformational change is unknown. The U2 snRNP

also contains TAT-SF1 (Cus2 in yeast), whose function is only poorly understood.

In yeast, U2 snRNA nucleotides that base pair with the branch site are initially

sequestered in a branchpoint-interacting stem-loop (BSL)4, but it is unknown whether

the human U2 snRNA folds in a similar manner.

The A complex formation requires the DEAD-box ATPase Prp5 that has been

shown to mediate an ATP-dependent conformational change in U2 snRNP5 6 7 8.

However, the Prp5 mediated RNP remodelling is poorly understood due to the lack

of structural information of early spliceosomal complexes, especially in humans.

Furthermore, Prp5 is also implicated in proofreading the branch site during the A
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complex formation. Charles Query's and Soo-Chen Cheng's lab9 10 have shown that

branch-site mutations � including a U to A mutation at position 257 (U257A) of the

actin pre-mRNA, which destabilize the U2-BS helix � hinder splicing reaction and

lead to an accumulation of spliceosomes at an early assembly stage, at which Prp5 is

still associated. Several mutations in Prp5 have been shown to improve the splicing

e�ciency of the pre-mRNAs containing branch-site mutations. This has led to the pro-

posal that Prp5 functions in assessing the �delity of U2 base-pairing with the branch

site. However, the exact mechanism of how Prp5 proofreads the branch site is unknown.

In the �rst part of this thesis, we report the �rst structure of the human 17S U2

snRNP by single-particle cryo-EM at a core resolution of 4.1 Å and its molecular

architecture based on crosslinking mass spectrometry (CXMS) data11. Our 17S U2

snRNP structure shows that SF3B1HEAT adopts the open conformation, similar to the

conformation identi�ed in the crystal structure of isolated SF3b core12 13 and that the

SF3b core complex does not undergo major structural changes during U2 assembly.

The open conformation of SF3B1HEAT is likely stabilized by the binding of U2 proteins

Prp5 and TAT-SF1. Our studies further reveal that U2 snRNA forms a BSL in

humans, which is sandwiched by U2 proteins, including Prp5, TAT-SF1, and SF3B1,

and is inaccessible for branch site recognition. Therefore, substantial remodelling of

the BSL nucleotides and displacement of BSL interacting proteins must occur for

stable U2 addition into the spliceosome. By comparing the 17S U2 structure with

the U2 region of later spliceosome complexes, we reveal the structural rearrangements

facilitated by Prp5 that are required for stable U2-BS interaction and the A complex

formation.

In the second part of this thesis, we investigate the molecular mechanism of how Prp5

contributes the branch site proofreading in yeast. We report cryo-EM structures of the

yeast spliceosome intermediates assembled on actin pre-mRNAs with the BS-A deleted

(∆ BS-A complex) or with the U257A mutation (U257A complex) at the branch site14.

We show that the two complexes are structurally identical at the current resolution, and

they represent a novel spliceosomal intermediate, the pre-A complex, which is formed

after Prp5 mediated U2 remodelling but prior to A complex formation. Our pre-A
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complexes reveal that formation of the U2-BS helix alone is not su�cient to trigger the

closure of Hsh155HEAT. Instead, insertion of the BS-A into the SF3b binding pocket

is the major trigger. A comparison of our pre-A complex structures with the 17S U2

snRNP and the A complex structures reveals that the U2 snRNP undergoes a large-

scale remodelling during the U2 to pre-A complex and pre-A to A complex transition.

Importantly, the pre-A to A transition, which generates the U4/U6.U5 tri-snRNP

binding site, is inhibited by Prp5 binding. This provides a structural explanation of

why Prp5 and the tri-snRNP binding are mutually exclusive, as previously observed10.

Our data also suggest that the displacement of Prp5 is coordinated with the docking

of the U2-BS helix and the Hsh155HEAT closure that is trigger by the BS-A insertion.

Branch-site mutations that hinder the correct insertion of the BS-A inhibit formation of

the productive closed conformation of Hsh155HEAT and the release of Prp5, thus being

stalled at the pre-A stage. Taken together, we propose that Prp5 does not proofread

the branch-site sequence directly but rather the overall RNP conformation of the pre-A

complex.
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2 Introduction

2.1 Structural biology and electron microscopy

2.1.1 Structural biology: understanding biomolecules by visualization

Biological molecules include DNA, RNA, proteins, lipids, and carbohydrates. These

molecules are the fundamentals of all known living organisms on earth and contribute

to virtually every biological activity. The function of a biomolecule is underpinned

by its structure. Structural biology is a study of understanding the mechanism of

how biomolecules work by studying how they are built. Visualization of their three-

dimensional (3D) structures allows us to interpret how the molecules are assembled,

how they interact, and how they perform their speci�c functions. However, traditional

light microscopy is not able to reach the sub-nanometer resolution where the structural

details of biomolecules are visible, as it is restricted by the wavelength of visible light.

Therefore, structural biology utilizes specialized methods, and the most commonly used

of which are X-ray crystallography, nuclear magnetic resonance spectroscopy (NMR),

and electron microscopy (EM).

2.1.2 X-ray crystallography, NMR, and EM

A crystal is regular arrays of atoms15. The principle behind X-ray crystallography is

to generate the di�raction pattern of a crystal by shooting an X-ray. The scattering of

an X-ray is determined by the electron within the crystal, and according to di�raction

theory, the electron density and the di�raction patterns are related by the fourier

transform16. Therefore, by obtaining the di�raction pattern, the electron density

within the crystal (thus the position of each atom) can be calculated. However,

X-ray crystallography has certain inherent limitations. For instance, crystallizing

large and �exible macromolecular complexes can be very challenging. In contrast to

X-ray crystallography, NMR is a solution-based structural determination method.

Therefore, it is not limited by the crystallization process. But high-resolution

structural determination by NMR is limited to smaller molecules up to about 80 kDa.
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Electron microscopy (EM) is another method based on wave scattering. In this

scenario, due to the wave-particle duality, the fast-moving electrons behave as a wave.

The electron wave is scattered after interacting with the sample. The interaction

between the electrons and the sample can be best understood when consider electrons

as particles. When electrons interact with the atoms in biological samples, some

electrons are de�ected by the nucleus of an atom due to the electrostatic �eld; some

may collide with the atomic nuclei; and some may interact with the orbital electrons

of the specimen atoms. Of the interacting electrons, those that do not lose energy are

termed as elastically scattered, while those with energy lost are inelastically scattered.

After interacting with the sample, the exiting electrons that carries the information of

the sample can be focused and magni�ed by a series of lenses (i.e., the objective lens

and projection lenses). Similar to glass lenses in light microscopy that focus a light

beam, the electron beam can be focused by making use of electromagnets that act as

lenses, generating a two-dimensional (2D) projection image of the specimen on the

imaging plane. In this scenario, since the electron beam that is transmitted through

the specimen contributes to the image formation, this is known as transmission

electron microscopy (TEM). Although only 2D projections can be obtained TEM,

methods have been developed that allow the reconstruction of 3D structures in silico.

Single-particle analysis (SPA) is one of the most commonly used methods for 3D struc-

ture determination of biomolecules. For SPA, the biomolecule sample is puri�ed and

imaged under an electron microscope. The resulting EM images contain the 2D pro-

jections of each biomolecule (i.e., particle images). Each 2D particle image represents

a certain �view� of the puri�ed biomolecule. Ideally, the random orientation of each

biomolecule results in various �views� of the sample. By aligning these 2D particle

images representing di�erent �views� of the underlying 3D biomolecule and by working

out the relative orientation of the �views� (angular determination), the 3D structure can

be calculated17�19. SPA avoids the crystallization step and is therefore more suitable

for dynamic macromolecular complexes. However, SPA is not suitable for biomolecules

smaller than 50 kDa, as angular determination for small particles can be very tricky

due to insu�cient low-resolution signals.
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2.1.3 A general work�ow of single-particle cryo-EM

During the early years of EM, to increase the contrast of TEM images of thin

biological samples, a thin layer of heavy metal salt was used to stain the sample

(negative-staining). However, the resolution was largely limited by the grain size of the

stain and by working with dried out and �attened biomolecules at room temperature

in a high vacuum. The problem was later overcome by Dubochet and Alasdair

McDowall20 through the introduction of cryogenic electron microscopy (cryo-EM), in

which the biological sample is embedded in vitreous ice (glass-like ice) that is formed

by rapid cooling21. The vitri�cation process preserves the biological samples in a more

natural state compared with samples embedded in heavy metal salt. In addition,

the low temperature (i.e., the liquid nitrogen temperature of -195°C) also mitigates

the radiation damage of the biological samples by the electron beam22. Cryo-EM

has undergone dramatic development over the decades since its invention23 and is

now routinely used to determine high-resolution structures of biomolecules. A typical

work�ow of single-particle cryo-EM is summarized in Figure 2.1. The puri�ed sample

is �rstly applied to a grid, which is a metal disc (e.g., copper or gold) cast with a

�ne mesh. The grid is then rapidly frozen by plunging into liquid ethane (about

-188°C). This rapid freezing prevents the crystallization of water, generating vitri�ed

ice. The cryo-grid is transferred into the electron microscope that is also cooled to

liquid nitrogen temperature, and EM images are recorded by a direct electron detector

with the help of automatic image acquisition software.

An EM image (i.e., a micrograph) from the detector is usually a stack of image frames.

To account for the motion of biomolecules during the time of exposure, the frames are

aligned by computer algorithms (motion correction). Because of the spherical aberra-

tion and defocused imaging, the recorded images do not fully represent the informa-

tion in the specimen. Instead, they are modulated by the contrast transfer function

(CTF)24. At a given acceleration voltage of the electron beam (e.g., 200 kV or 300 kV

for typical biological sample data acquisition), the CTF is determined by the spherical

aberration and the defocus applied. Therefore, to compensate this modulation (CTF

correction), the optical parameters of EM images, including the defocus, are deter-

mined. Subsequently, the position of each particle image within the EM micrograph



8

Figure 2.1: Basic work�ow of single-particle cryo-EM

is determined by template-matching or deep-learning-based algorithms. Each particle

is then computationally extracted as a smaller quadratic image, generating a large

stack of single-particle images, typically consisting of several hundred thousand single-

particle images. The extracted particles usually contain certain amounts of �trash�

(e.g., impurities in the sample, empty boxes, ice). However, due to each particle im-

age's low signal-to-noise ratio (SNR) and the large number of particles, it is impractical

to go through each particle manually to remove the �trash� images. Instead, classi�-

cation methods are used (2D classi�cation) so that the projections representing the

same relative angular orientation of the molecule are aligned and averaged. Since the

noise in the image is generally randomly distributed, after classi�cation and averaging,

the signal is improved proportionally to the number of particle images used, while the

noise cancels out, generating high SNR 2D class averages. After 2D classi�cation, the

classes of interest are selected, while the ones showing no reasonable structural features

are discarded.

In order to reconstruct the 3D structure of a biomolecule, the relative orientations of

the particle images need to be determined. The relative orientation of each 2D single-
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particle projection image with respect to underlying 3D biomolecule can be parameter-

ized by two in-plane translations and three rotations (i.e., Euler angles). To determine

these unknown parameters computationally, many methods have been developed, and

projection matching-based algorithms are currently the most widely used. For projec-

tion matching, an initial 3D reference is required. The 3D reference needs to resemble

the overall shape of the true structure and is initially �ltered to low-resolution to pre-

vent bias. The low-resolution reference is computationally projected to every direction

at certain angular intervals (angular sampling). Each particle is compared with all the

reference projections and subsequently aligned and assigned to the best-matching 2D

projection of the 3D reference. In this way, the in-plane translational and the Euler

angle parameters of each single-particle image are determined. After all the particles

are assigned and aligned, a new 3D volume can be reconstructed. In general, this new

reconstruction obtained from the particle images should yield a better structure than

the initial 3D reference with improved resolution. Therefore, the new reconstruction

can be used as the new 3D reference, and the projection-matching algorithm can be

applied iteratively. With the improvement in the resolution, the sampling interval can

also be decreased (i.e., �ner sampling rate) so that the assignment and the alignment

of the particle images as well as the resulting 3D reconstruction are improved (3D

re�nement).

In addition to the unknown orientational parameters of 2D single-particle images, an-

other challenge of high-resolution structural determination of biomolecules is the struc-

tural heterogeneity. The 3D reconstruction in SPA assumes all the 2D particle images

represent views of an identical 3D structure. However, in reality, most puri�ed biologi-

cal samples contain multiple conformational and compositional states (and impurities),

and thus the collected 2D particle images are mixtures of 2D projections of multiple

3D structures. Therefore, the particle images need to be �puri�ed� in silico by be-

ing grouped into structurally homogeneous classes. For this purpose, 3D classi�cation

methods have been developed. With prior knowledge of the structural variability, in-

stead of one reference, multiple 3D references representing di�erent structural states

can be used for the aforementioned projection-matching algorithm (supervised 3D clas-

si�cation)25. Thus, in addition to the orientational parameters, each particle image will

also be assigned to a class, and multiple 3D structures can be reconstructed simulta-

neously. However, the requirement of prior structural knowledge largely limits the
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general application of the supervised 3D classi�cation. Thus, unsupervised classi�ca-

tion methods have been developed, among which the maximum-likelihood based 3D

classi�cation26 is now most widely applied and has been shown to be successful in

both revealing the structural heterogeneity in the data set, as well as improving the

resolution via grouping structurally homogeneous particles27,28.

2.1.4 Single-particle cryo-EM of dynamic macromolecular complexes

Although certain large and dynamic complexes (e.g., the ribosome29,30) have been

successfully crystallized and determined at high-resolution by X-ray crystallography,

many dynamic macromolecular complexes are by nature structurally heterogeneous

and are hard to crystallize. In the past decade, cryo-EM has become a major

asset for structural biologists, as it enables not only structure determination of

dynamic complexes that are hard to crystallize, but also an investigation of their

conformational landscape by capturing millions of snapshots of the complex, each

�xed in a speci�c conformational state. Recently, the development of computational

algorithms such as 3D principal component analysis (PCA)-based and neural networks

based methods further allowed visualization of continuous motions within biological

complexes27,28,31,32.

One of the most successful applications of single-particle cryo-EM on macromolecular

complexes is the structure determination of the spliceosome (see below), which is

a highly dynamic large ribonucleoprotein (RNP) complex that undergoes not only

dramatic conformational but also compositional changes throughout its functional

process. Although X-ray crystallography has succeeded in resolving some of the

sub-complexes of the spliceosome, the inherently dynamic nature of the spliceosome

has left it challenging for structural biology for decades. Only until recently have

the structural details of intact spliceosomes been brought to high resolution by cryo-

EM2,3,33. These structures of the spliceosome at di�erent stages have substantially

advanced our knowledge of its underlying molecular mechanism. An overview of

splicing and current structural insights of the spliceosome are summarized in chapters

2.2 and 2.3.
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Figure 2.2: The central dogma of molecular biology. A schematic view of the informa-
tion �ow from DNA to protein. The pre-mRNA is a copy of the DNA. Splicing
removes the non-coding regions and ligates the coding regions, generating trans-
latable mRNAs that can be used by ribosomes.

2.2 Overview of splicing and spliceosome

2.2.1 Genes and the central dogma of molecular biology

The term �gene� was �rst introduced to describe the inheritable units in 190934.

However, it was not until the mid-20th century when scientists con�rmed the molecule

that carries genetic information was DNA35. Later in 1957, Francis Crick foretold

the ��ow� of genetic information from DNA to RNA and proteins, which is known

as �the central dogma of molecular biology� � the information stored in DNA can be

copied to RNA (transcription), and proteins can be synthesized using the information

in RNA (translation)36. Later it was discovered that the protein-coding regions on

DNA are not continuous but are instead interrupted by non-coding �silent� DNA,

and the precursor mRNA (pre-mRNA) is initially transcribed as a copy of DNA in

the nucleus37,38. Therefore, before translatable mRNAs can be transported to the

cytoplasm, a maturation step called splicing has to convert the pre-mRNA into mature

mRNA by removing non-coding regions and ligating the protein-coding parts. Hence,

the pre-mRNA splicing process establishes an essential step in the �central dogma of

molecular biology� (Figure 2.2). Walter Gilbert, in 1978 termed the region that will

be excised during the maturation of mRNA as introns and the regions that will be

expressed as exons39.
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2.2.2 Split genes and intron de�nition

Intron de�nition

Pre-mRNA introns are de�ned by three short and conserved cis-elements, namely the

5' splice site (5'SS), the 3' splice site (3'SS), and the branch site (Figure 2.3a). The 5'SS

de�nes the border of the 5' exon and the downstream intron, with the 5'-G|GURAG-3'

consensus sequence in humans and the 5'-AG|GUAUGU-3' sequence in Saccharomyces

cerevisiae (S.cerevisiae, termed �yeast� from hereon, unless otherwise speci�ed), in

which | represents the exon-intron border and R represents any purine40,41. The 3'SS

is the border of the intron and the downstream exon. Typically, the 3'SS has a sequence

of YAG| in both humans and yeast, in which Y represents any pyrimidine41. The branch

site is located ∼10-60 nucleotides upstream of the 3'SS and contains the branch-site

adenosine (BS-A), which is the nucleophile for the �rst step of splicing reaction (see

2.2.3)42. While the branch site is highly conserved in yeast (UACUAAC, where A is

the BS-A)43, it is much more degenerated in humans (YNYUNAY, where A is the BS-

A and N represents any nucleotide). Therefore, additional cis-elements are required

for humans to compensate for the degenerated branch site, such as the poly-pyrimidine

tract (PPT), located downstream of the branch site44,45.

In addition to the aforementioned classical intron (i.e., major type), in higher eukary-

otes, there is a minor type of intron (~1%) that is speci�ed by alternative cis-elements.

Instead of 5'-GU and AG-3' at the 5'SS and 3'SS, the minor introns are speci�ed by

5'-A|GU and AC|G-3'. Moreover, the minor introns lack a PPT, and their branch site

is a more conserved yeast-like sequence (UCCUUAAC, where A is the BS-A)47.

Alternative splicing

In higher eukaryotes, most transcripts contain multiple splice sites that are subject

to alternative selection, leading to various combinations of exons and thus di�erent

mRNA isoforms (Figure 2.3b). This process is termed alternative splicing. Alternative

splicing introduces an additional layer of the regulation of gene expression and allows a

more complex proteome without expanding the genome size signi�cantly. In humans,



2. INTRODUCTION 13

Figure 2.3: Conserved cis-elements that de�ne an intron. a. Boxes represent the 5'
and the 3' exons. The highly conserved GU and AG at the 5'SS and the 3'SS are
colored in red and green, respectively. The branch site (BS) is colored in light
blue. The BS-A is colored in blue. �Y� represents pyrimidine; �R� represents
purines; �N� represents any nucleotide. b. Di�erent modes of alternative splicing.
c. Regulation of alternative splicing. cis-elements include exonic splice enhancers
(ESE), silencers (ESS), as well as intronic enhancers (ISE) and silencers (ISS). The
enhancers and silencers are recognized by trans-acting proteins, including serine-
rich SR proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs). The
regulation of alternative splicing is not completely understood. Classic regulation
model states that by binding to silencers, the hnRNPs reduce the recruitment of
the splicing machinery and thereby reduce the possibility that the nearby splice
site is used as a junction. In contrast, by binding to enhancers, SR proteins
enhance the usage of the nearby splice junction sites. However, this simple positive
and negative division of SR proteins and hnRNPs do not hold true in every case46.
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Figure 2.4: The two-step reaction of pre-mRNA splicing. The �rst catalytic step of
reaction is also known as branching, during which the 2'-OH group of the BS-A
attacks the 5'SS, forming the intron lariat. The second catalytic step is exon
ligation, during which the 3'-OH group of the 5'SS attacks the 3'SS, ligating the
two exons.

it is estimated that more than 90% of the genes are alternatively spliced48, and speci�c

isoforms of mRNA are usually produced in a cell- or tissue-dependent way. Alternative

splicing can be achieved in multiple ways (Figure 2.3b), and is tightly regulated by

cis-elements on the pre-mRNA and trans-acting proteins49 (Figure 2.3c).

2.2.3 The chemical mechanism of splicing

Although the sequences that de�ne intron-exon borders are slightly di�erent for the

major and minor types of introns, the chemical mechanism remains identical. And

for both types of introns, the three cis-elements are not only important for the intron

de�nition, but also play an essential role in the chemical reactions of the splicing

(Figure 2.4)1.
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The chemical nature of splicing is a two-step transesteri�cation reaction50,51 (Figure

2.4). The �rst transesteri�cation reaction is also known as branching, during which

the 2'-OH group of the BS-A acts as the nucleophile and attacks the 5'SS, generating

the cleaved 5'SS and a lariat like intermediate. The second transesteri�cation is exon

ligation, during which the 3'-OH group of the 5'SS acts as the nucleophile and attacks

the 3'SS, ligating the two exons and splicing out the intron lariat. The ligated exons

(the mature mRNA) are exported to the cytoplasm, and the intron lariat will be

subsequently degraded. In some cases, the intron lariat may be converted into circular

intronic RNA (ciRNA) and plays a role in regulation52.

The chemical mechanism of pre-mRNA splicing largely resembles that of the group II

self-splicing introns found mainly in prokaryotes, which is proposed to be the ancestor of

the spliceosomal introns53,54. It is believed that the group II introns were introduced to

eukaryotic nucleic genome by endosymbiotic bacteria that gave rise to mitochondria and

chloroplasts, and afterwards the structured ribozyme was degenerated and separated

into small nuclear RNAs (snRNAs) that are able to reassemble into the spliceosome54.

For the group II introns, its structured RNA regions are able to form six domains

(from DI to DVI) and fold into a complex tertiary structure, so that the splice sites are

precisely positioned in the RNA catalytic center, which is formed through interactions

of DI, DII, DV, and DVI55. In vitro, group II introns do not need additional proteins

for the self-splicing reactions56,57. In contrast, the pre-mRNA introns contain little

conserved secondary or tertiary structural information to align the chemically reactive

groups. Therefore, they require the spliceosomal proteins to act in trans, to fold the

pre-mRNA correctly so that the reactive groups from the 5'SS, 3'SS, and the branch

site are accurately positioned in the catalytic center.

2.2.4 snRNPs, the building blocks of the spliceosome

The spliceosome that catalyzes the splicing of the major type of intron is known as the

major spliceosome, which has U1, U2, U4/U6, and U5 small nuclear RNP (snRNP)

as its main building blocks. Each snRNP is made from one copy of its corresponding

snRNA and numerous interacting proteins. The snRNAs, with the exception of the U6

snRNA, are transcribed by the RNA polymerase II, post-transcriptionally modi�ed
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and then capped with tri-methylated guanosine (m3G)58�62. Although the sequence

and the overall structure of di�erent snRNAs vary, the U1, U2, U4, and U5 snRNA

all contain a common uridine-rich site, also known as the Sm-site (Figure 2.5). This

Sm-site serves as a binding site for a seven-member heteromeric protein ring, the

Sm ring, which is comprised of Sm B, D1, D2, D3, E, F, and G63. The U6 snRNA

is transcribed by the RNA polymerase III and lacks a typical Sm site64. Instead, it

contains a uridine-rich sequence at its 3' end, on which the Sm-like (LSm) protein

ring is docked. The seven-member heteromeric LSm ring is composed of LSm2, LSm3,

LSm4, LSm5, LSm6, LSm7, and LSm865,66. In addition to the Sm/LSm complexes,

each snRNP also contains a speci�c set of proteins that interact with the snRNA

(Figure 2.5).

The U1 snRNP contains U1-70K (Snp1 in yeast), U1-A (Mud1 in yeast), and U1-C

(Yhc1 in yeast), in addition to the U1 Sm complex (Figure 2.5). U1-70K and U1-A bind

stem-loop I (SLI) and SLII of the U1 snRNA, respectively, while U1-C binds to the 5'

end of the U1 snRNA67,68. In S. cerevisiae, the U1 snRNA is expanded, and additional

yeast-speci�c U1 proteins (Nam8, Prp39, Prp40, Prp42, Luc7, Snu71, and Snu56)

help to stabilize the RNA expansion69. Except for Snu56 and Prp42, all the yeast-

speci�c U1 proteins have human homologues and act as alternative splicing factors69,70.

The human U2 snRNP is puri�ed as a 17S particle under lower salt conditions (e.g.,

150 mM) and contains U2-A', U2-B�, the three-subunit SF3a complex (SF3A1, SF3A2,

and SF3A3), and the seven-subunit SF3b complex (SF3B1, SF3B2, SF3B3, SF3B4,

SF3B5, PHF5A, and SF3B6/p14), in addition to the U2 Sm complex6. Prp5 (also

known as DDX46) and TAT-SF1 were also shown to associate with the immunopuri�ed

human 17S U2 snRNP (Figure 2.5)6,71. The human U2 snRNA is 187 nucleotides long

and is proposed to structure into several stem-loops (see 2.3.2). Although the yeast

U2 snRNA is signi�cantly expanded (more than 1000 nucleotides), the �rst ∼100

nucleotides are well conserved from human to yeast. Early structural studies of the

human 17S U2 snRNP showed a bipartite structure, in which the SF3b complex binds

to the 5' region of the U2 snRNA (i.e., upstream of the Sm site), forming the 5' domain

of the particle, while the Sm complex together with U2-A' and U2-B� that bind to
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Figure 2.5: Protein and RNA compositions of human and yeast snRNPs. The human
and yeast snRNA secondary structures are based on Will et al.,20111 and Plaschka
et al., 20193, respectively. The protein composition is based on Kastner et al.,
20192 and Plaschka et al., 20193. The yeast proteins are shown in brackets.
The yeast U1 snRNP contains yeast-speci�c U1 proteins (Nam8, Prp39, Prp40,
Prp42, Luc7, Snu71, and Snu56), of which the human counterparts are not stably
associated with the human U1 snRNP and are believed to function as alternative
splicing factors. Snu71 and Prp42 do not have human counterparts. The black
dot at the end of each snRNA represents the capped 5' end.
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the 3' region forms the 3' domain. The two domains are bridged by the SF3a complex72.

The U4, U5, and U6 snRNPs exist as a preassembled 25S U4/U6.U5 tri-snRNP, in

which the U4 and U6 snRNAs are extensively base-paired (Figure 2.5). In addition

to the Sm/LSm complexes, the human U4/U6 di-snRNP contains a speci�c set

of proteins, namely Prp3, Prp31, Prp4, Snu13, and PPIH. The human U5 snRNP

contains the U5 snRNA, Prp6, Prp8, Prp28, Snu114, Brr2, U5-40K, and the U5 Sm2,71.

The tri-snRNP contains additional proteins Snu66, Sad1, 27K, and RBM42 (Figure

2.5). The yeast tri-snRNP is compositionally similar to its human counterpart, except

that yeast homologs of PPIH, U5-40K, 27K, and RBM42 have not been identi�ed,

and Sad1 and Prp28 are not stably integrated into the yeast tri-snRNP3. In the

tri-snRNP, Prp8 is the largest (2335 amino acids in humans and 2413 in yeast)

and the most conserved sca�old protein and plays an essential role in catalytic core

formation during the splicing process73. Snu114 is structurally homologous to the

ribosome elongation factors EF-G/EF-2. EF-G is known to trigger a conformational

change of the ribosome by binding and hydrolyzing GTP. However, a similar role of

Snu114 in the spliceosome has not been identi�ed3. Brr2 and Prp28 are RNA helicases

that facilitate the unwinding of the U4/U6 base-pairing and U1/5'SS base-pairing,

respectively (see chapter 2.2.5).

In higher eukaryotes, the minor spliceosomes recognize and process the minor type of

introns. In addition to the U5 snRNP that is shared with the major spliceosomes,

the minor spliceosomes contain U11, U12, U4atac, and U6atac snRNPs, which are

functional analogs of U1, U2, U4, and U6 snRNP, respectively.

2.2.5 Dynamic assembly pathway of the spliceosome

Unlike other molecular machinery, like RNA polymerases or ribosomes that are

preassembled with a pre-existing catalytic center, the spliceosome has to assemble

de novo on pre-mRNAs for each splicing reaction in a stepwise manner, and the

catalytic center has to form anew each time1(Figure 2.6). During the active center

formation and the catalysis, the snRNA-snRNA and pre-mRNA-snRNA networks are

signi�cantly remodelled (Figure 2.7). The RNA remodelling is facilitated by proteins.
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Throughout the splicing process, more than 80 proteins are involved in yeasts and

∼80 more are involved in higher eukaryotes, and the spliceosome undergoes dramatic

conformational and compositional changes71,74. This mixture of �biogenesis� and the

catalysis of the spliceosome makes the entire process highly complex, despite the

rather simple chemical nature of splicing. To shed light on the complex and dynamic

process mechanistically, high-resolution structural data are required. Starting from

2015, a surge of human and yeast spliceosome structures at di�erent stages have been

reported at high-resolution2,3,33. Combined with decades of biochemical, genetic,

and structural studies, these cryo-EM structures have provided valuable insights into

pre-mRNA splicing.

The splicing process can be roughly divided into four phases, namely assembly,

activation, catalysis, and disassembly of the spliceosome (Figure 2.6). The assembly

of the spliceosome starts with the recognition of the 5'SS by the U1 snRNP via the

base-pairing between the 5'SS and the U1 snRNA 5' end, in an ATP-independent

manner75. Meanwhile, the splicing factor SF1/mBBP and the U2AF1-U2AF2

(U2AF65-U2AF35) heterodimer bind to the branch site, the PPT, and the 3'SS of the

intron in a collaborative manner76�78, forming the spliceosomal E complex (�E� stands

for �Early�, also known as the commitment complex). SF1/mBBP recognizes the

branch site in a sequence dependent manner via its KH-QUA2 domain79, and U2AF

binds downstream of the branch site via RNA recognition motifs (RRMs)80. The

solution NMR structure of SF1/mBBP bound with RNA shows that the BS-A is deeply

buried inside the KH-QUA2 protein and pre-bulged79. The pre-bulged BS-A might

facilitate later U2 addition. In yeast, Msl5, the homologue of SF1/mBBP, recognizes

the branch site in an almost identical way via its KH-QUA2 domain81,82. However,

the yeast U2AF, Mud2, lacks the small subunit and forms a stable heterodimer with

Msl583. Similar to U2AF, Mud2 binds downstream of the branch site, but it is not

essential for yeast vegetative growth84,85.

In humans, the U2 snRNP is believed to be already loosely associated with the E

complex86,87. In the presence of ATP, SF1/mBBP is displaced from the branch site,

and the U2 snRNP is stably incorporated, forming the spliceosomal A complex88 (also
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Figure 2.6: Dynamic assembly pathway of the spliceosome. a. A schematic overview
of the splicing cycle. The U snRNPs are shown as cycles. The exons and introns
are represented by colored boxes and lines, respectively. b. The PDB models of
published cryo-EM structures of human spliceosomes at distinct stages. Prior to
this study, cryo-EM structures of the human E and A complexes as well as their
major subunit, the 17S U2 snRNP, have not been reported.



2. INTRODUCTION 21

Figure 2.7: The RNA remodelling events during spliceosome assembly and activa-
tion. Exons are depicted as colored boxes and introns as lines. In the A complex,
U1 and U2 base-pair with 5'SS and the branch site, respectively. The BS-A is
highlighted in blue. After the tri-snRNP recruitment, U2 5' end base-pairs with
U6 3' end, forming U2/U6 helix II. After the release of U1, U6 base-pairs with 5'
SS, and U5 loop 1 interacts with 3' terminal of the 5' exon. After the release of
U4, U6 refolds into the ISL, and U2 forms further base-pairing with U6, forming
U2/U6 helix I (consisting of U2/U6 helix Ia and Ib). U6 ISL and U2/U6 helix
I together form the catalytic triad of the spliceosome. The U6 nucleotides that
contribute to the catalytic center are highlighted in red. The black dot at the end
of each snRNA represents the capped 5' end.
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known as the prespliceosome). In the A complex, the U2 snRNA base-pairs with the

branch-site region, forming the U2-BS helix with the BS-A bulged out and thereby

selected42. The U2-BS helix is further stabilized by the U2 SF3a and SF3b complexes,

in particular, the largest subunit of the SF3b complex, SF3B1 (see 2.3.3). The

formation of the A complex requires two RNA helicases UAP56 (Sub2 in yeast) and

Prp5 (see 2.2.6). After the formation of the A complex, the preassembled U4/U6.U5

tri-snRNP is recruited, forming the pre-B complex, the fully assembled spliceosomal

complex that contains all the �ve snRNPs89.

In the pre-B complex, the U6 snRNA forms new base-pairing with the U2 snRNA

(U2/U6 helix II, Figure 2.7), while the U1 snRNA remains base-paired with the

5'SS89. The subsequent displacement of the U1 snRNP is mediated by the RNA

helicase Prp2890, liberating the 5'SS to base-pair with the U6 ACAGA box. In

addition, the U5 loop 1 base-pairs with the 3' terminal nucleotides of the 5' exon.

Formation of the U6-5'SS helix and the U5-5'exon interaction demarcate the formation

of the pre-catalytic B complex91. In the B complex, the catalytic core has not yet

formed. The activation of the spliceosome converts the B complex into the activated

Bact complex by the RNA helicase Brr2. Brr2 facilitates the unwinding of the U4/U6

helices, leading to the dissociation of U4 snRNA92(Figure 2.7). This frees the U6

snRNA to refold into the active form, the internal stem-loop (ISL), and to engage with

the U2 snRNA, forming U2/U6 helices Ia and Ib. The folding of U2 and U6 RNAs

are guided by proteins, as revealed by the pre-Bact complexes93. The newly formed

U6 ISL together with U2/U6 helices Ia and Ib adopts a tertiary conformation, known

as the catalytic triplex. Similar to group II introns, this catalytic triplex coordinates

the two catalytic magnesium ions, giving rise to the RNA catalytic center of the

spliceosome94,95. The formation of the catalytic center features the completion of the

activation phase. The catalytic center formed in the Bact complex is maintained and

performs both steps of the splicing reaction.

Although the catalytic center has formed in the Bact complex, the BS-A, the nucle-

ophile for the �rst step reaction, is sequestered and kept away from the catalytic

center31,96�98. Subsequently, the RNA helicase Prp2 triggers the remodelling of the
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Bact complex, leading to the liberation of the BS-A and B* complex formation. After

the �rst step of splicing, the branching reaction, the C complex is formed. For the

second step of the reaction to happen, the U2-BS helix has to be removed from

the catalytic center to allow the 3'SS docking. This remodelling is mediated by the

RNA helicase Prp16, generating the C* complex. After the 3'SS docking in the

catalytic core of the C* complex, exon ligation takes place, forming the post-catalytic

P complex99. In the disassembly phase, the P complex is disassembled by the RNA

helicase Prp22, releasing the spliced mature mRNA. The resulting ILS complex is

disassembled by the RNA helicase Prp43, and the U2, U5, and U6 snRNPs are recycled.

The recent cryo-EM snapshots of spliceosomal complexes at distinct stages have re-

vealed the extremely dynamic nature of the spliceosome. In the �rst fully assembled

spliceosomal complex, the pre-B complex, the 5'SS and the BS-A that later need to be

brought together for the branching reaction are separated by more than 19 nm; and

the BS-A is located more than 17 nm away from the future catalytic center (Figure

2.8). During the transition from pre-B to B complex, the 5'SS is handed over to the U6

snRNA, translocating by about 5 nm. The most dramatic RNA remodelling happens

during B-to-Bact transition. During the process, the U6 snRNA undergoes a drastic re-

modelling, folding into a compact structure. The U6 nucleotides G46 and U74 that are

initially separated by about 8 nm in the B complex are brought into proximity for the

formation of the catalytic triad; the U2 snRNA moves closer to the tri-snRNP, which

brings the BS-A closer to the catalytic center by more than 11 nm (Figure 2.8). In the

Bact complex, the BS-A is still separated from the catalytic center by about 5 nm, and

further structural remodelling is required for the �rst catalytic step. In addition to the

drastic RNA remodelling, the spliceosomal proteins also undergo signi�cant transloca-

tion. For instance, during pre-B to B transition, the Brr2 RNA helicase undergoes not

only a translocation of more than 20 nm but also a 180° rotation; during B to Bact

transition, the Brr2 RNA helicase further undergoes a complex rotational movement,

as revealed by the recent pre-Bact structures93; concomitantly, the U2 SF3b complex

undergoes about 11 nm translocation during B-to-Bact transition. Furthermore, the

protein composition undergoes an extensive exchange. During B-to-Bact transition,

about 25 proteins are displaced from the complex, and another 25 proteins stably

dock, and many of the proteins bind in a mutually exclusive manner1,71. Although it
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Figure 2.8: 3D view of the RNA remodelling events during spliceosome activation.
RNA components of the pre-B complex (PDB:6QX9)100 are shown on the left, B
complex in the middle (PDB:6AHD)101, and Bact on the right (PDB:5Z58)31,98.
The pre-mRNA, U1, U2, U4, U5, and U6 snRNAs are colored in black, purple,
green, yellow, red, and orange, respectively. The BS-A is highlighted in blue. The
translocations of the 5'SS and BS-A are depicted as arrows.

is long known that the structural remodelling requires RNA helicase action (see 2.2.6),

the mechanisms behind all the complex and dramatic structural rearrangements are

still poorly understood.

2.2.6 DExD/H-box RNA helicases

While the basic two-step splicing reaction does not require energy consumption,

the pre-mRNA-snRNA and the snRNA-snRNA network remodelling during the

splicing cycle requires ATP consumption. As brie�y implicated in the last chapter,

these structural rearrangements are facilitated by the eight RNA helicases that are

able to bind and hydrolyze ATP102. The eight spliceosomal RNA helicase have

characteristic Asp-Glu-x-Asp/His (DExD/H) residues and all belong to superfamily

2 (SF2) helicases, which can be further divided into three categories: DEAD-box,

DEAH-box, and Ski2-like subfamilies. The three helicases important in the early

steps of spliceosome assembly, namely UAP56 (Sub2 in yeast), Prp5 (also known as

DDX46, the yeast name Prp5 will be used hereafter for simplicity), and Prp28, are

DEAD-box proteins. Brr2 belongs to the Ski2-like subfamily, and the last four helicases
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Figure 2.9: Schematic representation of spliceosomal RNA helicases. Domain orga-
nizations of subfamilies of spliceosomal RNA helicases. Motif Q, I, II, and IV are
responsible for ATP binding and hydrolysis. Motif Ia, Ib, Ic, IV, IVa, V, and Vb
are responsible for nucleic acid binding. Motif III and Va are responsible for com-
munication between ATP-binding and nucleic-acid binding103(CTR, C-terminal
region; HB, helix bundle domain; HLH, helix-loop-helix; IG, immunoglobulin-
like; NTR, N-terminal region; OB, oligonucleotide/oligosaccharide-binding; WH,
winged helix domain).

responsible for the catalysis and disassembly of spliceosomes, namely Prp2, Prp16,

Prp22, and Prp43, belong to DEAH-box proteins. Although the spliceosomal RNA

helicases vary in size and function, they all share the characteristic RecA domains and

conserved motifs responsible for ATP binding and hydrolysis, as well as nucleic acid

binding motifs (Figure 2.9). Previous biochemical studies and crystal structures of

individual RNA helicases together with recent cryo-EM structures of spliceosomal com-

plexes have provided insights into the structural consequences of the helicase activities.

Structural remodelling facilitated by RNA helicases

Prp5 is associated with the 17S U2 snRNP in humans and is believed to mediate a

structural rearrangement of the U2 snRNP in an ATP-dependent way during the A

complex formation5�8. In the absence of Cus2, the essentiality of the Prp5 ATPase

activity can be bypassed104. Therefore Prp5 is implicated to play a role in displacing

TAT-SF1 (human)/Cus2 (yeast) via its ATPase activity. During the A complex

formation, UAP56 (Sub2 in yeast) is implicated in ejecting SF1 (Msl5 in yeast) from

its position directly over the branch site, permitting stable U2 addition85,105,106. The

mechanisms of Prp5 and UAP56's action are poorly understood. As DEAD-box RNA

helicases, they are believed to bind ATP and promote RNA duplexes unwinding in

a non-processive way107,108. However, the RNA target of Prp5 and UAP56 remains
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to be identi�ed. UAP56 was also shown to participate in unwinding the U4/U6

base-pairing106. However, the signi�cance of this role is not established, as UAP56

was not found in puri�ed tri-snRNP, pre-B, and B complex complexes.91,100,109

Prp28 plays a role in unwinding U1/5'SS helix during pre-B to B transition. The

cryo-EM structures of the human pre-B complex indicate that upon ATP binding,

the two RecA domains of Prp28 may clamp around the 5' end of the U1 snRNP, thus

disrupting the U1/5'SS base-pairing directly100.

Unlike DEAD-box RNA helicases that unwind RNA duplexes in a non-processive

manner, Ski2-like and DEAH-box RNA helicases facilitate the unwinding of RNA

duplexes or RNPs remodelling by binding to single-stranded RNA and translocating

from 3' to 5'. Each step of translocation is assumed to consume one ATP110. In the B

complex, Brr2 docks onto the single-stranded region of the U4 snRNA close to U4/U6

helix I91. The translocation of Brr2 on the U4 snRNA is believed to facilitate the

unwinding of the U4/U6 duplex111, displacing the U4 snRNA from the spliceosome

and freeing the U6 snRNA to fold into the ISL.

After the Bact complex formation, Prp2, along with the G-patch protein Spp2, is re-

cruited to the single-stranded intron downstream of the branch site112,113. Prp2 action

then triggers the release of SF3a and SF3b complexes that sequester BS-A, liberating

the reactants of the �rst step of splicing. The recent the high-resolution cryo-EM struc-

ture of the yeast Bact complex110 has provided more detailed insights into the action

of Prp2. With the help of the G-patch protein Spp2, Prp2 interacts with Hsh155 and

Rse1 (yeast homologues of SF3B1 and SF3B3) and docks to the single-stranded intron

downstream of the branch site via its RNA-binding channel. The ATP binding and

hydrolysis trigger Prp2 RecA1 and RecA2 movement, leading to the translocation of

Prp2 on the single-stranded RNA. The structure also shows L536 and R844 of Prp2

prevent backward sliding, thus ensuring the pre-mRNA translocates unidirectional to-

wards the 3' end. Therefore, Prp2 triggers the remodeling of the Bact complex and the

liberation of the BS-A from a distance, by acting from the 3' end of the pre-mRNA

intron.
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During the C to C* transition, Prp16 triggers the conformational changes that remove

U2-BS helix from the catalytic center101,114,115. In the yeast C complex structure, the

intron region downstream of the branch site points towards Prp16. Therefore, it was

proposed that Prp16 may bind the pre-mRNA downstream of the branch site, and

trigger the removal of the U2-BS helix in an ATP-dependent way116. The removal

of the U2-BS helix may also displace two proteins, Yju2 and Cwc25, so that space is

created for the 3' exon to enter the catalytic center.

After both steps of catalysis, Prp22 contributes to the release of the spliced mRNA from

the spliceosome. The cryo-EM structures of the yeast C* and P complexes117,118 show

that Prp22 binds to the 3' exon via its two RecA domains and the CTD. By binding to

the 3' exon, Prp22 translocates on the exons and facilitates the release of the mRNA116.

After Prp22 action, Prp43 is required for the disassembly of the ILS complex, and

the U2, U5, and U6 snRNPs are recycled. Biochemical studies in yeast119 and the

cryo-EM structures of human and yeast ILS complexes120,121 suggest that Prp43

binds to 3' end of the U6 snRNA and triggers the disassembly of the complex from a

distance. Analogous to Prp2 and Spp2, the G-patch protein Ntr1 is required for Prp43

activity122�124. Considering the structural conservation between Prp43 and Prp2, the

translocation action of Prp43 on the single-stranded RNA is likely similar to Prp2.

�delity control by RNA helicases

Since the spliceosome remodelling is coupled with the ATP-dependent actions of

RNA helicases, many intermediate states that require RNA helicases also function as

checkpoints during the splicing process. Many of the RNA helicases, including Prp5,

Prp28, Prp16, Prp22, and Prp43, have been shown to contribute to proofreading the

substrate9,10,90,125,126. A kinetic proofreading model has been proposed to explain how

some of the RNA helicases play a role in �delity control.

In this model, RNA helicases function as a �timer�. For instance, Prp16 has been shown

to play a role in discriminating against substrates undergoing slow 5'SS cleavage125,126.
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For a suboptimal substrate, Prp16 enables a structural rearrangement by its ATPase

activity prior to 5'SS cleavage and thereby antagonizes splicing. Prp22 may contribute

to proofreading the exon ligation step, possibly through a similar kinetic proofreading

mechanism127. In the C* complex, Prp22 is recruited to the 3' exon. For a suboptimal

substrate, the remodelling triggered by Prp22 would remove the 3'SS from the

spliceosome before the second catalytic step, thereby preventing the exon ligation step.

Nevertheless, whether the kinetic proofreading mechanism holds true for all the spliceo-

somal RNA helicases needs further investigation. Soo-Chen Cheng's lab10 previously

discovered that Prp5 may contribute to �delity control of the branch site selection in

an ATP-independent manner and therefore may have a di�erent mechanism (see 2.3.5).

2.3 The U2 snRNP and the branch site recognition

As mentioned in 2.2, the U2 snRNP plays an essential role in the branch site selection

during the A complex formation. In this chapter, I will summarize functional and

structural insights into human and yeast U2 snRNP revealed by previous genetic,

biochemical, and structural studies.

2.3.1 Biogenesis of the U2 snRNP

As brie�y mentioned before in 2.2.4, spliceosomal snRNA precursors are initially tran-

scribed by RNA polymerase II (except U6 and U6atac), with extra nucleotides at 3' end

and capped with a monomethylated m7G cap60. snRNA precursors are then exported

to the cytoplasm, where the RNP assembly takes place60,61. In the cytoplasm, the seven

Sm proteins recognize the Sm site, forming the Sm-ring complex128. Association of the

Sm complex is a prerequisite for 3' end trimming of the snRNA precursor and hyper-

methylation of the cap, which gives rise to the 2,2,7-tri-methylated guanosine (m3G)

cap59,129. The m3G cap and the Sm complex together form the nuclear localization

signal, tagging the snRNA-Sm complex for re-import into the nucleus130,131.

For the U2 biogenesis, U2-A' and U2-B� are believed to be transported into the nucleus

independent of the U2 snRNA132. Within the Cajal body, a membrane-less organelle

in the nucleus that is enriched in proteins and RNAs, U2-A' and U2-B� are recruited
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to the U2 snRNA-Sm complex133, forming a stable 12S particle. The mature U2

snRNP formation requires further recruitment of SF3a and SF3b complexes. In vitro

reconstitution studies have shown that the SF3b complex is �rst recruited to the 12S

particle, followed by the interaction of the SF3a complex, giving rise to the 17S U2

snRNP particle72,134. Immunoa�nity-puri�ed human 17S U2 snRNPs also contain

other associated factors, including Prp5 and TAT-SF16,71.

2.3.2 The U2 snRNA

The U2 snRNA can be roughly divided into 5' region that contains stem-loop 1 (SLI),

branch-site interacting region, and SLII, and 3' region that contains the Sm site and

3' stem loops (Figure 2.10). Although the yeast U2 snRNA contains a large insertion

at its 3' region, this insertion is not essential for splicing135,136. In fact, the shorter

human snRNA can replace the yeast one in vivo, indicating the high conservation of

the U2 snRNA among species137.

SLI is at the 5' end of the U2 snRNA. This region undergoes dynamic remodelling

during the splicing cycle (see Figure 2.7). Upon the formation of the pre-B complex,

SLI must unwind for base-pairing with the U6 snRNA, forming U2/U6 helix II89,100.

In the Bact complex, the U2 SLI region further base-pairs with the U6 snRNA, forming

U2/U6 helix Ia and Ib31,121 (see 2.2.5).

The branch-site interacting region (BSiR) of the U2 snRNA locates in between SLI

and SLII regions. In the 17S U2 snRNP, the BSiR was initially proposed to be

single-stranded138. More recently, studies in yeast suggest that the BSiR of U2 is

sequestered in a branchpoint interaction stem-loop (BSL), resulting in a shortened

SLI4. The predicted structure positions the 5'-GΨAGUA-3' sequence at the tip (i.e.,

loop region) of the BSL. Therefore, the tip of BSL may form initial base-pairing

with the intron branch site. Although the highly conserved sequence would suggest

a similar BSL in humans, the BSL has never been identi�ed in humans. It was

initially proposed that upon stable U2 addition into the A complex, the consensus

5'-GΨAGUA-3' sequence base-pairs with the branch site and forms a short U2-BS

helix42, in which the BS-A is bulged out. However, recent cryo-EM structures of
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Figure 2.10: Sequence and 2D structure of the human and yeast U2 snRNAs. a,b.
Two alternative conformations of the U2 snRNA that potentially form. The
nucleotides in the extended SLI are labeled in teal; the nucleotides that later
form the �bona �de� U2-BS helix in orange, the nucleotides that form extended
part of the U2-BS helix in yellow; SLIIa in light green; SLIIb in light yellow; the
nucleotides downstream of SLIIb that form part of SLIIc in light blue. Ψ is pseu-
douridine. c. Stem II region toggles between IIa/IIb and IIb/IIc conformations
during splicing.
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spliceosomal complexes showed an extended U2-BS helix, containing unexpected

base-pairing between U2 and the intron upstream of the branch site31,98. But the

exact function of the extended part of the U2-BS helix is currently unclear.

As with the SLI region that undergoes dynamic rearrangement during the splicing cy-

cle, the SLII region also toggles between two mutually exclusive conformations, IIa/IIb

and IIb/IIc (Figure 2.10c)139,140. In vitro, the SLIIa/SLIIc toggling is spontaneous141.

In the spliceosome context, SLIIa is required for A complex formation and is present

in the spliceosome until its catalytic activation31,91,93,98,142. SLIIc conformation occurs

upon the B* complex formation, during which SF3a and SF3b complexes that bind

to SLIIa are released by Prp2143. Therefore, the SLIIa/IIc remodelling is coordinated

with the release of SF3a and SF3b complexes and the U2-BS helix docking into the

catalytic center. Although genetic data suggest that SLIIc may transiently convert

into SLIIa between �rst and second steps of splicing139,140, the cryo-EM structures

of B* to ISL complex suggest that after its formation, the IIb/IIc conformation is

maintained until disassembly.

The human U2 snRNA 3' region contains the U2-Sm site, SLIII, and SLIV, while the

yeast U2 snRNA has no SLIII and contains a large insertion at SLIV. Unlike the 5'

region of the U2 snRNA that undergoes dynamic rearrangements, the U2 3' region

remains rigid during the splicing cycle in both humans and yeast.

2.3.3 SF3a and SF3b, the major components of the 17S U2 snRNP

The SF3 complex was �rst isolated by chromatographic fractionation in 1991144.

Further investigation of SF3 revealed two stable subcomplexes: SF3a and SF3b, which

were subsequently shown to be the major components of the 17S U2 snRNP and play

an essential role during A complex formation6. Recently, the crystal structures of

the SF3a and SF3b complexes as well as the cryo-EM structures of spliceosomes have

provided unprecedented structural information about the two complexes.

The SF3a complex is a heterotrimer, comprised of SF3A1, SF3A2, SF3A3 (Prp21,

Prp11, and Prp9 in yeast, respectively). The crystal structure of the yeast SF3a
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�core� domain provided the �rst structural information about the SF3a complex and

showed detailed protein-protein interactions within the complex (Figure 2.11a)145.

The overall structure is Y-shaped with the major body composed of the N-terminal

domain of Prp9 and the SURP2 domain of Prp21, and a branch formed by a long

α-helix of Prp21, to which the β-sandwich domain of Prp11 is bound. Despite large

di�erences in protein sizes between corresponding yeast and human SF3a components,

the structured domains and the interaction patterns are highly conserved, as shown by

the yeast and human spliceosome structures. In the spliceosome context (from A to

Bact complex)31,91,93,96�98,121,142,146, the C-terminal region of SF3A3/Prp9 binds to the

SF3b complex and interacts with the 5' region of the U2 snRNA, while the N-terminal

region of SF3A3/Prp9 binds to the Sm complex and SLIII (SLIV in yeast), thereby

bridging the 5' and the 3' domain of the U2 snRNP. In addition, the zinc-�nger (ZnF)

domain of SF3A2/Prp11 stably binds to the extended part of the U2-BS helix and

likely plays an important role during the U2-BS helix formation. Interestingly, in the

Bact complex, the N-terminus of SF3A2/Prp11 inserts into the catalytic center and

contacts 5'SS, while the remainder of the protein � which is about 50 Å from the

5'SS � stays associated with the U2 snRNP. However, the functional signi�cance of

SF3A2/Prp11 linking the branch site and the 5'SS is yet unclear.

SF3b is comprised of SF3B1, SF3B2, SF3B3, SF3B4, SF3B5, PHF5A, and SF3B6/p14.

The yeast SF3b complex (composed of Hsh155, Cus1, Rse1, Hsh49, Ysf3, Rds3) is

structurally highly similar to the human counterpart but lacks the SF3B6/p14

subunit. A crystal structure of the stable core of isolated human SF3b, containing the

C-terminal HEAT repeat domain of SF3B1, the WD40 protein SF3B3, SF3B5, and

the ZnF protein PHF5A was recently reported (Figure 2.11a)12. The HEAT domain

of SF3B1 (SF3B1HEAT) consists of 20 tandem HEAT repeats that adopt a superhelical

structure and are contacted by SF3B3, SF3B5, and PHF5A (Figure 2.11a,b)12. SF3B3

contains 3 three WD40 (seven bladed β-propeller, WD40-A to WD40-C) domains, and

binds SF3B5 and C-terminal HEAT repeats of SF3B1. In the spliceosome context, in

which U2 is stably associated with the branch site, the SF3B1HEAT encompasses the

U2-BS helix and the BS-A is accommodated in a binding pocket formed by PHF5A

and residues of HEAT repeats 15-17 (H15-17), as revealed by the recent cryo-EM

structures of the human and yeast B and Bact complexes31,96,97,121,146. A comparison
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of the structure of the SF3B1HEAT in the isolated complex with its structure in the

human Bact complex, shows a major di�erence in the conformation of the HEAT

domain. While the SF3B1HEAT exhibits an open conformation in the isolated SF3b

complex, in the spliceosomes it has a more closed conformation and tightly wraps

around the U2-BS helix (Figure 2.11c)12,31,98. The same closed conformation of

Hsh155HEAT (yeast homologue of SF3B1) is also found in yeast spliceosomes96,97. This

conformational change is required to form the binding pocket for the BS-A (Figure

2.11c), and therefore it is proposed to occur upon formation of the U2-BS helix and

plays a role in stabilizing the U2 base-pairing with the branch site. However, since

the structure of the 17S U2 snRNP is lacking prior to this study, it is not clear if the

closed conformation is indeed �rst generated in the A complex. Alternatively, it may

even occur at an earlier stage, for example, during the 17S U2 assembly when the

SF3b complex is �rst recruited. Furthermore, it is also not clear what triggers this

functionally important conformational change of SF3B1. In addition to the HEAT

domain, SF3B1 also contains N-terminal U2AF ligand motifs (ULMs) that allow it to

bind to proteins containing U2AF homology motifs (UHMs), like U2AF and TAT-SF1

(see 2.3.4).

SF3B1 is of particular clinical interest, as it is one of the most common mutational

targets in myelodysplastic syndromes (MDS)147�151. SF3B1 mutations are detected in

a third of MDS patients, and most mutations are located at around H4-7, with the

hotspots being E622, R625, H662, K666, K700, and G74212,152 (Figure 2.11). These

mutations are associated with usage of cryptic branch site and 3'SS located ∼20 nu-

cleotides upstream of the canonical 3'SS, leading to aberrant splicing products153,154.

Many hypotheses have been proposed to explain the underlying mechanism of how

SF3B1 mutations lead to mis-splicing. A study in yeast suggests that these disease-

related mutations are related to decreased binding a�nity with Prp5, which plays an

important role in proofreading the branch site155 (see 2.3.5). Studies in humans sug-

gest that SF3B1 hotspot mutations result in reduced SUGP1 binding, and SUGP1

mutations can mimic SF3B1 mutation e�ects121,156. However, SUGP1 is a poorly un-

derstood splicing factor that is implicated in activating a helicase that remains to be

identi�ed. Structural analysis of human and yeast spliceosomes implicates another pos-

sible mechanism, namely that the cancer-related mutations may alter the intron path
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Figure 2.11: Domain organization and structural comparison of SF3B1HEAT in iso-
lated SF3b core and the spliceosome. a. Crystal structures of the yeast
SF3a core (4DGW, left) and the human SF3b core (5IFE, right) complexes.
b. Domain Organization of SF3B1. Hotspot mutations are labeled in yellow.
c. Open conformation of SF3B1HEAT in isolated SF3b core (left, PDB:5IFE)
and closed conformation in the context of the spliceosomes, interacting with the
U2-BS helix (right, PDB:6FF4). The BS-A (red) is inserted and sequestered in
the protein pocket formed by SF3B1 H15-17 and PHF5A. The formation of the
protein pocket requires closure of the HEAT domain.
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downstream of the branch site, thereby a�ecting 3'SS usage157. But this hypothesis

has not been tested experimentally. Thus, the detailed molecular mechanism of how

SF3B1 mutations promote cryptic branch site selection requires further investigations.

2.3.4 TAT-SF1 and Prp5

Immunoa�nity puri�ed human 17S U2 snRNP contains near stoichiometric amounts

of TAT-SF1 and the DEAD-box ATPase Prp571 (Figure 2.12). TAT-SF1 (Cus2

in yeast) contains an N-terminal RRM and a C-terminal U2AF homology motif

(UHM). The RRM binds U2 snRNA in vitro 158. Biochemical studies in yeast show

that Cus2 plays a key role in the formation of U2 snRNA SLIIa, as opposed to the

competing SLIIc conformation, possibly through direct binding with U2 snRNA via

its RRM141,158. However, although SLIIa is essential for U2 function159, Cus2 is

dispensable in yeast104,158, and the exact molecular mechanism through which Cus2

helps the formation of SLIIa is unclear. The UHM has an RRM-like fold but has

lost RNA binding ability160. Instead, the UHM is specialized in recognizing U2AF

ligand motifs (ULMs) and thereby mediating protein-protein interactions160. Recent

studies have also shown that the TAT-SF1/Cus2 UHM interacts with a ULM in the

N-terminal domain of SF3B1/Hsh155 in both humans and yeast161,162. By binding

to ULM, Cus2 enforces the ATPase activity of Prp5162. The human TAT-SF1 also

contains a long C-terminal acidic domain that contains phosphorylation sites and may

function in the regulation of TAT-SF1 activity161,162.

Both human and yeast Prp5 contain a conserved N-terminal region. In S.cerevisiae, this

N-terminal region binds the HEAT domain of Hsh155, and the conserved DPLD motif

is essential for its binding155. The human and S. pombe Prp5 additionally contains

an RS motif (Serine/Arginine-rich) at the very N-terminal end, which plays a role in

tethering U1 and U2 snRNPs during A complex formation163. The C-terminal region

of Prp5 contains highly conserved RecA domains. The crystal structure of the two

Prp5 RecA domains adopts an unusual elongated open conformation164. Fluorescence

resonance energy transfer (FRET) study indicates that a similar open conformation

may exist in solution, but upon binding to ATP and RNA, the two RecA domains

undergo a large-scale conformational change and adopt a closed conformation165.
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Figure 2.12: Domain organization of Prp5 and TAT-SF1/Cus2. a. Domain Organiza-
tion of human TAT-SF1 and yeast Cus2. The human TAT-SF1 contains a long
C-terminal acidic domain. b. Domain Organization of human and yeast Prp5.
The human Prp5 contains an additional N-terminal RS domain. The conserved
DPLD motif locates in the N-terminal region (NTR) and SAT motif in the RecA
1 domain. The C-terminal KH domain has an unknown function.

As the ATPase activity of Prp5 can be bypassed by Cus2 deletion or destabilization

of the BSL4,104, Prp5 is proposed to facilitate the unwinding of the BSL and the dis-

placement of Cus2 prior/during A complex formation. However, this RNP remodelling

process is poorly understood, due to limited structural information of early spliceosome

complexes. In addition, Prp5 has a poorly understood ATP-independent role, as its

physical presence is required even though its ATPase activity can be bypassed by Cus2

deletion7.

2.3.5 Prp5 mediated proofreading of the branch site

In addition to RNP remodelling, Prp5 also plays an important role in �delity control.

Genetic screening of Prp5 alleles in yeast showed that some mutations of the conserved

SAT motif (Figure 2.12b) in the RecA domain that lead to lower ATPase activity

cause increased usage of pre-mRNA bearing a mutated branch site9. Therefore, it is

proposed that Prp5 may contribute to proofreading the branch site by coordinating

the ATP hydrolysis rate (i.e., kinetic proofreading, see 2.2.6). More recently, the

Cheng lab discovered a mutually exclusive interaction of Prp5 and the tri-snRNP with

the A complex in yeast10. Aberrant branch-site sequences lead to increased retention

of Prp5 and a decreased recruitment of the tri-snRNP, suggesting that the presence
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of Prp5, instead of its ATPase activity, is essential for its proofreading role. The

Cheng lab further showed that this proofreading mediated by Prp5 is irrelevant to its

ATPase activity in the absence of Cus2. However, since the cryo-EM structures of

yeast E and A complexes lack Prp5, the detailed molecular mechanisms of how Prp5

contributes to proofreading the branch site during early spliceosome assembly are

currently unclear. Therefore, a cryo-EM structure of an intermediate complex prior

to/during Prp5-mediated �delity control would largely help to understand the proof-

reading mechanism mediated by Prp5 and by extrapolation, other DEAD-box proteins.

2.4 Rationale of the work

Distinct major spliceosomal intermediate complexes � i.e., E, A, pre-B, B, Bact, B*,

C, C*, P, and the ILS have been puri�ed. Since 2015, for most of these splicing cycle

intermediates, high-resolution cryo-EM structures have been obtained. However, while

these recent structures have provided detailed insights into the catalytic activation

steps, the catalytic mechanisms, and late disassembly of the splicing process, the

structural information of early spliceosomal complexes is largely lacking, especially

in humans. Indeed, prior to this thesis, no high-resolution cryo-EM structures of the

human and the yeast isolated U2 snRNP are available. Using single-particle cryo-EM

as a tool, we aim to resolve the �rst high-resolution human 17S U2 snRNP structure

and shed new light on the early spliceosome assembly.

During the A complex formation, the DEAD-box protein Prp5 not only mediates RNP

rearrangements but also plays an important proofreading role during the branch site

recognition, at least in yeast. However, as the cryo-EM structures of the yeast E

and A complexes lack Prp5 density, it is currently unclear how Prp5 contributes to the

�delity of the branch site selection mechanistically. To elucidate the poorly understood

molecular mechanism of how Prp5 contributes to branch site proofreading during the

A complex formation, we aim to resolve the structure of a yeast early spliceosome

intermediate by single-particle cryo-EM, which is after U2 addition but prior to Prp5

dissociation.
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3 Results

The results section of this thesis is based on two �rst-author publications:

(i) �Molecular architecture of the human 17S U2 snRNP� (Zhang et al.,

Nature, 2020);

(ii) �Structural insights into how Prp5 proofreads the pre-mRNA branch site�

(Zhang et al., Nature, 2021)

The two publications are attached below as they were originally published.
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Article

Molecular architecture of the human 17S U2 
snRNP

Zhenwei Zhang1,6, Cindy L. Will2,6, Karl Bertram1, Olexandr Dybkov2, Klaus Hartmuth2,  
Dmitry E. Agafonov2, Romina Hofele3,5, Henning Urlaub3,4, Berthold Kastner2,  
Reinhard Lührmann2 ✉ & Holger Stark1 ✉

The U2 small nuclear ribonucleoprotein (snRNP) has an essential role in the selection 
of the precursor mRNA branch-site adenosine, the nucleophile for the first step of 
splicing1. Stable addition of U2 during early spliceosome formation requires the 
DEAD-box ATPase PRP52–7. Yeast U2 small nuclear RNA (snRNA) nucleotides that form 
base pairs with the branch site are initially sequestered in a branchpoint-interacting 
stem–loop (BSL)8, but whether the human U2 snRNA folds in a similar manner is 
unknown. The U2 SF3B1 protein, a common mutational target in haematopoietic 
cancers9, contains a HEAT domain (SF3B1HEAT) with an open conformation in isolated 
SF3b10, but a closed conformation in spliceosomes11, which is required for stable 
interaction between U2 and the branch site. Here we report a 3D cryo-electron 
microscopy structure of the human 17S U2 snRNP at a core resolution of 4.1 Å and 
combine it with protein crosslinking data to determine the molecular architecture of 
this snRNP. Our structure reveals that SF3B1HEAT interacts with PRP5 and TAT-SF1, and 
maintains its open conformation in U2 snRNP, and that U2 snRNA forms a BSL that is 
sandwiched between PRP5, TAT-SF1 and SF3B1HEAT. Thus, substantial remodelling of 
the BSL and displacement of BSL-interacting proteins must occur to allow formation 
of the U2–branch-site helix. Our studies provide a structural explanation of why 
TAT-SF1 must be displaced before the stable addition of U2 to the spliceosome, and 
identify RNP rearrangements facilitated by PRP5 that are required for stable 
interaction between U2 and the branch site.

To our knowledge, at present no high-resolution, cryo-electron 
microscopy (cryo-EM) structure of the human 17S U2 snRNP, the 
major subunit of the spliceosomal E and A complexes (Extended Data 
Fig. 1), is available. We thus determined its 3D structure by cryo-EM 
(Extended Data Table 1, Extended Data Fig. 2). Consistent with pre-
vious low-resolution electron microscopy structures of isolated U2 
snRNPs12, and its overall structure in human spliceosomes13–16, human 
17S U2 exhibits a bipartite structure, with a 3′ and 5′ domain bridged 
by several density elements (Fig. 1a). The structure of a major part 
of the 5′ domain could be determined at an overall resolution of 
4.1 Å (Extended Data Fig. 2). However, the 3′ domain and connecting 
bridges, and parts of the 5′ domain are more dynamic and thus less 
well-resolved (Fig. 1a, Extended Data Fig. 2). Because of the limited 
resolution in the more dynamic regions of 17S U2, we used an inte-
grated structural biology approach, fitting known X-ray structures or 
homology models of structured regions of U2 components into the 
electron-microscopy density map (Extended Data Table 2), in com-
bination with protein crosslinking coupled with mass spectrometry 
(Extended Data Fig. 3, Supplementary Table 1) and other biochemical 
data, to generate a pseudo-atomic model for the well-defined regions 
of the particle (Fig. 1b).

SF3B1 has an open conformation in 17S U2
The 17S U2 5′ domain consists predominantly of the SF3b complex. 
SF3B3, PHF5A, SF3B5, and SF3B1HEAT, which comprise the SF3b core, 
are located in the most well-defined region of the particle (Fig. 1). The 
super-helical structure of SF3B1HEAT, which is composed of 20 tan-
dem HEAT repeats (HRs), exhibits an open conformation in isolated 
SF3b10 (Extended Data Fig. 1d). In B and Bact spliceosomal complexes, 
in which U2 stably binds the branch site (BS), SF3B1HEAT adopts a closed 
conformation, encompassing the U2–BS helix and binding the BS 
adenosine (BS-A) in a pocket formed by PHF5A and the HR15–HR17 of 
SF3B1 (Extended Data Fig. 1d). In 17S U2 and in the isolated SF3b core 
crystal, SF3B1HEAT has a very similar open conformation, except that 
HR16 is completely structured in 17S U2 (Extended Data Fig. 4a–c). 
The structural organization of SF3B5, PHF5A and SF3B3 is also highly 
similar (Extended Data Fig. 4d). Crosslinking suggests that SF3B6 (also 
known as P14 or SF3b14a) is also located in a similar region in 17S U2 
and isolated SF3b (Extended Data Fig. 4e). Thus, the structure of the 
SF3b core does not change substantially during 17S U2 assembly and, 
furthermore, the crystal structure of SF3b represents a functionally 
relevant conformation. SF3B1 is the target of several precursor mRNA 
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(pre-mRNA) splicing modulators9. The open conformation of SF3B1HEAT 
indicates that splicing modulators such as pladienolide B can also inter-
act with it in the 17S U2 snRNP (Extended Data Fig. 4f), and furthermore 
supports the idea that the SF3B1 conformational change first occurs 
during stable U2 addition to the spliceosome17. The U2 5′ domain is con-
nected by three main bridges to the 3′ domain (Extended Data Fig. 5), 
which consists of the U2 Sm core RNP, and U2 snRNA stem–loops (SL) 
III and IV bound by U2-A' and U2-B'' (Fig. 1, Extended Data Fig. 5). Similar 
to the B and Bact complexes, SF3a proteins, which comprise part of the 
3′ domain, have a key role in bridging the U2 Sm core with SF3b in 17S 
U213–16 (Extended Data Fig. 5).

A BSL forms and is bound by protein
In the spliceosome, SF3b contacts SLIIa of U2 snRNA14,16,18. On the basis 
of its length and conformation (Fig. 2, Extended Data Fig. 6a, b), we 
could unambiguously place U2 SLIIa, as opposed to SLIIb, into one 
of the two well-resolved helical density elements located close to the 
C-terminal HEAT repeats of SF3B1 (Extended Data Fig. 6c, d). The high 
conservation between yeast and humans of U2 nucleotides that form 
the BSL strongly suggest that the latter also forms in the human U2 
snRNP8. The location of the helical density that flanks SLIIa indicates 
that it contains nucleotides 5′ of SLIIa and, as it is a direct continuation 
of SLIIa, that it accommodates the BSL, as opposed to the mutually 

exclusive, extended SLI that is separated from SLIIa by 20 nucleotides 
(Extended Data Fig. 6a, b). Indeed, a modelled BSL fits well in this den-
sity (Extended Data Fig. 6e). Moreover, nucleotides 42 to 45 on one BSL 
strand, which form part of the extended U2–BS helix in the spliceosome, 
have nearly the same position relative to SLIIa and SF3B1, both in 17S 
U2 and the spliceosome after U2–BS helix formation (Fig. 2). The BSL 
is sandwiched between the SF3B1 C-terminal HEAT repeats and other 
proteins (Fig. 3), and its loop is also sequestered by protein and thus 
inaccessible for base pairing interactions. Indeed, chaperoning away 
reactive regions of spliceosomal RNAs and of the pre-mRNA is a com-
mon mechanism used by the spliceosome11,19. The base of the BSL stem 
is contacted by a short helix of SF3A3 (designated the separator helix), 
which ensures an only eight base-pair length of the BSL (Extended 
Data Fig. 6a). This SF3A3 helix also interacts with SLIIa and its position 
relative to the latter is maintained in the spliceosome until its catalytic 
activation14,16,18 (Extended Data Fig. 6g, h).

PRP5 is near the BSL and encircles SF3B1
Human 17S U2 snRNPs contain TAT-SF1, the function of which in splicing 
remains unclear, and the DEAD-box ATPase PRP56,20. Prp5 is required 
for stable U2 addition during formation of the spliceosomal A com-
plex and facilitates a conformational change in U2 snRNP2–7. It is also 
implicated in the displacement of TAT-SF1 (Cus2 in Saccharomyces  
cerevisiae)5,21, a prerequisite for U2 incorporation into the spliceosome5,22.  
However, the molecular mechanisms by which PRP5 promotes stable 
U2–BS interaction, and the precise nature of RNP rearrangements that it 
facilitates, remain poorly understood. In the 17S U2 structure, the PRP5 
RecA domains can be fitted into cryo-EM density close to the BSL, U2 
snRNA SLIIa and SLIIb, and adjacent to TAT-SF1 (Fig. 3, Extended Data 
Fig. 7a–c). Consistent with biochemical studies in yeast23, an extended 
N-terminal α-helix of PRP5 interacts with SF3B1 HR9–HR12 (Fig. 3a, 
Extended Data Fig. 7d). Protein crosslinks suggest that PRP5 residues 
both N- and C-terminal of this α-helix also interact with HR12–HR15 
and HR1–HR6, respectively (Fig. 3, Extended Data Fig. 7e). Thus, the 
N-terminal region of PRP5 seems to encompass SF3B1HEAT, which sug-
gests that it aids in stabilizing its open conformation. The most common 
(hotspot) cancer-related, point mutations in SF3B1 mainly cluster in 
or near HR610. Notably, our crosslinking data suggest that the highly 
conserved PRP5 DPLD motif, which is essential for stable PRP5 interac-
tion with U2 snRNP24, is located in the proximity of HR6 (Extended Data 
Fig. 7e), consistent with studies in yeast showing that cancer-related 
SF3B1 mutations directly destabilize binding of PRP523,25.

TAT-SF1 contacts the BSL and SF3B1
RRM1 of TAT-SF1 is located adjacent to SF3B1 HR15–HR16 (Fig. 3, 
Extended Data Fig. 7f, g), which are thought to act as a hinge17. Thus, 
TAT-SF1 could potentially inhibit their hinge-like function and pre-
vent the closure of SF3B1HEAT needed to form the BS-A binding pocket. 
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TAT-SF1RRM1 is closely associated with a density element that interacts 
directly with the BSL loop and is contacted by PRP5RecA2 (Fig. 3). This 
density element is probably part of TAT-SF1, as electron-microscopy 
density can be traced in a continuous manner from it to density com-
prising TAT-SF1RRM (Fig. 3). However, we cannot unambiguously identify 
its sequence. Regardless of its nature, this protein module helps to 
stabilize the position of the BSL loop close to SF3B1HEAT. TAT-SF1 contains 

a U2AF homology motif (UHM) (Extended Data Fig. 7a) that has affinity 
for the five U2AF ligand motifs (ULMs) present in the SF3B1 N-terminal 
domain, but preferentially binds to ULM5, located closest to the HEAT 
domain26. Consistent with protein–protein crosslinks, TAT-SF1UHM can 
be fitted into a less-well resolved density element near the BSL and PRP5 
RecA domains (Fig. 3, Extended Data Fig. 7c, h). Together, the location 
of PRP5 and TAT-SF1 suggests that they aid in stabilizing both the BSL 
and SF3B1 open conformation, and thus must be displaced to allow a 
stable U2–BS interaction.

Model of PRP5 remodelling of U2 snRNP
A comparison of our 17S U2 snRNP structure and the structure of U2 
in the spliceosome indicates that a major RNP rearrangement must 
occur to free those U2 nucleotides that subsequently form the U2–BS 
helix and allow stable U2 addition during formation of the A complex 
(Extended Data Fig. 8a). U2 snRNP first associates with the spliceosomal 
E complex via protein–protein contacts, including those between PRP5 
and the U1 snRNP7, and potentially between U2 proteins and SF1 (also 
known as MBBP) bound to the BS, that would bring U2 into the vicinity 
of the BS27 (Fig. 4). If accessible, BSL loop nucleotides could in principle 
form base pairs with the BS without disruption of the BSL8. However, in 
human 17S U2, the BSL is sandwiched between the PRP5 RecA domains 
and TAT-SF1UHM on one side, and HR16–HR19 of SF3B1 and TAT-SF1RRM1 
on the other, with the unassigned protein region directly contacting 
the BSL loop. PRP5 is a DEAD-box ATPase and thus is expected to bind 
double-stranded RNA3,28. However, the nature of the RNA bound by 
PRP5 is not clear from our U2 structure and PRP5 may first bind RNA 
after 17S U2 interacts with the E complex. Several DEAD-box proteins 
disrupt protein–RNA interactions, in some cases apparently even 
without unwinding dsRNA28. Our data are consistent with a model in 
which, after U2 incorporation into the E complex, ATP binding would 
lead to engagement of PRP5 with the BSL or adjacent RNA nucleotides, 
with hydrolysis leading to displacement or release of BSL-interacting 
proteins, including TAT-SF1 and the RecA domains of PRP5 itself, with-
out disrupting the BSL (Fig. 4a, b). This would allow initial U2–BS base 
pairing via the BSL loop, which would also require displacement of 
SF1 from the pre-mRNA BS nucleotides to free them for base pairing 
interactions29. In yeast, Prp5 ATPase activity is not required if CUS2 
(the yeast TAT-SF1 homologue) is no longer present5. We thus propose 
that the BSL, which is no longer stabilized by protein, will subsequently 
become flexible, and thus that its unwinding and the concomitant 
formation of the extended U2–BS helix, may not require exogenous 
energy (Fig. 4b–d). However, at present we cannot exclude that PRP5 
destabilizes the BSL in an ATP-dependent manner, and that this leads 
to the concomitant displacement of TAT-SF1 and other BSL-interacting 
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proteins. For topological reasons, formation of the extended U2–BS 
helix would require that the 5′ strand of the BSL no longer contacts 
the SF3B1 C-terminal HEAT repeats. This would be a prerequisite to 
free the SLI-containing 5′ end of U2 snRNA for its proposed downward 
movement (Fig. 4b–d, Extended Data Fig. 8b, c). Rotational movement 
of the 5′ end of the U2 snRNA would then facilitate formation of the 
extended U2–BS helix (Fig. 4b–d, Extended Data Fig. 8c). The latter 
would then move back towards the C-terminal SF3B1 HEAT repeats 
such that U2 nucleotides 42–45 occupy the same position as they did 
before U2–BS formation, and the base of the bulged BS-A would be 
positioned at the hinge region between HR15 and HR17 and close to 
PHF5A. We propose that docking of the BS-A to the hinge region may 
trigger several coordinated movements of the HEAT domain leading 
to its closed conformation and clamping of its terminal HRs onto the 
extended part of the U2–BS helix (Fig. 4e).

In yeast, Prp5 also functions in an ATP-independent manner during 
formation of the A complex and remains bound to the latter if the BS is 
mutated5,30. In 17S U2, the N-terminal region of PRP5 makes numerous 
contacts with SF3B1HEAT and therefore potentially stabilizes its open con-
formation. Thus, there may be competition between the maintenance 
of an open conformation, facilitated by the PRP5 N-terminal region, and 
the switch to a closed conformation with the BS-A tightly clamped. In 
this model, only if an appropriate U2–BS helix is formed and the BS-A 
is properly docked, will the PRP5-SF3B1HEAT interaction be dissolved, 
leading to PRP5 release. In this way, PRP5 could potentially proofread 
stable accommodation of the BS-A during A complex formation. Given 
the weak conservation of the mammalian BS, further studies are needed 
to better understand how PRP5 can potentially distinguish between 
ideal U2–BS duplexes and those containing several mismatches.
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Methods

Data reporting
No statistical methods were used to predetermine sample size. The 
experiments were not randomized and investigators were not blinded 
to allocation during experiments and outcome assessment.

Affinity purification of 17S U2 snRNPs
HeLa S3 cells were obtained from GBF, Brunswick (currently Helmholtz 
Center for Infection Research) and tested negative for mycoplasma. 
To isolate 17S U2 snRNPs, HeLa nuclear extract was prepared as previ-
ously described31. Extract was loaded onto a 17–30% (w/v) sucrose gra-
dient containing GK5M buffer (20 mM HEPES-KOH, pH 7.9, 150 mM KCl, 
5 mM MgCl2, 0.2 mM EDTA, pH 8.0) and centrifuged in a Beckman Ti-15 
zonal rotor for 40 h at 32,000 rpm. The gradient was subsequently 
fractionated, and those fractions comprising the 17S peak were pooled 
and used for anti-SF3B1 immunoaffinity purification. Under the con-
ditions used, the 17S peak is located approximately in the middle of 
the gradient, whereas subsequently formed spliceosomal complexes 
that contain U2 sediment in the 30–45S region, which is near the bot-
tom of the gradient, ensuring that only isolated 17S U2 particles are 
purified. 17S gradient fractions were diluted 1:1 with GK5M buffer 
and loaded onto an anti-SF3B1 affinity column. After washing with 
GK5M buffer containing 1.5% (v/v) sucrose, bound 17S U2 snRNPs 
were eluted with 0.2 mg ml−1 SF3B1 peptide (EQYDPFAEHRPPKIAC) in 
GK5M containing 1.5% sucrose. Eluates were pooled and separated on 
a 5–20% (w/v) sucrose gradient containing GK5M buffer and 0–0.15% 
glutaraldehyde, by centrifuging at 29,000 rpm for 18 h in a Surespin 
630 rotor. Gradient fractions were fractionated from the bottom, and 
glutaraldehyde was quenched by adding 100 mM aspartate (pH 7.0) 
to each fraction. 17S U2 peak fractions were concentrated and the 
buffer exchanged with GK5M buffer, by centrifugation with Amicon 
50 kDa cut-off units. SDS–PAGE and mass spectrometry indicated 
that the protein composition of these affinity-purified 17S U2 snRNPs 
is identical to that of previously described, purified human 17S U2 
snRNPs20. Owing to the labile nature of the 17S particle and the large 
excess of U2 snRNP in nuclear extract, it was not possible to efficiently 
immunodeplete intact 17S U2 snRNPs from HeLa nuclear extract, 
and assay the function of our purified 17S U2 snRNPs by performing 
in vitro splicing complementation assays.

BS3 crosslinking of 17S U2 snRNPs and crosslink identification
After elution from the anti-SF3B1 affinity column, purified 17S U2 parti-
cles were concentrated to 0.6 μM and subsequently incubated with 60 
μM BS3 for 30 min at 20 °C. After quenching by incubating with 10 mM 
Tris-HCl, pH 8.0, for 15 min at 20 °C, crosslinked 17S U2 particles were 
loaded onto a 15–30% (w/v) glycerol gradient containing G150 buffer 
(20 mM HEPES-KOH, pH 7.9, 150 mM KCl, 1.5 mM MgCl2) and centrifuged 
at 4 °C for 14 h at 35,000 rpm in a TH660 rotor. Gradient fractions were 
fractionated from the bottom and crosslinked U2 snRNPs migrating in 
the 17S region of the gradient were pelleted by ultracentrifugation in 
an S150AT rotor, and analysed as previously described13. Peptides were 
reverse-phase extracted using Sep-Pak Vac tC18 1cc cartridges (Waters) 
and fractionated by gel filtration on a Superdex Peptide PC3.2/30 col-
umn (GE Healthcare). Fifty-microlitre fractions corresponding to an 
elution volume of 1.2–1.8 ml were analysed in a Thermo Scientific Q 
Exactive mass spectrometer. Protein–protein crosslinks were identified 
by pLink 1.23 and 2.3.5 search engines (pfind.ict.ac.cn/software/pLink) 
and filtered at an FDR of 1% or 5% according to the recommendations 
of the developer32,33. For simplicity, the crosslink score is represented 
as a negative value of the common logarithm of the original pLink 
score; that is, score = −log10(‘pLink Score’). An expected maximum 
distance between the Cα atoms of the BS3-crosslinked lysine residues 
is approximately 30 Å. The length of most crosslinks (93–95% at the 
spectral level and 85–86% at the unique crosslink level) is ≤30 Å in the 

presented model of the 17S U2 snRNP (see Extended Data Fig. 3). The 
CXMS data from Supplementary Table 1 can be downloaded and visu-
alized by interactive 2D viewers such as xiNET http://crosslinkviewer.
org/ or https://xvis.genzentrum.lmu.de/login.php, or in 3D using UCSF 
Chimera or PyMOL.

Electron-microscopy sample preparation and image acquisition
The purified 17S U2 sample was absorbed to a thin layer carbon film for 
1 min, which was subsequently attached to R3.5/1 QUANTIFOIL grids. 
Four microliters of ddH2O was applied to the grid and excess water was 
blotted away by an FEI Vitrobot loaded with pre-wet filter paper, with 
the setting of blotting force 8, blotting time 4 s, at 100% humidity and 
4 °C, and then vitrified by plunging into liquid ethane. Cryo-EM data 
were acquired on a FEI Titan Krios electron microscope (Thermo Fisher 
Scientific), equipped with a Cs corrector, at 300 kV. The images were 
recorded in integration mode on a Falcon III direct electron detector 
at 120,700× magnification, which corresponds to a calibrated pixel 
size of 1.16 Å at the specimen level. Micrographs were recorded using 
an exposure time of 1 s and a total dose of 72 e− per Å2. In total, 12,194 
were recorded with 20 movie frames and another 28,226 micrographs 
were recorded with 39 frames.

Image processing
Frames were dose-weighted, aligned and summed with Motion-
Cor234. The defocus values of the micrographs were determined 
by Gctf35. Summed micrographs were manually evaluated in the 
COW-MicrographQualityChecker (http://www.cow-em.de). Micro-
graphs with isotropic Thong rings and clear particles were processed 
further. In total, 27,890 out of 40,420 summed micrographs were 
retained for further processing. Initially, around 3.5 million particles 
were automatically picked using Gautomatch (http://www.mrc-lmb.
cam.ac.uk/kzhang), then extracted with a box size of 360 × 360 pix-
els, and binned to 180 × 180 pixels (pixel size of 2.32 Å) in RELION 3.0 
(http://www2.mrc-lmb.cam.ac.uk/relion/index.php/Main_Page). Sev-
eral iterations of reference-free 2D classification were performed in 
RELION 3.0 and ‘bad classes’ showing fuzzy or uninterpretable features 
were removed, yielding around 1.43 million ‘good particles’. A subset 
of 200,000 particles was used to generate an initial 3D map by ab ini-
tio reconstruction function in cryoSPARC36. The 3′ domain and other 
peripheral parts of this map were erased in UCSF Chimera v.1.13.137. 
The remaining 5′ domain was low-pass filtered to 40 Å and used as the 
3D reference for 3D classification in RELION 3.0. The approximately 
1.43 million good particles from 2D classification were split into five 
datasets. Each dataset was 3D classified into three classes. All 612,445 
particles from good 3D classes (classes that show a complete particle 
with fine details) were combined and subjected to the Refine3D func-
tion in RELION 3.0, with a mask around the 5′ domain, resulting in a 
5.7 Å resolution map. Next, using the alignment parameters from the 
aforementioned masked 3D refinement, the 612,445 particles were 
focused classified with a mask around the 5′ domain, into 8 classes. 
The best class (with 152,078 particles) that showed clear separation of 
HEAT repeats was selected, re-extracted in original pixel size (1.16 Å per 
pixel) with the box size of 300 × 300 pixels, and subjected to another 
round of focused 3D classification. The best 3D class (with 120,070 
particles) was then selected and refined by Refine3D in RELION 3.0 
with a mask around the entire 17S U2 particle or the 5′ domain. The final 
reconstruction of the entire particle has an average resolution of 7.1 Å 
and the reconstruction with a mask around 5' domain has an average 
resolution of 4.1 Å, based on the RELION gold-standard Fourier shell cor-
relation. The data were acquired at two different settings (see above). 
Because higher averaged doses tend to result in poorer reconstruction, 
we checked whether removing the particles from the micrographs 
receiving a higher average dose (leading to 82,420 particles retained) 
would improve the numerical resolution and the map quality, but this 
was not the case (data not shown).

http://crosslinkviewer.org/
http://crosslinkviewer.org/
https://xvis.genzentrum.lmu.de/login.php
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http://www.mrc-lmb.cam.ac.uk/kzhang
http://www.mrc-lmb.cam.ac.uk/kzhang
http://www2.mrc-lmb.cam.ac.uk/relion/index.php/Main_Page


Model building and refinement
Templates for the U2 proteins and RNA were obtained, wherever pos-
sible from published structures (Extended Data Table 2). The SF3b core 
crystal structure, together with parts of SF3A3 (amino acids 392–499) 
and SF3B2 (amino acids 458–530, 565-598) were initially docked as 
rigid bodies into the 4.1 Å map of the U2 5′ domain. WD40-B of SF3B3 
was then manually adjusted to fit the map using Coot v. 0.8.9.238. The 
central part of SF3b core has resolution ranging from 3.6 to 4.5 Å, which 
allowed manual adjustment of side chains. The other parts were locally 
adjusted, without manipulating secondary structures or side chains. 
The model of the stem of U2 SLI (nucleotides 12–14, 19–21) was built 
by UCSF Chimera v. 1.13.137 as an A-form RNA helix. The model of BSL 
(nucleotides 25–45) was predicted by RNAvista39 with base-pairing 
restrains as proposed in a previous study for S. cerevisiae U2 snRNA8. 
U2 SLIIa (nucleotides 48–65) was modelled based on the SLIIa in the 
yeast Bact complex, and adjusted to the human U2 snRNA sequence. 
These RNA models were docked into the map individually as rigid bod-
ies and connections between the SLs were de novo built using Coot. 
We also built homology models for PRP5 (amino acids 146–195) and 
TAT-SF1RRM1 (amino acids 127–220), using SWISS-MODEL suite40 or 
SpliProt3D database41 and guided by our crosslinking (CXMS) data, 
we then rigidly docked the models into the high resolution map of the 
5′ domain. The better resolution (approximately 5 Å) of the TAT-SF1RRM1 
region allowed local adjustment of the homology model. Models of the 
entire 5′ domain were then combined and subjected to real space refine-
ment in PHENIX42, with secondary structure restraints. The models of 
the remaining proteins or RNA (Extended Data Table 2) were rigid body 
docked into the low-resolution map of the entire 17S U2 particle, based 
on CXMS data and the overall shape of the EM density.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
The atomic coordinate files have been deposited in the Protein Data 
Bank (PDB) with the following accession codes: U2 5′ domain (6Y50), 
low resolution region (6Y53) and entire 17S U2 particle (6Y5Q). The 
cryo-EM maps have been deposited in the Electron Microscopy Data 
Bank as follows: U2 5′ domain (EMD-10688) and entire U2 particle 
(EMD-10689).
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Extended Data Fig. 1 | Spliceosome assembly cycle and the interaction of 
17S U2 with the pre-mRNA branch site. a, Early assembly and catalytic 
activation pathway of the spliceosome. The 17S U2 snRNP, the structure of 
which was determined here by cryo-EM, is indicated by an asterisk. For 
simplicity, the stepwise interactions of the U1, U2, U4/U6 and U5 snRNPs, and 
only selected non-snRNP proteins are shown. Helicases involved in conversion 
of the E to A complex are indicated. In the E complex, the U2AF65 UHM interacts 
with the ULM of SF1, and after release of SF1, it subsequently interacts with a 
ULM in the N-terminal region of SF3B1. This swap of UHM–ULM interactions is 
probably very important for positioning the BS before the conformational 
change in the HEAT domain clamps down on the U2–BS helix and stabilizes the 
U2 snRNP interaction with the intron. The U2AF65/U2AF35 dimer is released 
(not shown) during conversion of the A to B complex20. SF1 is displaced from 
the BS by UAP56 (either before or after PRP5 action). SF1 pre-bulges the BS-A via 
accommodation of the latter in its KH domain, facilitating subsequent 
base-pairing of U2 with the BS29. b, Base-pairing interactions between U2 
snRNA and the BS and upstream intron nucleotides, that lead to bulging of the 
BS-A. The sequence shown is from intron 10 of the pre-mRNA for the 

polypyrimidine tract-binding protein (PTB). Red shading denotes the bona fide 
U2–BS helix, and shows base pairs formed between human U2 snRNA and the 
conserved BS consensus sequence of PTB intron 10. Yellow shading denotes 
the extended U2–BS helix, in which the number and nature of base-pairing 
interactions varies depending on the pre-mRNA intron sequence. c, Schematic 
of the composition of the human 17S U2 snRNP. Only abundant U2 proteins are 
shown20. d, Open structure of the SF3B1 HEAT domain in the isolated SF3b 
complex (left) and its more closed conformation after interaction with the  
U2–BS helix (right). The SF3B1 HEAT domain (green) forms a super-helical 
structure, and in the spliceosome sequesters the U2–BS helix. The 
conformational change in the HEAT domain, which is required to form the BS-A 
binding pocket, was proposed to occur after formation of the U2–BS helix17. 
Before this study, the conformation of SF3B1 in human 17S U2 snRNP was not 
known. The pre-mRNA is in grey; U2 snRNA is coloured as in Fig. 2. For 
simplicity, the PHF5A protein that also forms part of the BS-A binding pocket is 
not shown. The structures of SF3B1HEAT in the isolated SF3b complex (PDB code 
5IFE) (left) and human Bact complex (PDB code 6FF4) (right) are aligned via 
HEAT repeat 20.



Extended Data Fig. 2 | Cryo-EM and image-processing of the human 17S U2 
snRNP. a, Computation sorting scheme. All major image-processing steps are 
depicted. For a more detailed explanation, see ‘Image processing’ in 
the Methods. A considerable amount of conformational heterogeneity is 
present in all spliceosomal complexes but even more in the bipartite 17S U2 
snRNP, which is structurally very labile and readily dissociates during 
purification43, making its analysis by electron microscopy challenging. In 
addition, the bridges connecting the 5′ and 3′ domains of the U2 particle (see 
also Extended Data Fig. 5) have a very flexible character, leading to flexibility in 
the 3′ domain and the large variation in local resolution. Thus, a substantially 
higher number of particles was needed to generate the 17S U2 structure than is 
usually used for cryo-electron microscopy. b, Typical cryo-electron 
micrograph of the Homo sapiens 17S U2 snRNP recorded at 120,700× 
magnification with a Titan Krios microscope using a Falcon III direct electron 
detector operating in integration mode at a calibrated pixel size of 1.16 Å. c, 
Representative selection of reference-free 2D class average images depicting 

17S U2 particles recorded under cryo conditions. d, Euler angle distribution 
plot of all 17S U2 particles that contributed to the final structure. Red depicts a 
higher relative number of particles at a certain angle. The generally uniform 
distribution of the particle projection angles ensures an isotropic 3D 
electron-microscopy density map. e, Local resolution estimation of the 5′ 
domain of 17S U2 snRNP. The 5′ domain shows a resolution between 3.6 and 
9.0 Å. The map of the remaining part excluding the 5′ domain, shown as a 
translucent overlay, was determined at resolutions between 10 and 30 Å.  
f, Fourier shell correlation (FSC) of two independently refined half datasets, 
calculated using the ‘PostProcessing’ routine in RELION, indicates a global 
resolution of 7.1 Å for the entire 17S U2 snRNP, and 4.1 Å for the masked U2 5′ 
domain. Multibody refinement around the 3′ domain and the peripheral parts 
did not produce better resolved maps for those regions. g, Map versus model 
FSC curves for the 5′ domain and the SF3b core. The FSC = 0.5 criterion 
indicates a resolution of 4.2 Å for the U2 5′ domain, and 4.15 Å for the SF3b core.
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Extended Data Fig. 3 | Euclidian distances for crosslinks observed between 
modelled residues (Cα) of the 17S U2 snRNP. a–c, Crosslinks from a single 17S 
U2 crosslinking experiment (with two technical replicates) were identified by 
pLink2.3.5 and filtered to a false discovery rate (FDR) of 1% (a), pLink1.23 at an 
FDR of 1% (b), and pLink1.23 at an FDR of 5% (c). Calculations were performed 
using PyMOL2.3.4 for crosslinks with a score of at least 1. Most crosslinks  

(93–95% at the spectral level and 85–86% at the unique crosslink level) are 
consistent—that is, Cα atoms of the crosslinked amino acids are within 30 Å of 
each other—in the presented model of the 17S U2 snRNP. The percentage of 
overlength crosslinks (that is, longer than 30 Å) is slightly higher than observed 
for more rigid complexes, which is consistent with the known structural 
flexibility/dynamics of the 17S U2 snRNP.



Extended Data Fig. 4 | The SF3B1 HEAT domain has an open conformation in 
the 17S U2 snRNP. a, Fit of the SF3b core proteins into the 17S U2 electron- 
microscopy density (grey). b, Overlay of the HEAT domain (amino acids 529–
1201) of SF3B1 in 17S U2 snRNP (green) and the crystal structure of the isolated 
SF3b core (gold, PDB 5IFE). In 17S U2 and isolated SF3b, PHF5A contacts both  
N- and C-terminal regions of the HEAT domain, interacting with HEAT repeats 
HR2–HR3 near its N terminus, as well as HR15, HR17 and HR18 near its  
C terminus. PHF5A thus contacts two previously described, dynamic hinge 
regions (HR3–HR4 and HR15–HR16) of the HEAT domain10, and thereby helps to 
stabilize the SF3B1 open conformation. c, Close up of SF3B1 HR16 in 17S U2 
overlaid with that in isolated SF3b. HR16 is completely structured in the 17S U2 
particle, but not in isolated SF3b. d, Overlay of the SF3b core domain in 17S U2 
snRNP (green) with the crystal structure of isolated SF3b (gold; PDB code 5IFE). 
For clarity, the SF3B3 protein is coloured red-orange in this panel. Although the 
WD40-A and WD40-C domains of SF3B3 have essentially the same 
conformation, and clamp SF3B5 in a similar manner in both the 17S U2 snRNP 
and the SF3B core complex, the WD40-B domain has a slightly different 
position and is rotated more towards SF3B1HEAT in 17S U2. e, Multiple crosslinks 
were detected between SF3B6, which can be crosslinked to the BS-A in 
spliceosomal A complexes44,45, and SF3B1 residues on the upper surface of the 
HEAT domain, as well as the PRP5 α-helix that interacts with HR9–HR12, and 
PHF5A (see also Supplementary Table 1). Crosslinks between SF3B1 and SF3B6 

were also detected in the N-terminal region of SF3B1 located at, or near, amino 
acids (373–415) that are required for stable SF3B6–SF3B1 interaction45,46. 
Similar protein–protein crosslinks involving SF3B6 were observed with 
recombinant, intact SF3b complexes10, which indicates that SF3B6 is located in 
a similar, but not firmly fixed, position both in 17S U2 and the isolated SF3b 
complex10. Numbers (colour-coded to match protein colours) indicate the 
positions of crosslinked lysine residues, which are connected by black arrows. 
The distances between the crosslinked residues in our 17S U2 model are 
indicated by small numbers next to the black arrows. A distance is not included 
if one of the crosslinked residues is present in an unstructured protein region.  
f, The site where the splicing modulator pladienolide B (PlaB) binds SF3B1 is not 
occupied in the 17S U2 snRNP. The crystal structure of PlaB bound to the SF3b 
core complex showed that the binding pocket of PlaB, which is formed by 
HR15–HR17 and PHF5A, is present only in the open conformation of the HEAT 
domain, and overlaps with the BS-A-binding pocket17. As the PlaB-binding 
pocket is present in a hinge region of the HEAT domain, it was proposed to 
inhibit SF3b function by preventing the conformational change in the  
HEAT domain needed to clamp down on the U2–BS helix17. There is no 
electron-microscopy density observed in the PlaB-binding pocket and thus it 
and potentially other splicing modulators can also bind SF3B1 in the 17S U2 
snRNP.
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Extended Data Fig. 5 | The 3′ domain of the 17S U2 snRNP and molecular 
bridges connecting it to SF3b. a, The U2 3′ domain is connected to the 5′ 
domain by three main bridges. Fit of the entire 17S U2 molecular model into the 
electron-microscopy density (low-pass filtered). b, Fit of the U2 Sm core, U2 
snRNA SLIII, and U2-A' and U2-B” bound to U2 snRNA SLIV. The overall structure 
of the U2 3′ domain does not change substantially after U2 incorporation into 
the spliceosome. The U2 Sm core domain is located at a similar distance from 
SF3B1HEAT as observed in the human B complex13,15. The resolution of the 17S U2 
present in the yeast A complex47, as well as in the human pre-B complex15,48, is 
not sufficient to make meaningful, detailed comparisons of their structure 
with that of our 17S U2 snRNP. Furthermore, in the former complexes the 
molecular architecture of U2 is derived entirely from that found in yeast B or 
human Bact complexes. c, Bridge 1 is probably composed of U2 snRNA 
nucleotides upstream of the Sm-binding site that connect it to SLIIb, which is 
also part of this bridge, as well as unassigned protein density. d, Bridge 2 is 
formed by RRM2 of U2-B′′ and amino acids in the C-terminal half of SF3A3 that 
bridge U2-B′′ and the WD40-C domain of SF3B3. e, The N-terminal helical 
domain of SF3A3 contacts the U2 Sm core. SF3A3 also interacts with SF3B2 and 
then extends to the U2 snRNA SLIIa and BSL (see Fig. 2). Rigid-body fitting 

combined with protein–protein crosslinking (see f and g) allowed us to localize 
near or within bridge 3, both RRM1 (amino acids 13–91) and RRM2 (amino acids 
100–179) of the SF3B4 protein. SF3B4RRM1 interacts with a short region of its 
binding partner SF3B2 (amino acids 607–693) and SF3B4RRM2 extends towards 
the β-sandwich of SF3A2 (amino acids 118–209) and a long helical region of 
SF3A1 (amino acids 235–274) that also comprises part of bridge 3. SF3A1 
extends from the N-terminal region of SF3A3 to the SF3A2 β-sandwich. Thus, 
SF3a proteins have important bridging roles in connecting the 3′ and 5′ 
domains of the U2 snRNP. Stable integration of SF3a into the human 17S U2 
particle during its biogenesis requires the prior binding of SF3b12 and thus the 
SF3a–SF3b protein contacts described above potentially have key roles in the 
assembly of the 17S U2 particle. f, g, Intermolecular crosslinks supporting the 
location in our 17S U2 model of SF3B4RRM2 (f) and SF3B4RRM1 (g). Numbers 
(colour-coded to match protein colours) indicate the positions of crosslinked 
lysine residues, which are connected by black arrows. The distance between 
the crosslinked residues in our 17S U2 model is indicated by small numbers next 
to the black arrows. A distance is not included if one of the crosslinked residues 
is present in an unstructured protein region.



Extended Data Fig. 6 | Fit of the various stem–loops in the 5′ half of U2 
snRNA. a, b, Alternative conformations of stem–loops potentially formed in 
the 5′ part of human U2 snRNA. The stem of the BSL could potentially form 
additional base pairs, but the presence of the SF3A3 separator helix (amino 
acids Y392 to H400) prevents base-pair formation beyond G25–C45. This 
guarantees that U46 and U47 are single-stranded and thus could potentially be 
involved in the proposed movement of the BSL away from SF3B1 during U2–BS 
helix formation (see also Extended Data Fig. 8). c, Fit of U2 SLIIa, BSL and SLI 
three-way junction into 17S U2 electron-microscopy density. d–f, Fit of the 
individual SLIIa (d), BSL (e) and a shortened SLI (f) into the electron-microscopy 
density. Owing to the formation of the BSL, only a shortened U2 SLI can form as 
nucleotides in the lower stem of an extended SLI would instead form base pairs 
located in the lower stem of the BSL. Thus, an extended SLI and a BSL are 

mutually exclusive, competing U2 snRNA conformations. The position of  
the remaining 10 nucleotides at the 5′ end of the U2 snRNA, which in the 
spliceosome form part of U2–U6 helix II, cannot be discerned. g, Fit of the 
SF3A3 separator helix into density at the base of the BSL. h, Similar SLIIa RNP 
architecture in 17S U2 snRNP, and the yeast B and human Bact spliceosomal 
complexes. In human U2 snRNP, loop nucleotides of SLIIa contact amino acids 
of the loop connecting the two α-helices of SF3B1 HR20, as well as residues of 
SF3B2; two regions of the latter (amino acids 458–530 and 565–598) are located 
in well-resolved density close to SLIIa and SLI, respectively. These SLIIa 
contacts are similar to those found in yeast B and human Bact spliceosomes. 
Thus, they are a major, direct anchor point for SF3b on the U2 snRNA. The poor 
resolution of the cryo-EM structure of the human B complex in this region does 
not allow for an accurate comparison.
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Extended Data Fig. 7 | See next page for caption.



Extended Data Fig. 7 | Fit of PRP5 and TAT-SF1 and their interaction with the 
SF3B1 HEAT domain. a, Schematic of the domain organization of human PRP5 
(left) and TAT-SF1 (right), with amino acid boundaries of each domain indicated 
below. b, Fit of the PRP5 RecA1 and RecA2 domains in an open conformation 
into the 17S U2 electron-microscopy density. The open (inactive) conformation 
of the PRP5 RecA domains seems to fit better than the closed (active) 
conformation, which suggests that PRP5 is inactive in 17S U2 snRNP. However, 
neither the resolution in this region nor intramolecular PRP5 crosslinks allow 
us to confidently position these two domains relative to each other and thereby 
distinguish between these two conformations. DEAD-box proteins typically 
bind double-stranded RNA via their RecA domains and facilitate local strand 
separation by introducing one or two sharp bends in one of the bound strands 
that prevent base-pairing with the complementary strand28. The resolution of 
the 17S U2 in the region where the PRP5 RecA domains are located does not 
allow us to discern whether PRP5 is interacting with RNA at this stage. On the 
basis of our structure, the RecA domains of PRP5 in 17S U2 are not close enough 
to the BSL to directly disrupt it, and also are not located close enough to the SLI. 
c, Protein crosslinks support the positioning of the PRP5 RecA domains and the 
TAT-SF1UHM. Crosslinks are observed between TAT-SF1UHM and residues in the  
N- and C-terminal HEAT repeats of SF3B1, in the region of PRP5 between the 
N-terminal α-helix and RecA domains, and in PHF5A, which supports the 
location of TAT-SF1UHM in the less-well resolved density element adjacent to the 
U2 BSL. d, Fit of the PRP5 α-helix (amino acids 146–196) into the electron-
microscopy density contacting HEAT repeats 9–12. e, Protein crosslinks 
between PRP5 and SF3B1 suggest that a region spanning approximately 200 
amino acids located N-terminal of the PRP5 helicase domain, wraps around 
most of SF3B1HEAT. These data are consistent with studies showing that yeast 
Prp5 also interacts with HR1–HR6 and HR9–HR12 of the yeast SF3B1 
homologue, Hsh15523. Numbers (colour-coded to match protein colours) 
indicate the positions of crosslinked lysine residues, which are connected by 
black arrows. The proposed path of unstructured regions of PRP5 is indicated 
by a dotted line and the location of the conserved PRP5 DPLD motif is shown. 
The position of selected cancer-related hotspot mutations of SF3B1 (K666, 
K662, K700 and G742) are indicated. Point mutations in SF3B1HEAT are linked to 

various cancers and lead to the utilization of cryptic branch sites and 3′ splice 
sites in vivo49,50. The exact mechanism responsible for these changes in 
alternative splicing is currently unknown but it has been suggested that these 
mutations may affect the curvature of the HEAT domain10. Studies in yeast 
showed that position-equivalent, point mutations in SF3B1 that are linked to 
cancer in humans, lead to loss of stable Prp5 binding to the U2 snRNP23,25. More 
recent studies indicate that in humans these cancer-related mutations 
destabilize the interaction of SF3B1 with the SUGP1 protein51, which, however, is 
essentially absent from our 17S U2 preparations20. As PRP5 appears to 
encompass the entire HEAT domain in the human 17S U2, it is conceivable that a 
change in the curvature of the HEAT domain could destabilize the SF3B1–PRP5 
interaction, and the absence of PRP5 may directly lead to alterations in BS 
selection by U2 containing SF3B1 cancer-related point mutations. Prp5 was 
shown to contact the SF3b complex in the U2 snRNP via a conserved DPLD 
motif in its N-terminal domain24. The most common (hotspot) cancer-related 
point mutations mainly cluster in or near HR610 and notably our crosslinking 
data place the DPLD motif of PRP5 (amino acids 226–229) in proximity to HR6. 
Thus cancer-related hotspot mutations may disrupt this essential interaction, 
leading to destabilization of PRP5. This, in turn, could have a detrimental effect 
on the function of PRP5 to facilitate the formation of a stable U2–BS interaction 
and/or on the proofreading activity of PRP5 (as discussed above), and thus 
facilitate the usage of aberrant BS and 3′ splice sites. f, Protein crosslinks 
between TAT-SF1RRM1 and neighbouring proteins. In 17S U2, TAT-SF1RRM1 is 
located adjacent to SF3B1 HR15 and HR16 (Fig. 3a), and thus may also stabilize 
HR16, which is completely structured in 17S U2 (Extended Data Fig. 4c). 
Crosslinking also suggests that an unstructured loop of SF3B2 consisting of 
amino acids 531–564 may occupy the electron-microscopy density near SF3B1 
HR12–HR15. g, Position of SF3B1 and SF3B2 in 17S U2 (left) and in the human Bact 
complex (right). In 17S U2, TAT-SF1RRM1 is located in the same position where two 
α-helices of SF3B2 are found in the Bact complex, and thus release of TAT-SF1 
would be required for the subsequent formation or repositioning of this region 
of SF3B2. h, Fit of TAT-SF1 UHM (amino acids 260–353) into the 17S U2 electron-
microscopy density. Amino acids 260–353 of human TAT-SF1 were initially 
designated RRM2, but were later shown to comprise a UHM52.
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Extended Data Fig. 8 | RNP rearrangements and movements of the U2 
snRNA required for formation of the extended U2–BS helix. a, Spatial 
orientation of the BSL and neighbouring proteins in the 17S U2 (left), and the 
subsequently rearranged U2 snRNA and U2 proteins after formation of the U2/
BS helix and stable U2 incorporation into the spliceosome (right). Although the 
human Bact structure (PDB code 6FF4) is shown, the spatial organization of the 
shown U2 components is similar in B and presumably also human A complexes. 
b, Movement of U2 SLI behind the BSL requires repositioning of the latter. 
Coloured surfaces are derived from the fitted protein models, with the RNA 
depicted as a combination of a transparent surface model and RNA helix. The 
movement of the 5′ end of U2 required for formation of the extended U2–BS 
helix would require release of the BSL from SF3B1. In the absence of the latter, 
the 5′ end of U2 snRNA, including the short SLI, which is topologically located 
above the BSL stem, would have to be threaded through a very narrow opening 
between the BSL and the SF3B1 HEAT domain in order to unwind the BSL, a 
scenario that is unlikely. Thus, the remodelling of the U2 BSL into an extended 
U2–BS helix will probably occur in a conformational state of the U2 snRNP in 
which the BSL is moved away from the C-terminal HEAT repeats. This 
movement could involve a rotation around U2 nucleotides U46 and/or U47, 
which link the BSL to the stem of SLIIa and appear to be maintained in a 
single-stranded conformation by SF3A3 (Extended Data Fig. 6). In this respect, 
it is intriguing that the short SF3A3 separator helix is situated at the same place 
in 17S U2 and in human Bact complexes. Moreover, it probably has very similar 

roles in 17S U2 and the spliceosome. That is, in Bact, the SF3A3 separator helix 
also determines the length of the extended part of the U2–BS helix and 
facilitates the movement of U2 snRNA and the intron away from each other. The 
SF3A3 separator helix probably maintains its contact with the U2 SLIIa, 
ensuring the stable interaction of the SF3b complex with the U2 snRNA. This 
has the advantage that the newly formed extended U2–BS complex can swing 
back towards the HEAT domain with SF3A3 still bound to the SLIIa. Docking of 
the extended U2–BS helix to the SF3B1 C-terminal HEAT repeats is potentially 
facilitated by initial interactions with the backbone of the first 5–6 nucleotides 
of the intron downstream of the BS. c, Movements of the 5′ end of U2 that 
enable formation of the extended U2–BS helix. Step 1: ATP hydrolysis by PRP5 
disrupts protein contacts with the BSL and presumably also with the 5′ end of 
the U2 snRNA including SLI. This allows base pairing between the BSL loop 
nucleotides and the BS of the pre-mRNA intron. Step 2: the destabilized BSL 
unwinds and the 5′ end of U2 moves behind the BSL and downward, with a 
twisting motion that repositions the pre-mRNA behind the unwound BSL. 
Movement of the 5′ end downward allows the formation of additional base pairs 
with the pre-mRNA. As both ends of the pre-mRNA intron appear to be fixed by 
protein and snRNP interactions, formation of the helical conformation of the 
U2–BS and extended U2–BS probably involves first movement of the 5′ end of 
U2 behind the pre-mRNA (step 4), followed by a movement across the 
pre-mRNA (that is, a twisting rotation of the 5′ end of U2 around the pre-mRNA) 
(step 5). Numbers indicate the position of selected U2 nucleotides.



Extended Data Table 1 | Cryo-EM data collection, refinement and validation statistics
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Extended Data Table 2 | Summary of modelled proteins and RNA in the human 17S U2 structure

RNA and protein regions were modelled and fit into the electron-microscopy density as indicated.
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Structural insights into how Prp5 proofreads 
the pre-mRNA branch site

Zhenwei Zhang1, Norbert Rigo2, Olexandr Dybkov2, Jean-Baptiste Fourmann2, Cindy L. Will2, 
Vinay Kumar2, Henning Urlaub3,4, Holger Stark1 ✉ & Reinhard Lührmann2 ✉

During the splicing of introns from precursor messenger RNAs (pre-mRNAs), the U2 
small nuclear ribonucleoprotein (snRNP) must undergo stable integration into the 
spliceosomal A complex—a poorly understood, multistep process that is facilitated by 
the DEAD-box helicase Prp5 (refs. 1–4). During this process, the U2 small nuclear RNA 
(snRNA) forms an RNA duplex with the pre-mRNA branch site (the U2–BS helix), which 
is proofread by Prp5 at this stage through an unclear mechanism5. Here, by deleting 
the branch-site adenosine (BS-A) or mutating the branch-site sequence of an actin 
pre-mRNA, we stall the assembly of spliceosomes in extracts from the yeast 
Saccharomyces cerevisiae directly before the A complex is formed. We then determine 
the three-dimensional structure of this newly identified assembly intermediate by 
cryo-electron microscopy. Our structure indicates that the U2–BS helix has formed in 
this pre-A complex, but is not yet clamped by the HEAT domain of the Hsh155 protein 
(Hsh155HEAT), which exhibits an open conformation. The structure further reveals a 
large-scale remodelling/repositioning of the U1 and U2 snRNPs during the formation 
of the A complex that is required to allow subsequent binding of the U4/U6.U5 
tri-snRNP, but that this repositioning is blocked in the pre-A complex by the presence 
of Prp5. Our data suggest that binding of Hsh155HEAT to the bulged BS-A of the U2–BS 
helix triggers closure of Hsh155HEAT, which in turn destabilizes Prp5 binding. Thus, 
Prp5 proofreads the branch site indirectly, hindering spliceosome assembly if 
branch-site mutations prevent the remodelling of Hsh155HEAT. Our data provide 
structural insights into how a spliceosomal helicase enhances the fidelity of 
pre-mRNA splicing.

To isolate a spliceosome assembly intermediate formed directly before 
the A complex that still contains Prp5 (Extended Data Fig. 1a), we carried 
out splicing in S. cerevisiae cell extracts with an actin (Act) pre-mRNA in 
which the BS-A is deleted (Extended Data Fig. 1b). With this ΔBS-A sub-
strate, splicing is blocked before catalytic step 1 (Extended Data Fig. 1c), 
consistent with previous results6. Spliceosomal complexes formed on 
ΔBS-A Act pre-mRNA lack the U4/U6.U5 tri-snRNP, but contain stoi-
chiometric amounts of U1 and U2 snRNPs (Extended Data Fig. 1d). The 
proteins Prp5, Msl5 and Mud2 are also abundant, whereas Cus2 is absent 
(Extended Data Fig. 1e and Supplementary Table 1), indicating that these 
complexes stall after Prp5 hydrolyses ATP, but before the tri-snRNP 
has docked. We next carried out single-particle cryo-electron micros-
copy (cryo-EM) and determined the structure of the ΔBS-A complex 
at an average resolution of 5.9 Å (ranging from roughly 4.5 Å for U1 to 
approximately 15 Å for U2) (Extended Data Table 1 and Extended Data 
Fig. 2). Further classification and multibody refinement improved the 
resolution of the stable U1 snRNP region and adjacent U2 5′ region to 
4.1 Å and 8.3 Å, respectively (Extended Data Fig. 2). By fitting known 
X-ray structures of spliceosome components into the EM density map 

(Extended Data Table 2), together with protein crosslinking coupled 
with mass spectrometry (CXMS) (Supplementary Table 2), we gener-
ated a three-dimensional (3D) model of the ΔBS-A complex (Fig. 1). 
This complex consists of two major elongated domains—compris-
ing the U1 and bipartite U2 snRNPs—that are connected by two main 
bridges (Fig. 1).

The U2–BS helix is not clamped by Hsh155
Hsh155HEAT adopts a closed conformation after U2 has integrated stably 
into the spliceosome, clamping the U2–BS helix and binding the bulged 
BS-A in a pocket formed by Rds3 (PHF5A in humans; see Extended Data 
Fig. 1f for a summary of yeast and human protein names) and HEAT 
repeats 15–17 of Hsh155 (refs.7–10) (Extended Data Fig. 1g). It is unclear 
at present what triggers this functionally important structural change. 
In the ΔBS-A complex, Hsh155HEAT exhibits an open conformation, as 
in the isolated human 17S U2 (ref. 11) but in notable contrast to its con-
formation in yeast A complexes (Figs. 1, 2a and Extended Data Fig. 3a) 
and pre-B, B and Bact complexes7,8,12,13. Stem–loop (SL) IIa of U2 snRNA is 
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bound by Hsh155, Cus1 and Prp9 in the ΔBS-A complex, in a similar man-
ner to that seen in the human 17S U2 snRNP and subsequently formed 
spliceosomal complexes (Extended Data Fig. 3b). An extended helical 
density element is located directly upstream of SLIIa. This element is 
longer than the U2 branchpoint-interacting stem-loop (BSL), which 
is found in the isolated U2 snRNP and sequesters U2 nucleotides that 
base pair with the branch site11,14 (Extended Data Fig. 3c, d). A modelled, 
extended U2–BS helix—lacking a bulged BS-A and comprising 13 base 
pairs—fits well into this density element (Extended Data Fig. 3c), indi-
cating that an extended U2–BS helix has formed. On the basis of CXMS 
data, the Prp11 zinc finger (Prp11ZnF) could be positioned at the top of the 

U2–BS helix (Extended Data Fig. 3e, f), akin to its position in A, pre-B, 
B and Bact complexes7,8,12,13,15. In the ΔBS-A complex, the U2–BS helix is 
located further away from the carboxy (C)-terminal HEAT repeats of 
Hsh155HEAT compared with its position in the A to Bact complexes, and 
it is not sequestered by Hsh155HEAT (Fig. 2a and Extended Data Fig. 3g). 
Thus, formation of the U2–BS helix alone does not appear to trigger 
closure of Hsh155HEAT. As the U2–BS helix has formed, but Hsh155HEAT still 
exhibits an open conformation and Prp5 is stably bound (see below), we 
conclude that ΔBS-A complexes are stalled at a pre-A-complex stage, 
after Prp5-mediated formation of the U2–BS helix, but during/before 
it carries out its proofreading function.
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Fig. 1 | Three dimensional cryo-EM model of the yeast pre-A complex.  
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spliceosomal pre-A complex. a, Purple, better-resolved U1 density; grey blue 

and green, better-resolved densities of the 3′- and 5′-regions of U2 snRNP; 
translucent grey, cryo-EM map of the pre-A complex.
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nucleotides that later form the U2–BS helix; yellow, BSL nucleotides forming 
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blue, SLI. b, Fit of Prp5RecA1 into the pre-A EM density. c, Location of the Prp5 
RecA1 and RecA2 domains in the pre-A complex. d, Prp5RecA1 contacts U2 snRNA 
nucleotides that connect the U2–BS helix to U2 SLIIa. The positions of Prp5 
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branch-site mutations are indicated in black.
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Location of Prp5 in the pre-A complex
Prp5 was initially proposed to ‘proofread’ formation of the U2–BS 
helix by coordinating the rate of U2–BS base pairing with its ATPase 
activity5. However, more recent studies uncovered a correlation 
between increased Prp5 retention in early spliceosomal complexes 
and decreased tri-snRNP recruitment, suggesting that the physical 
presence of Prp5, rather than its ATPase activity, has a key role in its 
proofreading function16. In the human 17S U2 snRNP, the Prp5 RecA 
(Prp5RecA) domains sequester the BSL together with the TAT–SF1 protein 
and the C-terminal HEAT repeats of SF3B1 (ref. 11), thereby preventing 
formation of the U2–BS helix. We find here that, in the yeast pre-A com-
plex, Cus2 (human TAT–SF1) has dissociated and the Prp5RecA domains 
are located between the U2 3′-region and the U2–BS helix (Fig. 2b, c 
and Extended Data Fig. 4a–d). Compared with their position in 17S U2 
snRNP, the Prp5RecA domains in the pre-A complex are located further 
away from Hsh155HEAT, with RecA1 fitting well into the niche formed by 
the amino (N)-terminal region of Prp9 (Prp9NTR), with which it interacts, 
and the U2–BS helix (Fig. 2b, c and Extended Data Fig. 4c–e). Moreo-
ver, Prp5RecA1 now contacts the U2 snRNA strand that connects SLIIa 
and the U2–BS helix (Fig. 2d). This is consistent with the crosslinks of 
Prp5 to this region (nucleotides 45–49) of yeast U2 snRNA observed 
previously with a Prp5-associated S. cerevisiae spliceosomal complex 
(designated the Prp5-associated intermediate complex, or FIC) formed 
on a pre-mRNA with a mutated branch site16. Finally, CXMS indicates 
that the NTR of Prp5 interacts extensively with Hsh155 HEAT repeats 
1–7 in the pre-A complex (Extended Data Fig. 4a, b), consistent with 
previous biochemical studies17.

Pre-A formation involves U2 remodelling
Comparison of the structures of the yeast pre-A complex and human 
17S U2 snRNP suggests that, in addition to Prp5RecA, there are other 
changes in the organization of U2 components during pre-A formation. 
Relative to its position in 17S U2, the U2 3′-region has moved (Extended 
Data Fig. 4d, e) and its new location in the pre-A complex is stabilized 
by newly formed contacts between the U2 3′- and 5′-regions (Extended 
Data Fig. 4d, e). This movement is a prerequisite for formation of the 
pre-A complex, as it generates the binding pocket for the repositioned 
Prp5RecA1 (Fig. 2b, c and Extended Data Fig. 4). In the pre-A complex, 
Prp5RecA1 establishes new contacts with the shifted 3′-region by inter-
acting with Prp9NTR (Fig. 2b, c and Extended Data Fig. 4), preventing 
the further movement of the U2 3′-region that is ultimately required 
to allow the tri-snRNP to dock to the A complex (see below).

Prp40 bridges U1 and U2 snRNP in pre-A complex
The U1 snRNP structure in the pre-A complex (Extended Data Fig. 5a) 
is highly similar to that observed in the yeast E, A and pre-B com-
plexes13,15,18, indicating that U1 does not undergo substantial remod-
elling during early spliceosome assembly. As in the aforementioned 
complexes, base pairing between the 5′-splice site and the U1 snRNA is 
also stabilized by Yhc1 and Luc7 in the pre-A complex (Extended Data 
Fig. 5b). Although only three FF domains of Prp40 (domains 4–6) could 
be located in the yeast E complex18, CXMS allowed us to map all six of 
the FF domains of Prp40 in the pre-A complex (Fig. 1 and Extended 
Data Fig. 5c, d). FF1 and FF6 bind Luc7 and Snp1, respectively, tether-
ing Prp40 to U1, while FF2–FF5 form an extended binding platform 
that interacts with numerous proteins, including Snu71 and U2 Rse1. 
The interaction of FF4 with the WD40 β-propeller domain B (BPB) of 
Rse1 forms a bridge between the U1 and U2 snRNPs (denoted bridge 
1) (Extended Data Figs. 5d, 6a, b) that is not observed in yeast A com-
plexes15. Bridge 1 also contains the C-terminal region of Snu71, as numer-
ous crosslinks between it and the FF2 and FF3 domains of Prp40, as 
well as with Rse1BPB, are detected (Extended Data Fig. 5d). In the pre-A 

complex, U1 and U2 are connected by a second bridge comprising intron 
nucleotides upstream of the branch site (Extended Data Fig. 6a, c). 
Although the Prp40 WW domain and Msl5–Mud2 could not be localized 
based solely on the EM density, CXMS indicates that Msl5–Mud2 is likely 
to be located near the U2–BS in the pre-A complex, and furthermore 
remains bound to the Prp40 WW domain (Extended Data Fig. 6d and 
Supplementary Table 2).

Pre-A complex with a U257A branch-site mutation
Mutations in the conserved yeast branch-site sequence upstream of the 
BS-A that weaken the U2–BS interaction—including a U-to-A mutation 
at position 257 of Act pre-mRNA (two nucleotides upstream of the BS-A) 
(Extended Data Fig. 1b)—do not completely block splicing but do lead 
to the accumulation of spliceosomes in which Prp5 is retained but the 
tri-snRNP has not yet joined5,16. To determine whether this mutation 
stalls spliceosome assembly at the pre-A stage, we purified the com-
plexes that form on Act U257A pre-mRNA and determined their cryo-EM 
structure (Extended Data Fig. 7). The RNA and protein compositions of 
the purified U257A and ΔBS-A complexes were identical (Extended Data 
Fig. 1d, e and Supplementary Table 1), and an overlay of the U257A and 
ΔBS-A complexes revealed a highly similar, if not identical, structure 
at the present level of resolution (Extended Data Fig. 7). Indeed, the 
structural model of the ΔBS-A pre-A complex fits well without further 
adjustment into the EM density of the U257A complex (Extended Data 
Fig. 7). Thus, with the U257A mutant, an extended U2–BS helix has also 
formed, Hsh155HEAT is in an open conformation, and Prp5RecA1 is docked 
to Prp9NTR and situated close to the U2 snRNA, indicating that U257A 
complexes are also stalled at the same pre-A stage. The highly similar 
structure of both pre-A complexes indicates that they represent a physi-
ologically relevant intermediate that—at least in the case of U257A—can 
also progress along the wild-type spliceosome assembly pathway.

Dynamics of the pre-A to A transition
Comparison of our pre-A complex with the previously published yeast 
A complex15 reveals that the transition from the pre-A to the A complex 
involves large-scale remodelling that requires displacement of Prp5 
(Fig. 3, Extended Data Fig. 8 and Supplementary Video 1). First, the 
U2 3′-region rotates by roughly 55° relative to the U2 5′-region during 
A-complex formation. In the pre-A complex, this rotational movement 
is prohibited by the Prp5RecA domains, which bind in a mutually exclusive 
manner with the new position of Prp9NTR, the long α-helix of Prp21 and 
the Prp11 β-sandwich, in the subsequently formed A complex. Second, 
U1 snRNP rotates by roughly 45° during the transition from the pre-A to 
the A complex, such that Prp39 now interacts with Lea1. A prerequisite 
for U1 movement is the dissociation of Prp40 from Rse1, and thus the 
apparent dissolution of U1–U2 bridge 1 (Fig. 3). The repositioning of 
U1 and the U2 3′-region is essential to generate the binding platform 
needed to dock the U4/U6.U5 tri-snRNP during formation of the pre-B 
complex (Fig. 3). Our studies thus provide a structural explanation for 
why the docking of tri-snRNP is inhibited when Prp5 is retained in yeast 
prespliceosomes16.

Mechanism of proofreading by Prp5
The cryo-EM structures presented here provide structural insights into 
the mechanism by which Prp5 proofreads the U2–BS helix (Fig. 4). The 
pre-A and 17S U2 structures are consistent with a model in which, after 
U2 interacts with the E complex, ATP hydrolysis by Prp5 leads to release 
of Cus2 and unwinding of the BSL. This allows formation of the U2–BS 
helix and repositioning of the U2 3′-region and Prp5RecA, generating 
the pre-A complex (Fig. 4). The new proofreading (or rather, ‘fidelity 
checkpoint’) position of Prp5RecA in the pre-A complex transiently pre-
vents the further movement of the U2 3′-domain needed to form an A 
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complex that can subsequently bind the tri-snRNP. As deletion of the 
BS-A hinders the closure of Hsh155HEAT, but does not affect the stability 
of the U2–BS helix per se, correct binding of the bulged BS-A by Hsh-
155HEAT and Rds3 is likely to be a major trigger for the conformational 
change in Hsh155HEAT. Furthermore, in the pre-A complex, the U2–BS 
helix is probably flexible, enabling it to intermittently move closer to 
Hsh155HEAT, which ‘probes’ for its presence. Thus, we propose that when 
a stable U2–BS with a bulged BS-A is formed, movement of the U2–BS 
into the open Hsh155HEAT leads to insertion of the BS-A into its binding 
pocket and closure of the HEAT domain (Fig. 4). Previous mutational 
analyses of Hsh155 indicated that alignment of the U2–BS duplex with 
conserved, positively charged amino acids in the C-terminal half of 
Hsh155 is crucial for closure19, and this alignment could thus help to 
properly position the bulged BS-A in its binding pocket.

Closure of Hsh155HEAT would destabilize not only the Prp5NTR that 
binds to it, but also the Prp5RecA domains (Fig. 4). Although the latter do 
not interact with Hsh155HEAT, the coordinated movement of Hsh155HEAT 
and Prp5NTR and the U2 snRNA nucleotides contacted by Prp5RecA1 could 
also lead to the displacement of Prp5RecA and subsequent release of the 
entire Prp5 protein. Release of Prp5 would then allow rotation of the 
U2 3′-region and formation of an A complex (Fig. 4). If the U2–BS helix 
lacks a bulged BS-A, binding of the latter by Hsh155HEAT and Rds3 would 

be blocked (Fig. 4). This would prevent the closure of Hsh155HEAT and 
release of Prp5, blocking the progression of spliceosome assembly 
and potentially targeting the stalled complex for discard (Fig. 4). As 
branch-site mutations that destabilize the U2–BS duplex also hinder 
spliceosome assembly and lead to Prp5 retention5,16, the stability of 
the U2–BS duplex per se may also affect the conformational state of 
Hsh155HEAT in pre-A complexes. A destabilized U2–BS helix could also 
potentially prevent proper bulging of the BS-A20, and in this way hinder 
closure of Hsh155HEAT.

Various mutations in Prp5 can suppress branch-site mutations, 
including those in the Prp5 DPLD motif (which is important for the inter-
action of Prp5 with the U2 snRNP21) and also mutations in its SAT motif 
and those in adjacent regions of RecA1 that have no effect on ATPase 
activity, such as K372E, N399D and G401E5,21. The Prp5N399D mutant, the 
SAT mutant TAG and the DPLD mutant AAAA have reduced affinity for 
yeast prespliceosomes and enhance the binding of tri-snRNPs to splice-
osomes16. Our pre-A structures provide insight into how some of these 
mutations may destabilize Prp5 binding. In pre-A complexes, the Prp5NTR 
containing the DPLD motif still interacts with Hsh155HEAT (Extended 
Data Fig. 4b), and thus mutation of this motif is likely to destabilize the 
Prp5NTR–Hsh155HEAT interaction. In pre-A complexes, amino acids K372, 
N399 and G401 are located in the Prp5 region that interacts with the 
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single-stranded U2 snRNA between SLIIa and the U2–BS helix (Fig. 2d). 
Consistent with less-stable Prp5 binding, these mutations introduce a 
negative charge that would destabilize the RecA1–U2 snRNA interac-
tion. Although the SAT motif is not located at a Prp5–protein interface, 
some SAT mutations might alter the conformation of RecA1, thereby 
indirectly destabilizing its interaction with Prp9NTR. Indeed, several 
SAT mutations alter the equilibrium between the open and closed con-
formations of the Prp5RecA domains22. Together, our results indicate 
that Prp5 does not proofread the U2–BS helix directly, but instead 
proofreads the RNP conformation of pre-A complexes, and hinders 
progression of spliceosome assembly if mutations in the branch site 
alter the formation of a productive, closed conformation of Hsh155HEAT.
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Methods

No statistical methods were used to predetermine sample size. The 
experiments were not randomized, and investigators were not blinded 
to allocation during experiments and outcome assessment.

Preparation of yeast whole-cell extracts
Yeast whole-cell extracts were prepared from the Saccharomyces cer-
evisiae 3.2.AID/CRL2101 strain (MATalpha, prp2-1, ade2, his3, lys2-801, 
ura3) (a gift from R.-J. Lin)23. Yeast were grown in a 100-litre fermenter 
and extracts were prepared as previously described7.

Affinity purification of pre-A complexes
Uncapped actin pre-mRNA lacking the branch-site adenosine (ΔBS-A 
Act pre-mRNA) was tagged at its 5′-end with three MS2 aptamers and 
transcribed in vitro using T7 RNA polymerase from a template prepared 
with the QuikChange II site-directed mutagenesis kit (Agilent). Yeast 
ΔBS-A pre-A spliceosomal complexes were assembled for 45 min at 
23 °C in a 175 ml splicing reaction containing 40% yeast whole-cell 
extract and 1.8 nM ΔBS-A Act pre-mRNA with prebound MBP–MS2 
fusion protein. The splicing reaction was subsequently chilled on 
ice and cleared by centrifugation for 10 min at 9,000 rpm at 4 °C in a 
Fibrelite F14-14 × 50 cy rotor (Thermo Fisher Scientific). It was then 
loaded onto two columns, each packed with 600 μl amylose resin 
(New England BioLabs) that were pre-equilibrated with GK75 buffer 
(20 mM HEPES-KOH pH 7.9, 1.5 mM MgCl2, 75 mM KCl, 5% glycerol, 0.01% 
NP40, 0.5 mM dithiothreitol (DTT) and 0.5 mM phenylmethylsulfonyl 
fluoride (PMSF)). The matrix with bound complexes was washed with 
3 ml GK75 buffer and spliceosomes were eluted with 15 mM maltose in 
GK75 buffer. For electron microscopy, peak elution fractions contain-
ing approximately 40 pmol of spliceosomal complexes were pooled 
(1 ml total volume), crosslinked with 0.2 mM BS3 (Thermo Fisher) for 
1 h on ice, and loaded onto a 17 ml linear 10–30% (v/v) glycerol/0–0.1% 
glutaraldehyde gradient containing GK75 buffer. Samples were centri-
fuged for 17 h at 24,400 r.p.m. in a SureSpin 630 rotor (Sorvall) and col-
lected manually from the top in 28 fractions of 555 μl each. Crosslinking 
was stopped by adding 50 mM glycine, pH 7.7, and incubating for 2 h 
on ice. Fractions were analysed by Cherenkov counting in a Tri-Carb 
2100TR scintillation counter (Packard). Two peak fractions containing 
2.4 pmol of spliceosomal complexes were buffer-exchanged to GK75 
with no glycerol, and concentrated to 250 μl in an Amicon Ultra-0.5 
centrifugal filter unit Ultracel-50 (Merck), and then used for prepa-
ration of cryo-EM grids. Pre-A complexes assembled on the U257A 
Act pre-mRNA were purified as described above, with the following 
modifications. The template for in vitro transcription of the U257A 
Act pre-mRNA was purchased from Genscript. Pre-A complexes were 
assembled in a 252 ml splicing reaction containing 1.7 nM pre-mRNA; 
before preparation of cryo-EM grids, three peak gradient fractions 
were buffer exchanged to GK75 buffer containing 0.3% glycerol and 
samples were concentrated to 100 μl.

RNA and protein composition of pre-A complexes
To determine the RNA and protein composition of the pre-A complexes, 
we purified the complexes essentially as described above, except that 
we used a 12-ml splicing reaction, we washed spliceosomes bound to an 
amylose matrix with 10 ml GK150 and 10 ml GK75 buffer, and we did not 
incubate the eluted complexes with BS3. Furthermore, the complexes 
were fractionated on a 10–30% glycerol gradient lacking glutaraldehyde 
by centrifugation in a TH660 rotor (Thermo Fisher Scientific) for 16 h 
at 21,500 r.p.m. RNA and proteins were separated on NuPAGE 4–12% 
Bis-Tris gels (Invitrogen) and visualized by staining with SYBR Gold 
(Invitrogen) and Coomassie, respectively. The entire lanes were cut 
into 23 slices (680 fmol ΔBS-A pre-A) or 16 slices (170 fmol U257A pre-A) 
and proteins were in-gel digested with trypsin overnight. Resulting pep-
tides were separated on a C18 column using an UltiMate3000 (Dionex) 

ultrahigh performance liquid chromatography system, and analysed 
by electrospray ionization mass spectrometry in a Thermo Scientific Q 
Exactive HF (ΔBS-A pre-A) or Orbitrap Exploris 480 mass spectrometer 
(U257A pre-A). Data were acquired using Thermo Exactive Series 2.8 SP1 
and Orbitrap Exploris 480 3.0 software. The U257A pre-A complex was 
measured in duplicate, and a sum of both measurements is shown in 
Supplementary Table 1. Proteins were identified by searching fragment 
spectra against the S. cerevisiae Genomic Database (SGD; https://www.
yeastgenome.org) using Mascot v.2.3.02 as a search engine. For immu-
noblotting, proteins were separated on denaturing 4–12% NuPAGE gels, 
transferred to Amersham Protran 0.2-μm nitrocellulose membranes 
(Cytiva), immunostained with an Amersham ECL Western Blotting 
Detection Kit (Cytiva), and visualized with an Amersham Imager 680 
(Cytiva). Antibodies against the yeast Prp5 and Lea1 proteins were pro-
vided by S.-C. Cheng.

Protein–protein crosslinking and identification
For CXMS experiments, spliceosomes were assembled in a 400-ml 
(experiment 1) or 300-ml (experiment 2) splicing reaction contain-
ing 40% yeast whole-cell extract from the 3.2.AID/CRL2101 strain. Fol-
lowing MS2 affinity selection, purified spliceosomal complexes were 
crosslinked with 250 μM BS3 for 1 h at 8 °C in a total volume of 3 ml. 
The reaction was split in half and loaded onto two 17-ml 10–30% (v/v) 
glycerol gradients and centrifuged in a Surespin 630 rotor (Thermo 
Fisher Scientific) for 16 h at 24,400 r.p.m. The gradients were fraction-
ated by hand from the top into 28 fractions. Three peak fractions from 
each gradient, containing approximately 15 pmol of pre-A complexes, 
were pooled and the crosslinked complexes were pelleted by ultracen-
trifugation in a S100-AT4 rotor (Thermo Fisher Scientific) and ana-
lysed as previously described24. After tryptic digestion, peptides were 
reverse-phase extracted using Sep-Pak Vac tC18 1cc cartridges (Waters) 
and fractionated by gel filtration on a Superdex Peptide PC3.2/30 col-
umn (GE Healthcare). Next, 50 μl fractions corresponding to an elution 
volume of 1.2–1.8 ml were analysed in triplicate on a Thermo Scientific 
Q Exactive HF-X (Experiment 1) or Orbitrap Exploris 480 mass spec-
trometer (Experiment 2) using Thermo Exactive Series 2.9 and Orbitrap 
Exploris 480 1.1 software, respectively. Protein–protein crosslinks 
were identified using the pLink 2.3.9 search engine (pfind.ict.ac.cn/
software/pLink) and filtered at a false discovery rate (FDR) of 1% or 5% 
according to the developer’s recommendations25,26.

EM sample preparation and image acquisition
Purified ΔBS-A or U257A pre-A complexes were absorbed for 15 min or 
25 min, respectively, to a thin-layer carbon film that was subsequently 
attached to R3.5/1 Quantifoil grids. Next, 3.8 μl of sample buffer was 
applied to the grid and excess buffer was removed using an FEI Vitrobot 
loaded with pre-wetted filter paper, with a blotting force of 7, blotting 
time of 6.5 s, at 100% humidity and 4 °C. The sample was subsequently 
vitrified by plunging into liquid ethane. All cryo-EM data of the ΔBS-A 
pre-A complex and dataset 1 of the U257A pre-A complex were acquired 
at 300 kV on a FEI Titan Krios electron microscope (Thermo Fisher 
Scientific), equipped with a Cs corrector. Images were recorded in 
integration mode at ×120,700 magnification, corresponding to a cali-
brated pixel size of 1.16 Å at the specimen level, using a Falcon III direct 
electron detector. Micrographs were recorded via a Thermo Fischer 
EPU 2.1, using an exposure time of 1.02 s with 40 movie frames and a 
total dose of 44 e− per Å2. In total, 87,604 and 9,170 micrographs were 
recorded for the ΔBS-A pre-A complex and dataset 1 of the U257A pre-A 
complex, respectively. Dataset 2 of the U257A pre-A complex (18,332 
micrographs) was acquired at 300 kV on an FEI Titan Krios electron 
microscope (Thermo Fisher Scientific), in integration mode at a cali-
brated pixel size of 1.06 Å at the specimen level, using a Falcon III direct 
electron detector. Micrographs were recorded via a Thermo Fischer 
EPU 2.1, using an exposure time of 1.02 s with 40 movie frames and a 
total dose of 58 e− per Å2.
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Image processing
Frames were dose-weighted, aligned and summed with MotionCor 
2.0 (ref. 27). The defocus values and equiphase averaging (EPA) of 
the micrographs were determined using Gctf28. Micrographs with a 
defocus range of 1 μm to 4 μm and a resolution of better than 4.3 Å 
based on EPA estimation were retained for further processing. For the 
ΔBS-A pre-A complex, 74,230 out of 87,604 summed micrographs were 
further processed. Initially, approximately 5.4 million particles were 
automatically picked using Gautomatch (https://www2.mrc-lmb.cam.
ac.uk/research/locally-developed-software/zhang-software/). They 
were then extracted with a box size of 440 × 440 pixels, and binned 
to 110 × 110 pixels (pixel size of 4.64 Å) in RELION 3.0 (http://www2.
mrc-lmb.cam.ac.uk/relion/index.php/Main_Page). Several iterations of 
reference-free two-dimensional (2D) classification were performed in 
RELION 3.0, and ‘bad classes’ showing fuzzy or uninterpretable features 
were removed, yielding 3,143,491 ‘good particles’. A subset of 308,419 
particles was used to generate an initial 3D map using the ab initio 
reconstruction function in cryoSPARC29. Using the ab initio model, 
this subset of particles was further 3D classified into five classes in 
RELION 3.0. The best class showing clear features of U1 and U2 snRNP 
was selected, and the more flexible U2 snRNP region of this map was 
erased using UCSF Chimera v.1.13.1 (ref. 30). The remaining U1 snRNP was 
low-pass filtered to 35 Å and used as 3D reference for further 3D clas-
sification for the entire dataset. The retained 3,143,491 particles after 
2D classification of the entire dataset were split into 3 subsets and each 
subset was 3D classified into 5 classes. The best classes of each subset 
were combined, yielding 986,393 particles, which were then centred 
and re-extracted to 200 × 200 pixels (pixel size of 2.32 Å) and further 
classified into four classes. After 20 iterations of consensus classifica-
tion (7.5° sampling interval without local search), a mask was placed 
around the U1 snRNP and the local angular search range was limited to 
20° with a finer sampling interval of 3.7°. The best class (with 504,547 
particles) was selected, centred and re-extracted with an original pixel 
size of 1.16 Å with a box size of 400 × 400 pixels and refined with a mask 
around the U1 snRNP, resulting in a map at 4.3 Å resolution. Next, using 
the alignment parameters from the aforementioned masked 3D refine-
ment, the 504,547 particles were focus classified with a mask around 
the high-resolution U1 core, into 4 classes. The best class (containing 
226,656 particles) was selected and refined into a map of the entire 
pre-A complex with an average resolution of 5.9 Å (ranging from roughly 
4.5 Å at the U1 region to roughly 15 Å at the U2 region). The U1 and U2 
regions were further improved by multibody refinement to 4.1 Å and 
10 Å respectively. To further improve the U2 region, we re-extracted the 
504,547 particles into a smaller box size of 140 × 140 pixels (pixel size 
of 2.32 Å) with the U2 snRNP centred, and 3D classified into 5 classes 
with a mask around the U2 snRNP. The best class, with 160,894 particles, 
was selected and multibody refined with masks around the U2 5′- and 
3′-regions, resulting in a map at 8.3 Å resolution for the 5′-region and 
one at 9.5 Å resolution for the 3′-region. All the aforementioned resolu-
tions were estimated on the basis of the RELION gold-standard Fourier 
shell correlation (0.143 criterion).

For the U257A pre-A complex, initially 460,854 and 869,306 par-
ticles were extracted from dataset 1 and dataset 2, respectively, and 
rescaled to 110 × 110 pixels, to the same pixel size of 4.64 Å, in RELION 
3.0 (http://www2.mrc-lmb.cam.ac.uk/relion/index.php/Main_Page). 
After several iterations of reference-free 2D classification, 697,892 ‘good 
particles’ from the two datasets were combined and classified into four 
classes by 3D classification with only the U1 part as the starting model, 
to avoid model bias. No class resembling the structure of the mature 
A complex was observed. Three classes had no discernible structural 
features of U1 or U2 snRNPs. One class (of 240,145 particles) clearly 
exhibited the structure of a pre-A complex, and was selected, centred 
and re-extracted with a pixel size of 2.32 Å with a box size of 220 × 220 
pixels. Re-extracted particles were further 3D classified into four classes 

with a mask around the U1 part, yielding one class that showed clear 
secondary structures. This class (80,853 particles) was selected and 
refined into a map of the entire pre-A complex with an average resolu-
tion of 10.4 Å. Multibody refinement improved the U1 part to 7.5 Å. To 
improve the U2 part, we further classified the 80,853 particles with a 
mask around the U2 part into four classes, and two classes showing 
clear U2 density were combined, 3D refined and multibody refined, 
yielding the U2 part of the structure with 13 Å resolution. All of the 
aforementioned resolutions were estimated on the basis of the RELION 
gold-standard Fourier shell correlation (0.143 criterion).

ΔBS-A pre-A model building and refinement
Templates for the U1 and U2 proteins and RNA were obtained wher-
ever possible from published structures (Extended Data Table 2). 
The U1 snRNP components, except Prp40, were initially docked as 
rigid bodies into the 4.1 Å EM map of the U1 region. In the central part 
of the U1 snRNP (resolution ranging from 3.7 Å to 4.3 Å), side chains 
were manually adjusted into the map using Coot v.0.8.9.2 (ref. 31). The 
entire model of the U1 snRNP, excluding Prp40, was combined and 
subjected to real-space refinement in PHENIX v.1.13-2998 (ref. 32), with 
secondary-structure restraints. The solution structure of the Prp40 FF1 
domain and the homology model of domains FF2–FF6 predicted by the 
SWISS-MODEL suite33 were truncated to polyalanine, docked into the 
pre-A map as rigid bodies, and were not refined owing to the limited 
resolution. The model of Hsh155 (H1–H15) was based on human SF3B1 
(H1–H15) but with the sequence changed to that of yeast Hsh155. The 
model of the ΔBS-A U2/BS helix (U2 nucleotides 32–46; Act1 pre-mRNA 
nucleotides 254–268) was generated by deleting the BS-A from the 
model of the wild-type U2–BS helix using Coot. All U2 snRNP compo-
nents were docked into the U2 map as rigid bodies without further 
adjustments, except that Prp9 (amino acids 328–362) and Prp21 (amino 
acids 173–192) were slightly adjusted using Coot to better fit the EM den-
sity, and the linker between the U2–BS helix and SLIIa (U2 nucleotides 
47–49) was de novo modelled using Coot. All modelled components 
in the U2 region were modelled as polyalanine and were not refined 
owing to the limited resolution. The structural model for the ΔBS-A 
pre-A complex was fit into the EM density obtained for complexes 
formed on the U257A mutant Act1 pre-mRNA. The video showing the 
structural dynamics seen during the transition from the pre-A to the 
A complex was generated using ChimeraX v1.1.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
The coordinate files have been deposited in the Protein Data Bank 
(https://www.rcsb.org) as follows: U1 snRNP region, PDB accession 
number 7OQC; U2 snRNP region, PDB 7OQB; and composite truncated 
model of the pre-A complex, PDB 7OQE. The cryo-EM maps have been 
deposited in the Electron Microscopy Data Bank (https://www.ebi.
ac.uk/pdbe/emdb/) as follows: U1 snRNP region of the ΔBS-A pre-A com-
plex, EMD accession number 13029, and of the U257A pre-A complex, 
EMD 13031; U2 snRNP region of the ΔBS-A pre-A complex, EMD 13028, 
and of the U257A pre-A complex, EMD 13032; and overall reconstruc-
tion of the ΔBS-A pre-A complex, EMD 13033, and of the U257A pre-A 
complex, EMD 13030. We used the S. cerevisiae Genome Database (SGD; 
https://www.yeastgenome.org) in this study.
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Extended Data Fig. 1 | Biochemical characterization of S. cerevisiae pre-A 
spliceosomal complexes. a, Early assembly of the S. cerevisiae spliceosome. 
Whereas Prp5 and Tat-SF1 (Cus2 in yeast) are stable components of the human 
17S U2 snRNP, they appear to be less-stably associated with the yeast U2 snRNP. 
The spliceosome undergoes numerous structural and compositional 
rearrangements during its assembly and catalysis of pre-mRNA splicing34,35. 
Conserved DEXH/D-box RNA helicases are important driving forces for these 
rearrangements, and also ensure the proper recognition of the branch site (BS) 
and the 5′- and 3′-splice sites (ss) via proofreading mechanisms36,37. Initially an E 
complex is formed in an ATP-independent manner. In the yeast E complex (also 
denoted the commitment complex), the 5′-ss is bound by U1 snRNP, and the BS 
and 3′-end of the intron are bound by a heterodimer of Msl5 and Mud2. RNP 
rearrangements that lead to the stable association of U2 snRNP and enable the 
formation of a U2–BS helix—in which an adenosine is bulged, specifying it as the 
nucleophile for catalytic step 1 of splicing—require the ATP-dependent action 
of the DEAD-box RNA helicases Sub2 (refs. 38,39; UAP56 in humans) and Prp5 
(refs. 1–4,40). U2 nucleotides that base pair with the BS are initially sequestered in 
a stem-loop structure denoted the BSL11,14. Sub2 may free the BS region by 
displacing Msl5 (refs. 41,42), while Prp5 has been proposed to displace U2 snRNP 
proteins, including Cus2 (TAT–SF1 in humans), from the BSL11,14. This frees U2 
nucleotides to base pair with the BS, and leads to the formation of the A 
complex with stably bound U2 snRNP. b, Structure of the BSL and U2–BS helices 
formed on an Act pre-mRNA wild-type (WT) BS (UACUA(A)C, where the BS-A is 
in bold), ΔBS-A (UACUAC) or U257A (UACAA(A)C) branch site. Note that the 
exact conformation of the U257A U2–BS helix is not clear. The U2–BS helix is 
highlighted in purple, and the extended U2–BS helix, in which the number and 
nature of base-pairing interactions varies depending on the pre-mRNA intron 
sequence, is highlighted in yellow. c, Deletion of the BS adenosine from the Act 
pre-mRNA stalls splicing before the first catalytic step. Splicing was performed 

in two independent experiments in yeast extract for 30 min at 23 °C with wild-
type (lane 1) or ΔBS-A (lane 2) Act pre-mRNA containing MS2 aptamers for 
affinity purification. *Position of the loading well. **Band artefact not related 
to pre-mRNA splicing. For gel source data, see Supplementary Fig. 1. d, RNA 
(left gels) and protein (right gels) composition of purified yeast pre-A 
complexes formed on ΔBS-A and U257A Act pre-mRNA. RNA and protein were 
analysed on NuPAGE gels and visualized by staining with SYBR Gold or 
Coomassie, respectively, in two independent experiments. Note that fewer 
picomoles of the U257A pre-A complex were loaded onto the gel and, as a 
consequence, proteins of lower molecular weight are poorly or not at all visible. 
e, Prp5 is present in both U257A and ΔBS-A pre-A complexes. Proteins from 
affinity-purified U257A or ΔBS-A pre-A complexes (as indicated above each 
lane) were analysed by western blotting in two independent experiments with 
antibodies against S. cerevisiae Prp5 or Lea1 (used to ensure equal loading).  
f, Proteins localized in the S. cerevisiae pre-A complex and their human 
homologues (shown in parentheses). Only U1–70K, U1–A and U1–C have been 
identified as stable components of human U1 snRNPs. Human homologues of 
Snu56 and Prp42 have not been identified. g, Residues forming the BS-A-
binding pocket. The bulged BS-A is bound in a pocket composed of residues 
R744, N747, V783 and Y826 of Hsh155 and residue Y36 of Rds3 (refs. 7,8,43). The 
BS-A ribose and 5′-phosphate are also located near Hsh155 residues K740 and 
K818, respectively. Most of these residues are evolutionarily highly conserved. 
A Hsh155 K818A mutation is lethal, as are mutations in residues of Hsh155 that 
contact the backbone of nucleotides directly adjacent to the bulged BS-A19. 
However, many of the Hsh155 residues forming the BS-A binding pocket are 
nonessential. That is, single alanine substitutions at K740, R744, N747 and V783 
do not affect yeast viability, but they do affect recognition of the branch site19. 
Substitutions with bulkier amino acids decrease the use of nonconsensus 
branch sites, whereas substitutions with smaller amino acids increase usage19.
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Extended Data Fig. 2 | Cryo-EM and image processing for the ΔBS-A pre-A 
complex. a, Computation sorting scheme. All major image-processing steps 
are depicted. For a more detailed explanation, see the Methods section on 
‘Image processing’. b, Typical cryo-EM micrograph (out of a total of 74,230) of 
the S. cerevisiae pre-A complex recorded at ×120,700 magnification with a 
Titan Krios microscope using a Falcon III direct electron detector operating in 
integration mode at a calibrated pixel size of 1.16 Å. c, Representative cryo-EM 
2D class averages of the yeast pre-A complex reveal considerable flexibility 
between the U1 snRNP and the U2 snRNP. d, Left, local-resolution estimations 
of the cryo-EM reconstruction of the U1 snRNP. Right, plot showing the 
distribution of orientations for the particles contributing to the U1 
reconstruction. e, Left, local-resolution estimations of the cryo-EM 
reconstructions of the U2 5′- and 3′-regions. Right, plot showing the 
distribution of orientations for the particles contributing to the 
reconstructions of the U2 5′- and 3′-regions. f, A Fourier shell correlation (FSC), 
calculated using the ‘post-processing’ routine in RELION, indicates a global 

resolution of 5.9 Å for the entire yeast pre-A complex and of 4.1 Å, 8.3 Å and 9.5 Å 
for the multibody-refined U1, U2 5′- and U2 3′-regions, respectively. The 
resolution was limited to 5.9 Å on average, owing to the movement of the U1 and 
U2 snRNPs relative to each other. Signal subtraction combined with local 
refinement improved the more stable U1 snRNP part to 4.1 Å resolution, 
whereas the bipartite U2 snRNP exhibited considerable internal flexibility and 
was refined only to 9 Å resolution. As the U2 5′-region—which is composed of 
the SF3b proteins, U2 SLIIa/b and the U2–BS helix—is attached to the more 
stable U1 snRNP and is therefore less flexible, further local classification and 
refinement improved the resolution of the U2 5′-region to 8.3 Å. The U2 
3′-region—which comprises the U2 Sm core, U2 SLII, and Lea1 and U2-B′′ bound 
to U2 SLIV, plus the adjacent SF3a core (that is, regions of Prp9, Prp11 and Prp21 
whose crystal structure has been determined previously44)—does not contact 
the U1 snRNP and therefore exhibits the greatest flexibility relative to the rest 
of the complex. g, Map versus model FSC curves for the U1, U2, U2 5′- and U2 
3′-regions, using PHENIX mtriage45.
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Extended Data Fig. 3 | Open conformation of Hsh155HEAT and spatial 
organization of the U2–BS helix and U2 SLIIa/b in the pre-A complex. a, Left, 
fit of Hsh155HEAT and Rds3 to the pre-A EM density; and right, fit of SF3B1, PHF5A 
and the N-terminal helix of Prp5 to the human 17S U2 density (PDB accession 
code 6Y5Q). Previous biochemical studies showed that the N-terminal region 
(NTR) of yeast Prp5 binds to HEAT repeats (HRs) 1–6 and HR 9–12 of Hsh155  
(ref. 17), and in the human 17S U2 snRNP cryo-EM structure, binding to SF3B1 HR 
9–12 involves a long α-helix of the human Prp5NTR (ref. 11). EM density that would 
accommodate an analogous α-helix of the yeast Prp5NTR is not apparent in the 
pre-A complex. However, CXMS indicates that the Prp5NTR still interacts 
extensively with Hsh155, albeit solely with HR 1–7 (see Extended Data Fig. 4b). 
Base pairing of U2 snRNA with the pre-mRNA branch site (BS) is stabilized by 
the major scaffolding protein SF3B1 (Hsh155 in S. cerevisiae) of the SF3b 
heteromeric complex, whose HEAT domain undergoes a conformational 
change during early spliceosome assembly. Hsh155HEAT and SF3B1HEAT exhibit an 
open conformation in the pre-A complex and the 17S U2 snRNP, respectively. 
The closed conformations of the HEAT domains of human SF3B1 and of yeast 
Hsh155 observed in the A to Bact spliceosomal complexes are very similar. 
Likewise, the open conformation, which we observe here for the first time for 
Hsh155, also appears to be highly similar in human U2 snRNP and the  
S. cerevisiae pre-A complex. b, Similar spatial organization of U2 snRNA SLIIa, 
Prp9ZnF (SF3A3 in humans) and Cus1 (SF3B2 in humans) in the human 17S U2 
snRNP (PDB 6Y5Q) and S. cerevisiae pre-A, A (PDB 6G90) and B (PDB 5NRL) 
complexes. Aligned via U2 SLIIa and HR 19–20 of SF3B1/Hsh155. In the pre-A 
complex, SLIIb can be localized downstream of SLIIa and is bound by RRM2 of 
Hsh49. c, Fit of a modelled 13-base-pair extended U2–BS helix, lacking a bulged 
A, to EM density adjacent to SLIIa in the pre-A complex. d, Overlay of EM density 
accommodating the U2–BS helix in the yeast pre-A complex (grey) and EM 
density accommodating the BSL in human 17S U2 (green) (PDB 6Y5Q). Aligned 
via U2 SLIIa and HR 19–20 of SF3B1/Hsh155. The sequences of the S. cerevisiae 
and human U2 BSLs are highly conserved14, allowing a meaningful comparison 

with the fit of the yeast U2–BS helix. Although the BSL in yeast and human is 
predicted to form a 9-base-pair stem14, in the human 17S U2 snRNP, the base of 
the BSL stem is contacted by a short helix of SF3A3 (designated the separator 
helix), which ensures that the stem is only 8 base pairs in length11. e, Fit in the 
pre-A EM density of the Prp11ZnF at the top of the U2–BS helix. f, Protein 
crosslinks supporting the positioning of the Prp11ZnF in the pre-A complex. 
Numbers (colour coded to match protein colours) indicate the positions of 
crosslinked lysine residues, which are connected by black lines. The Prp11ZnF 
appears to act independently of the other SF3a proteins and to dock to the end 
of the extended U2–BS helix concomitantly with, or soon after, its formation. 
As the Prp11ZnF has thus far been observed at this position solely after formation 
of the U2–BS helix, its location in the pre-A complex is consistent with the 
conclusion that a U2–BS helix has formed. It is likely that the Prp11ZnF and the 
Prp9 separator helix may cooperate in keeping additional intron nucleotides 
from interacting with the U2 snRNA, and at the same time in stabilizing the end 
of the U2–BS helix. During clamping of the U2–BS helix by Hsh155HEAT, Prp11ZnF 
moves together with the U2–BS helix and remains associated with the end of 
the helix in the A, pre-B, B and Bact complexes. g, Side view showing that the U2–
BS helix is located further away from the C-terminal HRs of Hsh155HEAT in the 
pre-A complex compared with its position in the S. cerevisiae A complex and the 
position of the BSL in human 17S U2 snRNP. Aligned via Hsh155 HR 19–20, 
Rse1BPA and U2 SLIIa. Olive green, SLIIa nucleotides; red orange, pre-mRNA BS 
nucleotides; purple, BSL nucleotides that later form the U2–BS helix; yellow, 
BSL nucleotides forming the extended part of the U2–BS helix; dark green, the 
remaining BSL nucleotides; blue, SLI. Movement away from Hsh155HEAT would 
be needed to free the SLI-containing 5′-end of U2 snRNA to undergo the 
rotational movements necessary to generate an extended U2–BS helix. During 
the transition from the pre-A to the A complex, the U2–BS helix moves back 
towards the Hsh155 C-terminal HRs such that the corresponding region of the 
U2 snRNA that contacts the C-terminal HRs in 17S U2 is located in a similar 
position in the A complex.
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Extended Data Fig. 4 | Repositioning of the Prp5 RecA domains and the U2 
3′-region during formation of the pre-A complex. a, Domain organization of 
the S. cerevisiae (y) and human (h) DEAD-box helicase Prp5, with the amino-acid 
boundaries of each domain indicated below. b, Protein crosslinks support the 
positions of the Prp5 NTR and RecA domains in the pre-A complex. Numbers 
(colour coded to match protein colours) indicate the positions of crosslinked 
lysine residues, which are connected by black lines. The proposed path of Prp5 
amino acids located more N-terminally of the RecA domains is indicated by a 
dashed line. That the Prp5 NTR and RecA1 domains, but not RecA2 (and 
presumably also its C-terminal region), interact with other pre-A components 
is consistent with previous studies showing that, after destabilization of the U2 
BSL, Prp5NTR and Prp5RecA1 are sufficient for the subsequent ATP-independent 
function of Prp5 during A-complex formation14. c, Two different views of the fit 
of the Prp5 RecA1 and RecA2 domains in an open conformation into the pre-A 
EM density (low-pass filtered to 10 Å). A closed conformation of the Prp5RecA 
domain does not fit well to the EM density (not shown). The open conformation 
of Prp5 found in the pre-A complex indicates that, after ATP hydrolysis, the 
RecA domains are able to transit spontaneously from the closed conformation 
back to the open conformation while probably remaining bound to U2. d, e, The 
positions of the Prp5RecA domains and the U2 3′-region plus SF3a proteins, 
relative to SF3b, are different in the human 17S U2 snRNP and the yeast pre-A 
complex. Aligned via U2 SLIIa and HR 19–20 of SF3B1/Hsh155. A cryo-EM 
structure of an isolated S. cerevisiae U2 snRNP is currently lacking. However, 

the high conservation of the sequence of yeast U2 proteins and their human 
homologues, and the similar structures of their conserved domains, suggests 
that the molecular architecture of the isolated U2 snRNP is similar in  
S. cerevisiae and humans. Thus, a comparison of the structures of the human 
17S U2 snRNP and yeast pre-A complex reveals structural remodelling that the 
U2 snRNP most likely undergoes during formation of the pre-A complex. An 
alignment of the U2 5′-region in both complexes suggests that the U2 3′-region 
is repositioned after U2 stably interacts during formation of the pre-A complex. 
Specifically, the U2 3′-domain (that is, the 3′-region minus the SF3a core) and 
the Prp9NTR rotate towards the Prp5RecA domains, whereas the Prp11 β-sandwich 
and Hsh49RRM2 move towards Prp9ZnF. The shifted position of the U2 3′-region is 
stabilized by different molecular bridges formed between the U2 3′- and 
5′-regions. In the pre-A complex, the bridge formed by U2-B′′ RRM2, Prp9 
(human SF3A3) and Rse1BPC (human SF3B3) in the 17S U2 snRNP (denoted bridge 
B) is disrupted, which allows the 3′-region to move further away from the 
Rse1BPC. This then allows Hsh49RRM2 to dock on top of the Prp9ZnF, and by binding 
to Prp9 on one side and the Prp11 β-sandwich domain on the other, a new bridge 
involving Hsh49RRM2 is formed. Moreover, in the isolated human 17S U2 snRNP, 
U2 SLIIb forms a second bridge (denoted bridge A) between the U2 3′- and 
5′-regions that is not stabilized and is only poorly resolved. By contrast, in the 
pre-A complex, Hsh49RRM2 now binds to the loop of SLIIb and thereby stabilizes 
the position of SLIIb.
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Extended Data Fig. 5 | See next page for caption.



Extended Data Fig. 5 | Molecular architecture of the U1 snRNP in the pre-A 
complex. a, Two different views of the spatial organization of the yeast U1 
snRNP, with the density shown on the left and the molecular model on the right. 
b, The U1–5′ss helix is stabilized in the pre-A complex by Luc-7 and Yhc1, in the 
same manner as in the yeast E and A complexes. Top, fit of the U1–5′ss helix plus 
Luc7 and Yhc1 to the pre-A EM density. Bottom, the U1–5′ss helix and adjacent 
proteins. c, Fit of the Prp40 FF1–6 domains in the pre-A EM density. Top, domain 
organization of the S. cerevisiae Prp40 protein; below, amino-acid boundaries 
of each domain. WW, domain containing two conserved tryptophans that are 
spaced 20–22 amino acids apart; FF, domain containing two conserved 
phenylalanines at its N and C termini. d, Protein crosslinks between Prp40, 
Prp5NTR and other pre-A-complex proteins. Numbers (colour coded to match 

protein colours) indicate the positions of crosslinked lysine residues, which are 
connected by black lines. Prp40, Snu71 and Luc7 form a stable trimer46 that in 
the cryo-EM structure of the yeast E complex18 bridges the U1 snRNP to the 
branch site, and we show here that they also help to bridge U1 snRNP to U2 
during the early stages of prespliceosome formation. In humans and in 
Schizosaccharomyces pombe, Prp5 facilitates formation of the A complex by 
bridging the U1 and U2 snRNPs4, with the Prp5 N-terminal RS domain 
interacting with proteins of the SF3b complex21. Although S. cerevisiae Prp5 
lacks an N-terminal RS domain, CXMS data indicate that its N terminus also 
interacts with Snu71 and Rse1BPB. Therefore, the bridge formed by Rse1 and the 
Prp40–Luc7–Snu71 trimer in the S. cerevisiae pre-A complex probably serves as 
an anchoring point for Prp5’s N terminus.
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Extended Data Fig. 6 | Molecular bridges connecting the U1 and U2 snRNPs 
in the pre-A complex. a, Fit of the molecular model of the entire pre-A complex 
into the EM density (low-pass filtered). The two main bridges that connect the 
U1 and U2 snRNPs are indicated by arrows. The boxes indicate the regions 
expanded in b, c. b, Close-up of bridge 1 formed mainly by the interaction of 
Prp40 with Rse1. Bridge 1 is disrupted during the transition from the pre-A to 
the A complex (see Fig. 3 and Supplementary Video 1). Deletion analyses of 
Prp40 showed that although FF domains 3–6 are dispensable for yeast viability, 
they convey a considerable growth disadvantage when absent46. There is also 
evolutionary conservation of the presence of four or more of the FF domains  
in Prp40 from various organisms46, suggesting that FF3 and FF4 
have important roles during spliceosome assembly and/or splicing. Our 
crosslinking data indicate that Snu71 also extensively contacts Rse1BPB and FF2 
of Prp40 (see Extended Data Fig. 5d). It is conceivable that, in the absence of 
Prp40 FF3–FF4, Snu71 still interacts with Rse1BPB, the latter being a protein–
protein interaction domain that interacts with different proteins in the 
subsequently formed B and Bact spliceosomal complexes. c, Close up of bridge 2 
that is formed by intron nucleotides between the U2–BS helix and the 5′-ss. By 
analogy to the situation in later spliceosomal complexes12, these intron 
nucleotides are likely to be chaperoned by Hsh49RRM1 and Prp11ZnF. Intron 

nucleotides of the Act pre-mRNA (but not of other pre-mRNAs such as Ubc4) 
form a hairpin that can be localized adjacent to the U1 snRNP already in the E 
complex18. The resolution is not sufficient to determine the exact intron 
nucleotides comprising this stem. Note that the intron hairpin is not part of 
bridge 2. d, A lower threshold reveals EM density below the U2–BS helix, 
adjacent to the open Hsh155HEAT domain, that probably corresponds to the 
Mud2–Msl5 dimer. The EM map is low-pass filtered to 30 Å resolution. Protein 
crosslinks supporting the localization of Msl5–Mud2 adjacent to the U2–BS 
helix are shown. Numbers (colour coded to match protein colours) indicate the 
positions of crosslinked lysine residues, which are connected by black lines. 
Msl5–Mud2 could not be precisely modelled into the EM density, presumably 
because of their structural flexibility. However, on the basis of CXMS data, we 
tentatively position Msl5–Mud2 into weak density directly downstream of the 
branch site, close to the U2–BS helix, with Mud2 being bound to the 3′-end of 
the intron. Formation of the U2–BS helix requires that Msl5 hands the branch 
site over to the U2 snRNA, and thus Msl5 should already be displaced from the 
branch site in the pre-A complex. Therefore, retention of Msl5–Mud2 close to 
the U2–BS helix would be consistent with the binding of Mud2 to the intron 
downstream of the branch site.



Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Cryo-EM and image-processing of the U257A pre-A 
complex. a, Computation sorting scheme, with all major image-processing 
steps depicted. For a more detailed explanation, see the Methods section on 
‘Image processing’. b, Typical cryo-EM micrograph (out of a total of 27,502) of 
the S. cerevisiae U257A pre-A complex recorded at ×120,700 magnification with 
a Titan Krios microscope using a Falcon III direct electron detector operating in 
integration mode at a calibrated pixel size of 1.16 Å. c, Representative cryo-EM 
2D class averages of the yeast U257A pre-A complex. d, FSC calculated using the 
‘Post-processing’ routine in RELION indicates a global resolution of 10.4 Å for 
the entire yeast U257A pre-A complex, and resolutions of 7.5 Å and 13 Å for the 
multibody-refined U1 and U2 regions, respectively. The global resolution was 
lower than that of the ΔBS-A pre-A complex, mainly because of the lower 
number of particles analysed. e, Overlay of the EM densities of the ΔBS-A 

(purple) and U257A (grey) pre-A complexes. f, Fit of the 3D model of the ΔBS-A 
pre-A complex into the EM density of the U257A pre-A complex. Note that, for 
both complexes, density encompassing Prp5 is first observed at a lower 
threshold. An extended U2–BS helix has also formed in complexes formed on 
the U257A mutant. However, the precise conformation of the helix cannot be 
discerned. The Hsh155HEAT domain is in an open conformation and Prp5 is still 
bound at the same position, and the same U1–U2 bridges are also observed, 
indicating that the U257A complexes are also stalled at the same pre-A stage. 
 g, Fit of the extended U2–BS helix from the ΔBS-A pre-A complex into the 
U257A pre-A EM density. h, Fit of the Prp5RecA domains and U2–BS helix from the 
ΔBS-A pre-A model into the EM density of the U257A pre-A complex. i, Fit of the 
Prp40 FF domains and Rse1BPB (which comprise bridge 1) from the ΔBS-A pre-A 
model into the EM density of the U257A pre-A complex.



Extended Data Fig. 8 | Movement of U1 and U2 snRNPs during the transition 
from the pre-A to the A complex. a, Close-up of the rotation of the U2 3′-region 
after the release of Prp5. The 3′-region rotates around the indicated axis by 
roughly 55°. To better show the movement of the 3′-region, the SmD2 protein is 
in yellow. For simplicity, only the 3′-region of U2 plus U2 SLII and the U2–BS 
helix are shown in the pre-A complex and the yeast A complex (PDB 6G90). The 
pre-A and A complexes are aligned via U2 SLIIa and HR 19–20 of Hsh155.  
b, Close-up of the movement of the U1 snRNP and 3′-region of U2. A top view is 
shown, with the black dot indicating the pivot point of the U2 3′-region, which 
rotates by roughly 55° in the plane of the paper. For simplicity, only the region 
of U1 snRNP that contains Prp39 is shown. The U1 snRNP rotates around the 

indicated axis by roughly 45°. In the pre-A complex, Prp39 and Lea1 are 
separated by roughly 130 Å, but the movements of U1 and U2 bring them into 
close proximity in the A complex. Even though Lea1 is not essential in  
S. cerevisiae, its depletion prevents formation of the A complex, and adding 
back Lea1 restores A-complex assembly47. The Prp39–Lea1 interaction is a 
structural marker for the formation of a mature A complex, and as such its 
absence in the pre-A complex is a clear indication that our complex has stalled 
at an earlier assembly stage. This interaction is also maintained in the pre-B 
complex13 and is therefore also a structural marker for the conformation that 
allows joining of the tri-snRNP.
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Extended Data Table 1 | Cryo-EM data collection, refinement and validation statistics



Extended Data Table 2 | Summary of modelled proteins and RNA in the yeast pre-A structure

RNA and protein regions were modelled and fit into the EM density of the ΔBS-A pre-A complex, as indicated.
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4 Discussion and Perspectives

4.1 The human 17S U2 snRNP and Prp5-mediated remodelling

The 17S U2 snRNP plays an essential role during the branch site selection and the A

complex formation. Stable addition of U2 during the A complex formation is the �rst

ATP-dependent step that requires the DEAD-box ATPase Prp55 7 8. Recent advances

in cryo-EM have allowed visualization of the fully assembled spliceosome intermediates,

namely pre-B, B, Bact, C, C*, and P complexes31,91,96�98,100,101,114,115,118,121,143,166�171. In

addition, the yeast E and A complexes have also been recently reported142,172. Interest-

ingly, these cryo-EM structures have revealed that after Prp5 action (but before Prp2

action), the U2 snRNP does not undergo signi�cant rearrangements from A to Bact

complexes. Therefore, the U2 region in the reported spliceosome A to Bact structures

likely represents the conformation of U2 after Prp5-mediated RNP rearrangements.

However, the structure of the U2 snRNP before Prp5 action was unknown for both

humans and yeast prior to this study. Here, we determined the �rst structure of the

human 17S U2 snRNP by single-particle cryo-EM, and resolved the more stable U2 5'

region to ca. 4 Å resolution on average. However, the resolutions of �exible peripheral

parts and the U2 3' domain of the 17S U2 snRNP were limited at ca. 20 Å. To interpret

the low-resolution parts of the 17S U2 snRNP, we turned to an integrated structural

biology approach. That is, docking known X-ray structures or predicted structures into

the EM map on the basis of protein-protein crosslinking mass spectrometry (CXMS).

In this way, we built a molecular model of the human 17S U2 snRNP and have revealed:

(a) the overall molecular architecture of the human 17S U2 snRNP and insights into

U2 snRNP assembly; (b) the �rst structural evidence of the formation of the BSL; (c)

the RNP rearrangements facilitated by Prp5 that are required for stable association of

the U2 snRNP with the branch site.

4.1.1 Structural insights into U2 snRNP assembly

During the splicing cycle, the U2 snRNP undergoes a large compositional change

and loses most of its components (i.e., Prp5 and TAT-SF1 during the A complex

formation; SF3a and SF3b during the B* complex formation), and only the 12S U2
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Figure 4.1: SF3B1 maintains the open conformation in 17S U2 snRNP, and SLIIa
is the major anchor to SF3a and SF3b complexes. a. The SF3B1HEAT

in the 17S U2 (green) maintains the same open conformation as in the crystal
structure (beige) b. The comparison of SLIIa and the surrounding proteins shows
that a highly similar SLIIa RNP architecture is established in the 17S U2 and is
maintained until the Bact complex.

core containing the U2 snRNA, U2 Sm, U2-A', and U2-B� is retained after spliceosome

disassembly. The U2 snRNP is recycled by being reassembled into the mature 17S U2

snRNP that is ready for another round of splicing. This assembly step also applies to

newly synthesized U2133. Since our 17S U2 snRNP structure represents the fully as-

sembled U2 snRNP, it provides structural insights into the U2 snRNP assembly process.

First, the SF3b core does not undergo major structural remodelling during U2 assem-

bly. Previously, the crystal structure of the isolated SF3b core complex, containing

SF3B1, SF3B3, PHF5A, and SF3B5, was resolved by X-ray crystallography and

cryo-EM12,13. The two structures reported by di�erent methods are almost identical,

ruling out the possibility of arti�cial conformations stabilized by crystal packing. In

particular, both structures show that in the isolated SF3b core, the SF3B1HEAT adopts

an open conformation, being distinct from the closed conformation that is observed in

fully assembled spliceosome structures31,121. The closed SF3B1HEAT in the spliceosome

context is essential for specifying and shielding the BS-A, as well as stabilizing the

U2-BS helix. However, it was previously unclear whether this functionally important

conformational change happens during the 17S U2 snRNP assembly or during the A

complex formation. Here, by comparing our 17S U2 structure with the SF3b core

structure, we show that SF3B1HEAT is in the same open conformation, and therefore

the closure of SF3B1HEAT most likely takes place during/after the formation of the

U2-BS helix (see also 4.2.1). In addition, SF3B3, SF3B5, and PHF5A interact with
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SF3B1HEAT in the same manner, and the protein pocket formed by SF3B1 and

PHF5A is maintained in the 17S U2 snRNP as in the SF3b crystal structure12. The

highly similar structural organization of the SF3b core in the 17S U2 snRNP context

indicates that like the isolated SF3b core, splicing inhibitors such as Pladienolide B

or E7107 can interact with the binding pocket formed by residues of HEAT repeats

H15-17 and of PHF5A, also in the 17S U2 snRNP13,173.

Second, the formation of SLIIa is required for U2 snRNP assembly. Previous spliceo-

some structures of A to Bact complexes show that in both human and yeast, SLIIa

interacts extensively with the SF3a and SF3b complexes31,96,98,167 142,146. Our structure

shows that the interactions between SLIIa and SF3a/SF3b are already established in

the 17S U2 snRNP. Therefore SLIIa is the major anchor of the U2 snRNA to SF3a and

SF3b during U2 snRNP assembly, which is maintained until the Bact complex. Upon

Prp2 mediated dissociation of SF3a and SF3b, the U2 snRNA undergoes the SLIIa to

SLIIc transition concomitantly, and the SLIIc conformation is maintained until the ILS

complex120,121,143. Therefore, to recycle the U2 snRNP for a new round of splicing cycle,

the U2 snRNA has to switch from SLIIc back to SLIIa conformation for SF3a/SF3b

binding, which is consistent with that the SLIIa conformation facilitates branch site

recognition, while SLIIc inhibits this step159,174. Although the structural interconver-

sion of SLIIa and SLIIc can be spontaneous and does not require energy in vitro, Cus2

(yeast TAT-SF1 homologue) is able to drive the equilibrium toward SLIIa through

directly binding to the U2 snRNA141. In vivo, certain mutations at Cus2 have been

shown to rescue the defects resulting from the destabilization of SLIIa by U2 G53A

mutation, possibly through stabilizing SLIIa141,158. Therefore, Cus2/TAT-SF1 may

play a role in facilitating the U2 snRNP assembly by promoting the SLIIa conforma-

tion. Nonetheless, since our 17S U2 snRNP structure does not show direct interactions

between TAT-SF1 and SLIIa, it remains unclear how Cus2/TAT-SF1 achieves this role

mechanistically.

4.1.2 SF3B1HEAT is bound and stabilized by TAT-SF1 and Prp5

Previous studies in yeast have shown that the N-terminal region of Prp5 binds to

H1-6 and H9-12 of Hsh155 (the yeast homologue of SF3B1)155. Consistently, our
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17S U2 snRNP structure shows that H9-12 of SF3B1HEAT are bound to an extended

α-helix of Prp5 (aa 146-196). In addition, CXMS data suggest that residues of both

the N-terminal and C-terminal of the extended α-helix of Prp5 interact with H12-15

and H1-6, respectively (Figure 4.2a,b). Therefore, the N-terminal region of Prp5 (aa

113-316) seems to encompass SF3B1HEAT. Interestingly, based on the CXMS data,

the conserved Prp5 DPLD motif (Figure 4.2b), which is essential for stable Prp5

binding to the U2 snRNP, localizes close to the SF3B1 hotspot mutations region. It

is consistent with studies in yeast that show Hsh155 mutations at analogous regions

directly destabilize Prp5 binding155. As Prp5 plays a role in proofreading the branch

site, at least in yeast (see 4.2.5), destabilized Prp5 binding may result in aberrant

branch-site usage, explaining why Hsh155 mutations lead to an increased usage of a

mutated branch site.

Another U2 component, TAT-SF1 (Cus2 in yeast), has been shown to directly interact

with SF3B1/Hsh155 via binding to the SF3B1/Hsh155 N-terminal ULM (U2AF ligand

motif) by its UHM (U2AF homology motif)161,162. Based on CXMS data, we located

TAT-SF1UHM close to the N-terminal HEAT repeats of SF3B1, consistent with the

fact that it binds to SF3B1ULM and has the highest a�nity to ULM5, which is the

closest ULM to SF3B1HEAT161. Surprisingly, our EM map, together with CXMS data,

additionally reveals a previously unknown interaction that the RNA recognition motif

(RRM) of TAT-SF1 binds directly to H15-16 of SF3B1HEAT(Figure 4.2a). During

the structural transition of SF3B1HEAT from an open to a closed conformation, local

twist and curvature changes are clustered at H1-3, H7-H12, H15-H16152. As a result,

by binding to one of the hinge regions at H15-16, TAT-SF1RRM may inhibit the

conformational change of SF3B1HEAT and stabilizes its open conformation. Similarly,

the binding of the N-terminal region of Prp5, including the extended α-helix, to H1-15

of SF3B1HEAT may also stabilize the open conformation of the latter.

4.1.3 The BSL is formed in humans and sequestered by U2 proteins

Previous mutagenesis studies in yeast suggest that BSiR is initially sequestered in the

branchpoint-interacting stem-loop (BSL), and that the nucleotides at the BSL loop
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Figure 4.2: Prp5 and TAT-SF1 bind SF3B1 and sequester the BSL in the 17S U2
snRNP. a. Location of the Prp5 RecA domains. The interaction of Prp5 and
TAT-SF1 with SF3B1. The unassigned density is shown in grey. The dotted
line shows the potential path of the unmodelled Prp5 N-terminal region based on
CXMS data. b. The position of cancer-related hotspot mutations of SF3B1
is shown. CXMS data suggest the N-terminal region of Prp5 wraps around
SF3B1HEAT, and the conserved DPLD motif is located close to the hotspot mu-
tations. c. Left: 2D and 3D representations of U2 SLI, BSL, and SLIIa in the
human 17S U2 snRNP. The BSL is eight base-pairs in length due to the presence
of the short alpha-helix of SF3A3 (amino acids Y392 to H400). The BSL nu-
cleotides that later form U2-BS helix are in orange, the extended part in yellow,
the remaining part in dark green. SLIIa is shown in light green and SLI in teal.
Right: The BSL unwinds and base-pairs with the branch-site region, forming the
U2-BS helix, as shown by the human Bact complex. d. Two views showing the
BSL is sequestered by Prp5 (red), TAT-SF1 (purple), and SF3B1 (green), as well
as the unassigned protein region (UPR, grey).
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may form initial base-pairing with the branch site (see 2.3.2). However, the existence

of BSL has not been proven structurally, and a similar BSL has never been identi�ed

in humans previously. Our 17S U2 snRNP structure, thus for the �rst time, provides a

structural evidence for the existence of the BSL and its formation in humans (Figure

4.2c). Previous studies proposed a nine base-pair length of the BSL in yeast, based

on the sequence of the U2 snRNA4. Our structure shows that the stem of the BSL is

contacted by a short α-helix of SF3A3, forcing the two nucleotides U46 (U47 in yeast)

and A24 (A25 in yeast) single-stranded, resulting in the BSL of eight base-pairs in

length (Figure 4.2c). As the same α-helix of Prp9 (yeast homologue of SF3A3) is also

observed in yeast spliceosome structures at the same position146, it is likely that the

yeast BSL may also be eight base-pairs. Indeed, previous mutagenesis studies have

shown that neither U47G nor U47A a�ects yeast growth, while disruption of G26-C46

base-pairing leads to growth defects4 175.

Furthermore, our 17S U2 snRNP structure reveals that the BSL is sandwiched by U2

components (Figure 4.2d). The C-terminal HEAT repeats of SF3B1 block the BSL

on one side and TAT-SF1 and Prp5 RecA domains on the other side. In addition, an

unassigned protein region directly contacts the BSL, likely stabilizing its conformation.

This unassigned protein region (UPR) is probably part of TAT-SF1, as the density can

be traced continuously to TAT-SF1RRM. The loop of the BSL is also sequestered by

TAT-SF1 and SF3B1 and is thus inaccessible for branch site recognition. Therefore,

substantial RNP remodelling of the U2 snRNP, including displacement of TAT-SF1 and

Prp5, is required for the BSL unwinding and the U2-BS helix formation (see 4.1.4).

Previous studies in yeast suggest that the displacement of TAT-SF1 (Cus2 in yeast) is

mediated by the ATPase activity of Prp57,162. In this way, the U2 snRNP ensures that

the reactive BSL is initially sequestered, and the liberation of the BSL is triggered by

ATP hydrolysis only when required. This may prevent premature interaction of the

U2 snRNA with other RNAs in the wrong context. Interestingly, protecting reactive

regions of RNAs by other spliceosomal RNAs or proteins is a common mechanism used

by the spliceosome repeatedly. One well-characterized example is that in the U4/U6.U5

tri-snRNP and pre-catalytic B complex, the reactive region of the U6 snRNA that later

forms the ISL is sequestered by extensive base-pairing with the U4 snRNA176. Another

example is that the BS-A, the nucleophile of the �rst transesteri�cation reaction, is
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sequestered and shielded by SF3b complex until B* complex formation31,96,97,121, which

is the precise moment when the reactivity of the BS-A is required. The liberation of

U6 snRNA and the BS-A are also coupled with ATPase activity of RNA helicases,

namely Brr2 and Prp2, respectively. Thus, by coupling the energy consumption that

requires a speci�c RNA helicase action with the liberation of reactive RNA regions,

the spliceosome ensures a de�ned sequential order of activating reactive RNAs, so that

accidental discharge of reactants is prevented.

4.1.4 RNP remodelling of U2 snRNP facilitated by Prp5

A comparison of our 17S U2 snRNP structure with the U2 part of the spliceosomes

(A to Bact complexes) shows that major RNP remodelling must occur to free the BSL

nucleotides that later form the U2-BS helix and to allow the stable U2 snRNP incorpo-

ration into the spliceosome (Figure 4.3a). As aforementioned in 4.1.3, in order to free

the BSL, both TAT-SF1 and the Prp5 RecA domains need to be displaced. After the

displacement of TAT-SF1 triggered by Prp5 ATPase activity7 162, the displacement of

Prp5 RecA domains may be spontaneous, as they lose the major interaction partner.

The freed BSL can mediate initial base-pairing with the branch site via presenting its

loop region, possibly forming a �kissing loop� intermediate177. Formation of the U2-BS

helix would require a downward movement of the 5' end of the U2 snRNA, including

SLI (Figure 4.3b). However, for topological reasons, such a movement of the U2 5'

end is not possible because it has to go through a very narrow gap between the 5'

strand of the BSL and the C-terminal HEAT repeats of SF3B1. Thus, more room has

to be created between the 5' strand of the BSL and the C-terminal HEAT repeats to

allow U2 snRNA remodelling. This may be achieved by a rotational movement of the

BSL around single-stranded U2 snRNA nucleotides (U46 or U47) that link the BSL to

SLIIa. After the disruption of the BSL, a rotational movement of the U2 5' end around

the pre-mRNA intron would then facilitate the formation of the U2-BS helix (Figure

4.3c). The newly formed U2-BS helix swings back and is subsequently embraced by

the closure of the SF3B1HEAT. Interestingly, the short α-helix of SF3A3 is situated

in the same position in the 17S U2 snRNP as in the spliceosomes. Therefore, it may

have similar roles, which is to determine the length of the BSL or the U2-BS helix.

Moreover, by stably interacting with the U2 snRNA, this short α-helix of SF3A3 may
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facilitate the outward movement of the BSL and the backward swinging of the newly

formed U2-BS helix. Finally, the correct formation of the U2-BS helix leads to the

closure of the SF3B1HEAT and the concomitant release of Prp5. The trigger of SF3B1

closure and Prp5 release is the correct insertion of the BS-A into the protein pocket

formed by SF3B1 and PHF5A, which will be discussed in more detail in 4.2.1 and 4.2.5.

The exact mechanism of how Prp5 mediates this U2 remodelling cannot be concluded

solely from our structure. As a DEAD-box RNA helicase, Prp5 is expected to bind a

double-stranded RNA via its RecA2 domain. Upon ATP binding, the RecA domains

switch from the extended open conformation to the compact closed conformation,

introducing bends in one of the RNA strands that facilitate unwinding of the RNA

double strand108. Although the nature of the RNA strand bound by Prp5 is not

clear, Prp5 ATPase activity has high speci�city to the U2 snRNA5. It is therefore

conceivable that Prp5 activity may lead to displacement of TAT-SF1 by direct binding

and inducing the BSL unwinding. Indeed, previous studies in yeast have shown that

by disrupting the BSL, the essentiality of Prp5 ATPase activity can be bypassed4. On

the other hand, Prp5 may also indirectly lead to the displacement of TAT-SF1 without

the requirements for a direct interaction with the BSL, as several DEAD-box proteins

have been shown to disrupt protein-RNA interactions, and in some cases even without

unwinding double-stranded RNA178. In the latter scenario, TAT-SF1 displacement

may result in a destabilization of the BSL, which may allow the subsequent U2-BS

helix to form spontaneously without the requirements for chemical energy in the form

of ATP hydrolysis. This is supported by the fact that Prp5 ATPase activity can be

bypassed in the absence of Cus2, and hyperstabilized BSL can lead to growth defects

in yeast4.

It is worth mentioning that the interaction between TAT-SF1RRM and SF3B1HEAT is

governed mainly by the α-helices of the RRM, leaving the β-sheets accessible for RNA

binding. Therefore, in principle TAT-SF1RRM is able to bind RNA while remaining

bound to SF3B1HEAT. Mediating both protein-protein and protein-RNA interactions

simultaneously is not uncommon for RRMs. For instance, RRM1 of SF3B4 binds to

the single-stranded intron upstream of the U2-BS helix while interacting with SF3B2.
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Figure 4.3: RNP rearrangements facilitated by Prp5 and the movement of the U2
snRNA required for the U2-BS helix formation. a. A structural compari-
son of the BSL and the neighboring proteins in the 17S U2 snRNP (left) with the
corresponding region after the U2-BS helix formation and stable U2 incorporation
into the spliceosome (right). b. The formation of the U2-BS helix requires a down-
ward movement of the SLI. Surface model shows that due to topological reasons,
the movement of the SLI is not possible because SLI would have to thread through
the very narrow gap between the BSL and the C-terminal SF3B1HEAT. As a re-
sult, the BSL has to move away from SF3B1, possibly via an outward swinging. c.
A proposed model of the U2 5' end movement that facilitates the formation of the
U2-BS helix. d-h: A proposed model of the U2 snRNP rearrangements during A
complex formation. d-e, The U2 snRNP is recruited to the E complex, and Prp5
ATPase activity displaces TAT-SF1 and Prp5 RecA domains, liberating the BSL
for initial base-pairing with the branch-site region. e-g, The BSL is disrupted,
and the movement of the U2 5' end facilitates the BSL unwinding and the U2-BS
helix formation. g-h, The closure of SF3B1 clamps the newly formed U2-BS helix,
with the BS-A inserted into the protein pocket formed by SF3B1 and PHF5A,
leading to the �nal displacement of Prp5 and the A complex formation.
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Similarly, RRM1 of U2-B� binds to U2 snRNA and U2-A' at the same time. In

both cases, the protein-protein interactions are mediated by the α-helices, while the

β-sheets bind to RNAs. Indeed, in vitro studies have shown that Cus2RRM is able to

bind the U2 snRNA directly, and the conserved Y48 is essential for its RNA binding

in vitro and its function in vivo 158. Therefore, the unassigned density on top of the

TAT-SF1RRM may contain the 5' end of the U2 snRNA (Figure 4.2a,d). By binding

directly to U2 snRNA 5' end, the displacement of TAT-SF1 may allow the U2 5' end

movement. This would provide another possible scenario of how the displacement of

TAT-SF1 may facilitate BSL unwinding.

Taken together, our structure together with decades of biochemical and genetics

studies suggests a model for the U2 snRNP remodelling during early spliceosome

assembly as follows (Figure 4.3d-h): First, the U2 snRNP is initially recruited to the

E complex by protein-protein interactions, bringing U2 to the vicinity of the branch

site. Subsequently, Prp5 is activated by binding to ATP and a yet to be de�ned RNA

component, and Prp5 facilitates the displacement of TAT-SF1 via its ATPase activity,

thereby freeing BSL nucleotides for base pairing with the branch site. The correct

formation of the U2-BS helix �nally triggers the closure of SF3B1HEAT and the re-

lease of Prp5 (see 4.2 for more details), leading to stable incorporation of the U2 snRNP.
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4.2 Structural insights into early spliceosome assembly and the

branch site proofreading

In chapter 4.1, we have revealed the U2 snRNP remodelling that takes place

during A complex formation. Mature A complex formation requires the closure

of SF3B1/Hsh155HEAT that embraces the U2-BS helix and the docking of BS-A

into the protein pocket formed by SF3B1 (human)/Hsh155 (yeast) and PHF5A

(human)/Rds3 (yeast). However, solely from the human 17S U2 snRNP structure,

we were unable to discern the trigger to this functionally important conformational

change of SF3B1/Hsh155. Moreover, Prp5 is proposed to contribute the branch site

proofreading during the A complex formation, at least in yeast. However, it was

unclear how Prp5 performs this role, as the published yeast A complex does not

contain Prp5 density.

Here, by deleting the BS-A (∆BS-A) or introducing a U to A mutation at position

257 (U257A), which is two nucleotides upstream of the BS-A, of the actin 1 (ACT1)

pre-mRNA, we stall the yeast spliceosome assembly in an intermediate stage, in

which Prp5 has performed its ATPase activity but remains stably bound, and resolve

their structures by cryo-EM. We show that the ∆BS-A complex and the U257A

complex have not only the same protein and RNA compositions but also an almost

identical structure at the achieved resolution. Since the U257A complex can progress

to later spliceosomal assembly stages10, we conclude that both structures represent

an on-pathway assembly intermediate. Due to the limited resolution at the U2 region

(about 8 Å for the ∆BS-A complex and 15Å for the U257A complex), we again

turned to the integrative structural biology approach. Based on previously published

structures and our CXMS data, we reveal the molecular architecture of this novel

spliceosomal intermediate and term this the pre-A complex, as it represents a stage

directly before the A complex14 (also discussed in detail below). By comparing the

structures of the 17S U2 snRNP, the pre-A, and the A complex, we have revealed:

a) the trigger to HEAT domain closure; b) structural insights into early spliceosome

assembly; c) the branch site proofreading mechanism mediated by Prp5.
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4.2.1 The BS-A binding triggers SF3B1/Hsh155HEAT closure

Our ∆ BS-A and U257A complexes show an extended helical density located directly

upstream of SLIIa. This helical density is signi�cantly longer than the BSL, but can

be �t nicely with a modelled U2-BS helix. This indicates that Prp5 has performed its

ATPase activity and the U2-BS helix has formed in our complexes. Consistent with

the formation of the U2-BS helix, Cus2 is not detected in the mass spectrometry data.

Interestingly, despite the formation of the U2-BS helix and the displacement of Cus2,

Hsh155HEAT remains in an open conformation, similar to SF3B1HEAT in the human

17S U2 snRNP, but in stark contrast to its conformation found in the yeast A to Bact

complexes11 167 96 97 146. The open conformation of Hsh155HEAT and the retention of

Prp5 (see 4.2.3) indicate that ∆ BS-A and U257A complexes are stalled at a pre-A

complex stage, which is after Prp5 mediated formation of the U2-BS helix, but during

its proofreading role (see 4.2.5). In addition, unlike later spliceosomal complexes,

in which U2-BS helix is sequestered by Hsh155HEAT, the U2-BS helix in the pre-A

complexes is located further away from the C-terminal Hsh155HEAT. This is consistent

with our proposed model that the formation and docking of the U2-BS helix involve

an outward movement from the HEAT repeats and a backward swinging (see 4.1.4).

Furthermore, as deletion of the BS-A does not a�ect the stability of the U2-BS helix

per se, our data indicate that formation of the U2-BS helix alone does not necessarily

trigger the closure of Hsh155HEAT. Instead, insertion of the BS-A into the protein

pocket formed by Hsh155 and Rds3 is likely the major trigger. In the case of the

U257A complex, a destabilized U2-BS helix resulted from the branch-site mutation

(e.g., �exible loop instead of a clear bulge may form due to mismatches) may hinder

the correct bulging of the BS-A179 and thereby a�ects Hsh155HEAT closure.

However, whether this mechanism of Hsh155HEAT closure can be extrapolated to the

human system is not clear. As the human branch-site sequence is much less conserved,

human spliceosomes must use weaker branch sites with mismatches to the U2 snRNA

frequently. Therefore, if the BS-A insertion is also the major trigger of SF3B1HEAT

closure, the human spliceosome must have additional mechanisms to compensate for

the instability of the U2-BS helix. One possibility is that the human spliceosome

uses additional protein components to stabilize the U2-BS helix. For instance, the
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human SF3b complex contains an additional protein, SF3B6/p146, which may bind

and stabilize the U2-BS helix. The human SF3B1 also contains a longer N-terminal

region with �ve ULMs in contrast to only one in yeast161, which allows the human

SF3B1 to interact with more splicing factors that may also play a role in stabilizing

the U2-BS helix. Another possibility is that the human SF3b binding pocket is less

stringent, allowing insertion of the BS-A that is not perfectly orientated. Previously, it

has been shown that by mutating the asparagine (N) 747 and leucine (L) 777 of yeast

Hsh155 into the valine (V) and asparagine (N) found in human SF3B1 at the corre-

sponding positions, sensitivity to chemical modulators that speci�cally target human

SF3B1 can be introduced to yeast180. More importantly, Hsh155 N747V and L777N

mutations also increase the splicing of pre-mRNAs with mismatches at the conserved

branch-site sequence in yeast180. It is, therefore, tempting to assume that by introduc-

ing �human-like� mutations, the binding pocket of Hsh155 becomes more permissive,

allowing binding of chemical modulators or a BS-A that is not correctly bulged.

4.2.2 Interactions between the U1 and U2 regions in pre-A complexes

In the pre-A complex structures, the U1 and U2 regions are connected by several

bridges. Since our pre-A complexes represent an E-to-A complex intermediate, these

bridges may represent the early interactions that play a role in recruiting the U2

snRNP to the E complex.

One major interaction between U1 and U2 snRNPs, termed as bridge 1, is mediated

by the U1 protein Prp40 and the U2 protein Rse1. Prp40 is a U1 component

that contains six C-terminal FF domains, which are characterized by a conserved

N-terminal and a C-terminal phenylalanine (F)181. FF domains typically occur in

tandem arrays and mediate protein-protein interactions. Recently, another FF domain

containing protein, TCERG1, has been identi�ed in human spliceosomes93. TCERG1

binds multiple proteins via its six FF domains and likely functions as an interaction

mediator that stabilizes a certain conformation of the spliceosome by interacting with

multiple spliceosomal components simultaneously. Similarly, our CXMS data together

with the EM density suggest that Prp40 also functions as an interaction platform. It

binds Luc7 and Snp1 via its FF1 and FF6, respectively, anchoring Prp40 with the
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major part of the U1 snRNP, while tethering the U2 snRNP via binding to WD40

β-propeller domain B (BPB) of Rse1 through FF4. Interestingly, the BPB of U2 Rse1

(yeast homologue of SF3B3) is also a known interaction mediator that interacts with

multiple components throughout the splicing cycle. Therefore, it is conceivable that

the two interaction mediators may play a key role in recruiting the U2 snRNP to the

E complex during early spliceosome assembly. In addition to Prp40 and Rse1, CXMS

data show that bridge 1 further contains Snu71, as multiple crosslinks are detected

between the C-terminal region of Snu71 and Prp40 FF2-3 as well as Rse1BPB. Snu71

also crosslinks extensively with Luc7. The crosslinks are thus consistent with previous

data that show Prp40, Luc7, and Snu71 form a stable sub-complex within the U1

snRNP182. The Prp40-Luc7-Snu71 trimer bridges U1 to the branch site binding

Msl5-Mud2 in the yeast E complex172. Our data suggest that this trimer may also

play a role in recruiting/tethering the U2 snRNP after the E complex formation.

Furthermore, CXMS data indicate Prp5 N-terminus interacts with Snu71 C-terminus

and Rse1BPB at bridge 1. Prp5 has been shown to mediate U1 and U2 interaction by

its N-terminal RS domain in S. pombe 8. It is surprising that in S. cerevisiae, Prp5

plays a similar role, despite lacking an N-terminal RS domain.

Another bridge between U1 and U2 snRNPs, termed as bridge 2, contains the intron

nucleotides upstream of the branch site but downstream of the intron stem found

in ACT1 pre-mRNA. This bridge is also found in the yeast A complex assembled

on UBC4 pre-mRNA at the analogous position142. While the ACT1 intron region is

much longer than the UBC4 one, the RNA bridge appears to be of similar length.

Therefore, formation of the ACT1 intron stem and its binding to U1 snRNP likely

keep the downstream branch site and the U2 snRNP in close vicinity to U1 snRNP. It

also explains why disruption of the intron stem of the ACT1 pre-mRNA substantially

impedes the splicing e�ciency172. Furthermore, the intron nucleotides upstream of

the U2-BS helix are bound by Hsh49RRM1, which may chaperone the single-stranded

RNA. More importantly, the binding of SF3B4 (human Hsh49 homologue) to the

intron region directly upstream of the U2-BS helix is essential for the U2 recruit-

ment during A complex formation183. Therefore, Hsh49RRM1 may be a key anchor of

the U2 snRNP to the pre-mRNA during the initial recruitment of U2 to the E complex.
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In the E complex, Msl5 (yeast homologue of SF1) binds the branch site via its KH-

QUA2 domain, while Mud2 (yeast homologue of U2AF) binds downstream of the

branch site via its two RRM domains85,105. Msl5 also binds the WW domains of

Prp40 via its N-terminal region184, thus bridging the U1 snRNP to the branch site in

the E complex. For stable U2 incorporation, Msl5 has to be displaced from the branch

site. Surprisingly, despite the formation of the U2-BS helix, our mass spectrometry

data show a high abundance of Msl5-Mud2 in pre-A complexes. In pre-A complexes,

although Msl5 is displaced from the branch site, CXMS data indicate that Msl5-Mud2

remains attached and locates in the poorly resolved region downstream of the U2-

BS helix, likely through the interaction of Mud2 with the intron downstream of the

branch site, and that Msl5 remains bound to Prp40 WW domains. Thus, in the pre-A

complexes, the U1 snRNP remains attached to the intron downstream of the branch

site via this Prp40-Msl5-Mud2 interaction, resulting in the third bridge between the

U1 and U2 regions, which is highly �exible and cannot be seen from the EM density.

For mature A complex formation and U2-BS helix docking into Hsh155, Mud2 has

to be detached from the intron. It was previously asserted that Msl5 and Mud2 are

simultaneously displaced from the pre-mRNA by the action of the DEAD-box RNA

helicase Sub2105,106. In contrast, our pre-A complexes indicate that the displacement of

Msl5-Mud2 is more likely a two-step process � i.e., Msl5 is displaced from the branch

site �rst for the U2-BS helix formation; next, Mud2 is displaced from intron binding

to allow the U2-BS helix docking. However, it is still unclear whether Sub2 ATPase

activity is responsible for both steps.

4.2.3 U2 remodelling during the pre-A complex formation

Since the human and yeast U2 snRNPs contain evolutionarily conserved proteins with

structurally highly similar domains, it is very likely that the human and yeast isolated

U2 snRNPs exhibit a similar overall architecture. By comparing the human 17S U2

snRNP and the yeast pre-A complex structures, we reveal that the U2 snRNP un-

dergoes multiple internal structural rearrangements during pre-A complex formation

(Figure 4.4).

First, the N-terminal region of Prp5 appears to be partially dissociated from

Hsh155HEAT binding (Figure 4.4a-b). Previous biochemical studies have shown
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Figure 4.4: Prp5 N-terminal region remains attached to Hsh155 while the RecA
domains and the U2 3' region undergo a repositioning during pre-A
formation. a. Domain representation of the yeast (y) and human (h) DEAD-box
RNA helicase Prp5. b. CXMS data show the N-terminal region (NTR) of Prp5
remains partially associated with Hsh155. The dotted line represents the potential
path based on CXMS. c-d, Structural remodelling of the U2 snRNP during pre-A
formation. The human 17S U2 snRNP structure is shown, since a structure of
the yeast isolated U2 snRNP is lacking. However, due to the high conservation of
the yeast and human U2 components and the similar structures of the conserved
domains, the yeast U2 snRNP is presumably highly similar to the human one.
The 17S U2 snRNP and the pre-A complex are aligned via C-terminal HEAT and
SLIIa. The structural comparison shows that the U2 3' region and Prp5 RecA
domains undergo a repositioning, forming the new interaction between Prp5RecA1

and Prp9 N-terminal region (NTR). The movement of Prp5 RecA domains creates
a large opening for the U2-BS helix formation. The U2 remodelling also involves
dissociation of protein-protein interactions and formation of new interactions.
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that the N-terminal region of Prp5 binds to H1-6 and H9-12 of Hsh155 in the U2

snRNP155. The human 17S U2 snRNP structure shows that the binding of H9-12

involves an extended α-helix of Prp511. While the structure prediction by AlphaFold

2 indicates that yeast Prp5 also forms an extended α-helix at the corresponding

region (https://alphafold.ebi.ac.uk/), we do not see this α-helix density in our pre-A

complexes. CXMS data also show that the Prp5 N-terminal region interacts mainly

with H1-6 of Hsh155, and no crosslinks between Prp5 and H9-12 can be detected.

Thus, the extended α-helix that initially binds H9-12 may have been dissociated

during the U2 to pre-A transition.

In addition, Prp5 RecA domains and the U2 3' region (i.e., the U2 Sm core, Lea1,

Msl1, and the SF3a core) undergo a repositioning (Figure 4.4c). In the human 17S

U2 snRNP, Prp5 RecA domains interact extensively with TAT-SF1 and sequester

the BSL. In the pre-A complexes, Cus2 (yeast homologue of TAT-SF1) is displaced

by Prp5 ATPase activity for the U2-BS helix formation. Prp5 RecA domains locate

further away from Hsh155HEAT in pre-A, possibly due to loss of interactions with

Cus2 that initially binds to Hsh155HEAT. The translocation of Prp5 RecA domains

creates a large opening between Prp5 RecA domains and Hsh155HEAT. In addition,

the U2 3' region undergoes a large-scale translocation and moves closer to the Prp5

RecA domains. The repositioning of Prp5 RecA domains and the U2 3' region

leads to a new interface formation between Prp5RecA1 and Prp9 N-terminal α-helical

bundles. As detailed in 4.2.4, this interface prevents a further movement of the U2

3' region towards the U2-BS helix. Thus, the large opening between Hsh155HEAT

and Prp5 RecA domains resulted from the repositioning of the RecA domains is also

maintained by the new position of Prp5RecA. This would explain the ATP-independent

role of Prp54. That is, Prp5 blocks premature docking of the U2 3' region onto

the U2-BS helix, making the room and the time required for unwinding of the

BSL and formation of the U2-BS helix. Moreover, the repositioned Prp5RecA1 now

contacts the single-stranded U2 snRNA that connects SLIIa and the U2-BS helix,

which is consistent with crosslinks of Prp5 to this region (nucleotides 45-49) of

yeast U2 snRNA observed previously10. That only the Prp5 N-terminal region and

RecA1, but not RecA2, are important for Prp5 binding in the pre-A complexes, is also

consistent with that the RecA2 domain is dispensable for Prp5 ATP-independent role4.
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Finally, the translocation of the U2 3' region involves disruption of certain protein-

protein interactions and formation of new interactions within the U2 snRNP between

the 3' and the 5' regions (Figure 4.4c-d). First, the interaction between U2-B� (Msl1 in

yeast) RRM2 and SF3A3 (Prp9 in yeast) C-terminal region is dissolved, allowing the

movement of the U2 3' region. Meanwhile, the structural rearrangements bring Prp11

β-sandwich domain and Hsh49RRM2 towards the Prp9 zinc-�nger (ZnF) domain. This

allows Hsh49RRM2 to dock on top of the Prp9ZnF on one side while interacting with

Prp11 β-sandwich domain on the other side, forming a new bridge between the U2 3'

and 5' regions. Moreover, in the 17S U2 snRNP, SLIIb is not stabilized and is only

poorly resolved. In the pre-A complexes, the position of SLIIb is shifted and stabilized

by binding to Hsh49RRM2. Therefore, Hsh49RRM2 appears to play a central role in the

formation of the new interactions in pre-A complexes by binding to at least three U2

components simultaneously.

4.2.4 Structural remodelling during A complex formation requires Prp5

dissociation

The previously published yeast A complex structure shows a highly similar overall

architecture as the corresponding U1 and U2 region found in the yeast pre-B com-

plex142,167, thus representing a conformation that is primed for tri-snRNP recruitment.

On the other hand, our pre-A complex is not compatible with tri-snRNP binding

(Figure 4.5a). The comparison between our pre-A complex with the published yeast

A complex reveals a large-scale structural remodelling from pre-A to A transition that

is required to generate the tri-snRNP docking site, but is blocked by Prp5 binding

(Figure 4.5b-c).

First, the U2 3' region rotates about 50° relative to the 5' region during the pre-A to

A complex transition. The rotation of the U2 3' region is not possible in the presence

of Prp5 RecA domains, as the latter stably bind in a mutually exclusive manner with

the SF3a core proteins (Figure 4.5a-b). Second, the U1 snRNP rotates about 45°

relative to the U2 snRNP. The rotation of the U1 snRNP together with the rotation

of the U2 3' region results in the binding of Prp39 to Lea1, stabilizing the relative
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orientation of the U1 and U2 snRNPs observed in the yeast A and pre-B complexes. It

is worth mentioning that without the movement of the U2 3' region, Lea1 is shielded

behind Prp9 N-terminal region and is not accessible for Prp39 binding (Figure 4.5c).

In this way, by blocking the rotation of the U2 3' region, Prp5 RecA domains also

prevent premature interaction between Prp39 and Lea1. Furthermore, rotation of

the U1 snRNP requires dissolution of the U1-U2 bridge 1. As described in 4.2.2, since

bridge 1 involves Prp5 N-terminus binding to Rse1 and Snu71, dissolution of this bridge

also may require the dissociation of Prp5. As Prp5 blocks the U2 3' region rotation by

its RecA domains and tethers the U1 snRNP by its N-terminus, the release of Prp5 may

coordinate both rotations that are required for A complex formation and tri-snRNP

joining. Hence, our structures provide a structural explanation of why the tri-snRNP

and Prp5 binding are mutually exclusive, as previously revealed by biochemical studies

in yeast10.

4.2.5 A proposed mechanism of how Prp5 plays a role in proofreading the

branch site

Taken together, our pre-A structures suggest a model of how Prp5 contributes to

proofreading the pre-mRNA branch site (Figure 4.6). First, the U2 snRNP is recruited

to the E complex, and the ATPase activity of Prp5 triggers the remodelling of the

U2 snRNP, including U2-BS helix formation and the repositioning of the U2 3' region

and Prp5 RecA domains. This leads to formation of the pre-A complex, in which

the binding of Prp5 transiently blocks further rearrangements that are required for

A complex formation and tri-snRNP docking, creating the time and space required

for U2-BS helix formation. In the wild-type scenario, the correct formation of the

U2-BS helix would orientate the BS-A in a way that allows insertion of the BS-A into

the binding pocket formed by Hsh155 and Rds3, which triggers the �nal closure of

Hsh155HEAT. We propose that since the U2-BS helix is �exible, the insertion of BS-A

may be achieved by the U2-BS helix moving closer to Hsh155HEAT intermittently and

probing for the binding pocket. Subsequently, the closure of Hsh155HEAT destabilizes

the binding of Prp5 N-terminal region. Concomitantly, the coordinated docking of the

U2-BS helix and the resulting movement of the U2 snRNA contacted by Prp5RecA1

destabilize the binding of Prp5 RecA domains. These RNP rearrangements lead to the
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Figure 4.5: Structural remodelling during pre-A to A transition generates the bind-
ing site for the tri-snRNP but is blocked by Prp5 binding. a. Structural
remodelling during pre-A to A and pre-B complex. Structures of the yeast A and
pre-B complexes are previously published (PDB: 6G90142, 5ZWM, 5ZWN167) and
are aligned with the pre-A complex via Hsh155 C-terminal HEAT and SLIIa. The
rotations of the U2 3' region and U1 snRNP are indicated by curved arrows. b.
Close-up view of the U2 3' region rotation during pre-A to A complex transition.
The SmD2 protein is shown in yellow to better follow the rotation. c. Close-up
�top view� of the U2 3' region and U1 snRNP rotation during pre-A to A complex
transition. Prp39 and Lea1 are initially separated by about 130 Å, and Lea1 is
initially shielded behind Prp9 N-terminal region and is thus inaccessible for Prp39
binding in the pre-A complex.
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�nal displacement of the Prp5 protein, allowing subsequent transition of the pre-A to

the A complex. As the BS-A is correctly orientated in the wild type U2-BS helix, the

closure of Hsh155HEAT may be very e�cient, making the pre-A stage highly transient.

In contrast, if the U2-BS helix lacks a bulged BS-A or if the BS-A is not correctly

bulged due to branch-site mutations, the insertion of the BS-A into the Hsh155 binding

pocket is either not possible or signi�cantly impeded. As a result, the Hsh155HEAT

closure and the Prp5 release are hindered, thus blocking further progression of the

spliceosome assembly pathway. Nevertheless, unlike the ∆BS-A pre-mRNA that

forms a perfect U2-BS helix, pre-mRNAs bearing branch-site mutations (e.g., U257A

complex) still contain a potential BS-A. Therefore, although much less e�ciently,

there is still a chance of the BS-A binding to Hsh155HEAT, explaining why U257A

complexes can proceed further along the wild-type assembly pathway and are not

dead-end complexes10.

During the course of this thesis, a cryo-EM structure of a human A-like complex is

reported185. This complex is stalled by an SF3B1 inhibitor spliceostatin A (SSA) and

is believed to be at an E-to-A intermediate. In this human A-like complex, SF3B1HEAT

is kept in an open conformation by SSA, abolishing the docking of the U2-BS helix.

Strikingly, the mass spectrometry data indicate that signi�cant amounts of Prp5 are

retained in this human A-like complex. Thus, it appears that in the human system,

the open conformation of SF3B1HEAT is correlated with retention of Prp5 as well,

indicating that Prp5 may have a similar role in sensing the closure of SF3B1HEAT in

humans.

Previous genetic and biochemical studies have shown that multiple mutations of Prp5

are able to suppress branch-site mutations (i.e., improve the splicing of pre-mRNA

containing branch-site mutations)9 10 163. These include mutations in Prp5 DPLD

motif at Prp5 N-terminal region; the conserved SAT motif at Prp5RecA1 that a�ects

the ATPase activity of Prp5; and mutations at Prp5RecA1 outside of the SAT motif,

such as K372E, N399D, and G401E that have no e�ects on Prp5 ATPase activity. Our

pre-A structures provide structural insights into how some of the Prp5 mutations may

suppress branch-site mutations by compromising Prp5 binding a�nity and hence its



104

Figure 4.6: A proposed model of Prp5 proofreading the branch site during A com-
plex formation. The U1 snRNP is not shown for simplicity. The U2 snRNP
depiction is based on the human 17S U2 snRNP. The closure of Hsh155, release
of Prp5, and docking of U2-BS helix may occur in a highly coordinated manner
concomitantly. The dashed arrow indicates that certain branch-site mutations,
including U257A, do not completely block the pathway and are able to undergo
further assembly. WT, wild-type; BS mut, mutated branch-site sequence.

proofreading role. In the pre-A complexes, our CXMS data suggest that the Prp5 N-

terminal region, including the DPLD motif remains binding to Hsh155HEAT. Therefore,

the DPLD mutant destabilizes Prp5 binding by compromising the interaction between

Prp5 N-terminal region and Hsh155HEAT. K372, N399, and G401 are located at the

corner where Prp5RecA1 contacts the U2 snRNA. Thus, K372E, N399D, and G401E

mutations that introduce negative charges may signi�cantly a�ect the binding of

Prp5RecA1 to the RNA backbone, explaining the reduced a�nity observed previously10.

However, the e�ects of SAT mutations on Prp5 proofreading cannot be directly ex-

plained by our structure, as they are not located at binding interfaces. Previous studies

have shown that SAT mutations hinder the ATPase activity and the conformational

dynamics of Prp5, and that the reduced ATPase activity and dynamics correlate with

improved branch-site mutant usage9 165. It is conceivable that the altered dynamics of

Prp5 may change its binding a�nity to other U2 components (e.g., Prp9 N-terminal

region) indirectly. Alternatively, Prp5 may contribute to �delity control prior to the

pre-A complex formation in an ATP-dependent manner, similar to the previously

proposed �kinetic proofreading� mechanism (see 2.2.6). Lastly, Prp5 ATPase activity

may function again in the stalled complex and play a role in disassembly, preventing
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potential further progression. Therefore, the SAT mutants may improve splicing by

a�ecting the disassembly function of Prp5. Nevertheless, the last scenario is less

likely, as the role of Prp5 in disassembling stalled spliceosomes has never been reported.

In sum, our pre-A structures show that Prp5 does not proofread the branch-site se-

quence directly. Instead, it functions as a checkpoint and senses the RNP conformation

of the pre-A complex and blocks spliceosomal assembly if mutations in the branch site

hinder the �nal closure of Hsh155HEAT. The stalled complex may then be targeted for

disassembly by Prp43 or another RNA helicase.



106

4.3 Current limitations and perspectives of cryo-EM as a tool

to study spliceosomal complexes

Limited resolution due to structural heterogeneity

In this study, we have reported cryo-EM structures of two early spliceosomal

complexes. While these structures have provided insightful information of early

spliceosome assembly, structural heterogeneity in the data set has largely limited

the resolution of both complexes, especially at the peripheral and more dynamic

parts. The low resolution resulting from �exible parts of a macromolecular complex

is a common issue in SPA studies of macromolecular complexes. In this study,

we turned to an integrative structural biology approach, which allowed �tting

available structures into the low-resolution regions of the EM map on the basis of

CXMS data. Although this allowed us to interpret certain low-resolution regions by

docking structures of larger domains as rigid bodies, many smaller domains/motifs

and �exible loops could not be modelled, due to lack of interpretable structural

features. For instance, in the 17S U2 snRNP structure, only 173 residues out of

895 residues were modelled for SF3B2; and only 182 out of 755 residues modelled

for TAT-SF1. Thus, many parts in the EM map cannot be interpreted, including

the unmodelled protein region (UPR) near TAT-SF1RRM that directly contacts the

BSL and thus may be a functionally highly important region. Therefore, improving

the resolution, especially at peripheral parts, will largely help structural interpretation.

One way to tackle this issue is to improve biochemical sample preparation itself. A

gentler sample preparation (e.g., chromatography-free puri�cation, lower salt concen-

tration, chemical �xation) that better preserves the integrity of the complex is useful to

limit the structural heterogeneity resulting from damaged complexes, thus improving

the overall resolution of the �nal reconstruction186,187. Moreover, �exible parts can be

stabilized in an arti�cial manner, for instance, by binding to small molecules or nano-

bodies13,185,188. Although conceptually straightforward, screening small molecules or

nano-bodies that speci�cally target and stabilize the �exible regions can sometimes be

very challenging.
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In addition to improving the sample preparation, another way to improve the reso-

lution, especially at peripheral parts, is to reconstruct multiple parts of the complex

separately in silico. For instance, by signal-subtraction coupled with focused 3D

classi�cation, the U2 5' region of the yeast pre-catalytic B complex was improved from

20 Å to about 4 Å146. More recently, a non-uniform reconstruction method called

�multibody re�nement� has been widely applied, especially for large complexes like

ribosomes and spliceosomes28. In contrast to traditional reconstruction that calculates

a 3D structure as one unity, multibody re�nement splits the complex into multiple

rigid bodies by user-de�ned masks. This allows each �body� to translocate and rotate

relative to one another, thus improving the alignment and the resolution of each

user-de�ned subpart of the complex. In this study, we applied multibody re�nement

for the yeast pre-A complex, and improved resolutions of both the 3' and 5' of the U2

snRNP from about 30 Å to 8-9 Å. However, since multibody re�nement assumes each

subpart being a rigid body, the intrinsic �exibility within each user-de�ned �body�

cannot be overcome by this method, as revealed by the limited resolution of 8-9 Å at

the U2 region. In the case of the human 17S U2 snRNP, multibody re�nement did not

improve the reconstruction of the low-resolution peripheral regions (e.g., Prp5 RecA

domains and TAT-SF1). This is (partially) due to the intrinsic �exibility of Prp5 RecA

domains and its surrounding regions, and therefore it was not possible to de�ne indi-

vidual rigid bodies. Additionally, each �body� must have su�cient mass for accurate

alignment. The relatively small volume of the peripheral parts of the 17S U2 snRNP

also limited the successful application of multibody re�nement. Taken together, to

improve the overall and local resolutions, the biochemical sample preparation should

be improved, and better algorithms that are able to model the continuous nature of

�exible complexes are required (e.g., 3D PCA or deep learning-based methods, see

below).

Hidden information due to low percentage of data used for �nal recon-

structions

For single-particle cryo-EM, another limitation that comes along with the structural

heterogeneity is that only very small subsets of the data that show the highest
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structural homogeneity were used for �nal reconstructions. While this is essential for

high-resolution reconstruction, valuable information of rare conformational states and

conformational changes remains hidden by discarding large amounts of data during

the image processing. In the case of the yeast pre-A complex, only about 7 % of the

data were used for the �nal reconstruction14; and 8 % used for the 17S U2 snRNP �nal

reconstruction11. The remaining more than 90 % of the data that were considered

�bad� particles may provide valuable insights about the conformational states that are

less populated, as well as the structural dynamics of the complex.

To tackle this issue, multiple algorithms have been developed to resolve the structural

dynamics computationally. In a 3D principal component analysis (PCA)-based

method31, hundreds to thousands of structures are reconstructed from the entire

dataset and aligned to a common reference. 3D PCA is applied to describe the

structural variations throughout the reconstructions. Subsequently, the �rst two

eigenvectors from PCA can be used as x and y coordinates, to calculate a confor-

mational landscape, and each dot in the landscape represents a 3D reconstruction.

By using the known particle number of each 3D reconstruction, an energy landscape

can then be calculated by Boltzmann equation. This method has been successfully

applied and revealed eight di�erent conformational states of the human Bact complex

that are more populated. 3D PCA-based methods can also be applied to visualize the

conformational dynamics and continuous motions within the dataset31,187,189. More

recently, a modi�ed method for calculating the aforementioned energy landscape

has been proposed190. In this method (called AlphaCryo4D), instead of using linear

subspace derived from PCA eigenvectors to plot the landscape, non-linear manifold

embedding was applied; and instead of using 3D PCA to describe structural variations,

a neural network-based method was applied to extract structural features. In addition

to AlphaCryo4D, another neural network-based method, cryo-DRGN (Deep Recon-

structing Generative Networks), was developed recently32. Both neural network-based

methods have been shown to successfully uncover previously hidden conformational

states in published datasets, as well as reveal continuous motions. In addition, by

a better separation of previously hidden conformational states, both methods were

shown to improve the overall resolutions of �nal reconstructions32,190. Thus, in future

studies, by applying various computational algorithms, multiple structural states
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should be reconstructed from the dataset instead of one static reconstruction; and

conformational dynamics of the complex should be reported, so that the full potential

of the structural information can be extracted from the dataset.

Towards sub-2 Å resolution for spliceosome complexes

Recent cryo-EM studies of spliceosome intermediates have provided detailed structural

information, and for the more stable parts of the spliceosomal Bact and C complexes,

the resolution have achieved 2.5 Å to 3 Å110,191. However, the resolution can still

be substantially improved, as recent developments of microscope hardware (e.g.,

better electron detector, monochromator, Cs-corrector, cold �eld emission gun) were

shown to improve the data quality and the achievable resolution signi�cantly192,193.

Moreover, ultra-stable EM grids with smaller holes (c.a. 200-300nm)194 have been

developed, which were shown to limit the particle movement during imaging, thus

providing another layer of improvement in the data quality. Therefore, by combining

these recent technical advances, it is conceivable that a much higher resolution (e.g.,

sub-2 Å) can be achieved for spliceosomal complexes in the near future. At this reso-

lution, the molecular mechanisms of the spliceosome can be studied at a chemical level.

Towards in situ structural determination

Current structural studies of the spliceosome, including this study, largely rely on in

vitro splicing reaction and puri�cation of distinct states of spliceosomal complexes.

During the past six years, most spliceosomal major intermediate states have been

puri�ed and structurally characterized by this approach. While these structural

studies have provided valuable information, spliceosome structure has never been

resolved in their cellular context. Recent development of cryo-electron tomography

(cryo-ET) has allowed in situ visualization of a 70S ribosome at an average resolution

of 3.5 Å195. This has provided a path towards in situ high-resolution structure

determination of other macromolecular complexes, like spliceosomes. In situ studies

of spliceosomal complexes will allow visualization of spliceosome complexes in a more

natural state, and thus may signi�cantly expand our understanding of the splicing
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process. For instance, in situ studies may allow visualization of previously unknown

interactions with other molecular machinery, like RNA polymerase, which will largely

promote our understanding of co-transcriptional splicing. However, certain obstacles

are still limiting high-resolution in situ studies of spliceosomes. Unlike ribosomes

that are highly abundant and less dynamic, spliceosomes are relatively sparse and

show signi�cant structural dynamics from one state to another. In addition, cryo-ET

studies of the human nucleus require a thin sample (i.e., a lamella), which is usually

produced by cryo-focused ion beam (cryo-FIB) milling196. However, cryo-FIB milling

can be time-consuming and thus largely limit the throughput of data acquisition.

Moreover, targeting the location of interest for sparse spliceosome complexes can also

be challenging during cryo-FIB milling.
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4.4 Conclusion

In this thesis work, we have resolved cryo-EM structures of the human 17S U2 snRNP

and a yeast early spliceosomal intermediate, the pre-A complex11 14. Combining the

two structures with previous studies, we not only revealed the molecular architectures

of the two individual complexes, but also shed new light on the early spliceosomal

assembly pathway and the branch site proofreading mechanism.

Our human 17S U2 snRNP structure reveals the U2 snRNP architecture before Prp5

ATPase activity, in which SF3B1 adopts an open conformation and the BSL is initially

sequestered by Prp5, TAT-SF1, and SF3B1HEAT. A comparison between the 17S U2

snRNP and the U2 region in later spliceosome complexes (Bact complex) shows the

RNP rearrangements that are required for stable U2 incorporation. Our yeast pre-A

complexes further reveal that after the U2 snRNP is recruited to the E complex, Prp5

ATPase activity leads to the displacement of Cus2 and formation of the U2-BS helix,

but not necessarily the closure of Hsh155HEAT. The Prp5 mediated U2 remodelling

also involves repositioning of Prp5 RecA domains and the U2 3' region. The new

�proofreading position� of Prp5 serves as a wedge, transiently preventing further

structural rearrangements that are required for tri-snRNP docking. This provides the

time and space required for the U2-BS helix formation. The BS-A binding to Hsh155

then triggers the �nal closure of Hsh155HEAT as well as the displacement of Prp5. In

contrast, branch-site mutations hinder the BS-A bulging and fail to trigger further

RNP rearrangements, thus being stalled at the pre-A complex stage. Therefore, we

conclude Prp5 senses the overall RNP conformation of the pre-A complex, instead of

proofreading the branch-site sequence itself, thus providing the �rst structural insight

into the proofreading mechanism of a DEAD-box RNA helicase.

Nevertheless, while our structures reveal exciting new insights, they also bring new

questions. First of all, although we have revealed the end result of Prp5 ATPase

activity, the exact mechanism of how Prp5 performs this role is completely unknown.

Typically, DEAD-box proteins bind to double-stranded RNA helices108. But it is

unclear which RNA stimulates Prp5 activity and how Prp5 displaces TAT-SF1/Cus2

mechanistically. Furthermore, we cannot discern the exact conformation of Prp5



112

RecA domains in the 17S U2 snRNP. Some DEAD-box RNA helicases, like eIF4A,

change the RecA domains conformation upon binding to other proteins197,198. It

is conceivable that due to the interaction with TAT-SF1, Prp5 RecA domains may

adopt a yet-to-be-discovered conformation. In addition to Prp5, another DEAD-box

RNA helicase, UAP56 (Sub2 in yeast), also plays an important role during A complex

formation. UAP56 has been proposed to displace SF1 (Msl5 in yeast) from the branch

site binding105 106, but its mechanism remains poorly understood. Last, although

our pre-A complexes provide important insights into the branch site proofreading

mechanism mediated by Prp5 in yeast, whether this mechanism can be extended to

humans requires further investigations.

Starting from 2015, cryo-EM has revolutionized the understanding of spliceosomes on

the basis of decades of biochemical and genetic research. However, due to the �ex-

ibility of early spliceosome complexes, much remains to be understood for the early

spliceosome assembly. Especially, structural insights into exon de�nition, alternative

splicing, co-transcriptional splicing are still very limited. In the future, di�erent pre-

mRNA substrates should be tested to stabilize alternative splicing factors in humans.

New biochemical approaches should be developed to further stabilize the �exible com-

plexes, and with new technological advances in the EM �eld, our understanding of

RNA splicing may be revolutionized again.
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