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During each cycle of pre-mRNA splicing, the pre-catalytic spliceosome (B complex) is converted into the activated
spliceosome (B*' complex), which has a well-formed active site but cannot proceed to the branching reaction. Here,
we present the cryo-EM structure of the human B*' complex in three distinct conformational states. The EM map
allows atomic modeling of nearly all protein components of the U2 small nuclear ribonucleoprotein (snRNP), includ-
ing three of the SF3a complex and seven of the SF3b complex. The structure of the human B** complex contains 52
proteins, U2, U5, and U6 small nuclear RNA (snRNA), and a pre-mRNA. Three distinct conformations have been
captured, representing the early, mature, and late states of the human B** complex. These complexes differ in the ori-
entation of the Switch loop of Prp8, the splicing factors RNF113A and NY-CO-10, and most components of the Nine-

Teen complex (NTC) and the NTC-related complex. Analysis of these three complexes and comparison with the B

and C complexes reveal an ordered flux of components in the B-to-B™ and the B

prime the active site for the branching reaction.
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Introduction

Pre-mRNA splicing is executed by a dynamic ribo-
nucleoprotein complex known as the spliceosome [1].
The first assembled spliceosome is the pre-catalytic B
complex, in which the 5-splice site (5'SS) and the branch
point sequence (BPS) of the intron are recognized by
U6 and U2 small nuclear ribonucleoproteins (snRNPs),
respectively. The B complex lacks a functional active
site and cannot proceed to the branching reaction. RNP
remodeling of the B complex by the RNA-dependent
ATPase/helicase Brr2 results in the dissociation of Ul
and U4 snRNPs and the recruitment of about 20 protein
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components, forming the activated spliceosome (B
complex) [1]. These newly recruited proteins mainly
constitute three classes: the NineTeen complex (NTC),
the NTC-related (NTR), and the splicing factors [2-4].
Despite a well-formed active site, the B*' complex still
cannot catalyze the branching reaction due to spatial sep-
aration of the BPS away from the 5'SS [5, 6]. Conversion
of the B*' complex into the catalytically activated B’
complex by the ATPase/helicase Prp2 allows the branch-
ing reaction to occur, generating a 5’-exon and an intron
lariat-3'-exon intermediate. The resulting catalytic step [
spliceosome (C complex) is converted by Prp16 into the
step II activated spliceosome (C~ complex), which cata-
lyzes the ligation of the 5'-exon with the 3'-exon.

Major mechanistic advances through structural biolo-
gy have been achieved in the understanding of pre-mR-
NA splicing in the past 2 years [7, 8]. The first structure
of an intact spliceosome at a near-atomic resolution —
that of the Schizosaccharomyces pombe (S. pombe) ILS
complex at 3.6 A [9, 10] — reveals a conserved overall
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organization of the spliceosome and a conserved spatial
arrangement of the splicing active site [11]. Subsequent
cryo-EM structures of the Saccharomyces cerevisiae (S.
cerevisiae) and S. pombe spliceosomes at different stag-
es of the splicing cycle provide important mechanistic
information [5, 6, 12-20]. In contrast to the yeast spliceo-
some, structural information on the human spliceosome
has been slow to emerge, in part due to its considerably
more dynamic nature. At present, we only have the struc-
tures of the human B complex at 9.9 A [21] and the hu-
man C™ complex at 5.9 A [22] and 3.8 A [23].

In this manuscript, we report the cryo-EM structures
of the human B*' complex in three distinct compositional
and conformational states at resolutions of 4.9, 5.1, and
6.5 A. These structures allow mechanistic understanding
of the dynamic steps surrounding formation of the hu-
man B* complex and its transitions from the B complex
and to the B complex.

Results

Spliceosome isolation and electron microscopy

An in vitro splicing assay was employed to assemble
the human spliceosomes on an intact, synthetic pre-mR-
NA. The spliceosomal sample (named sample I hereafter)
were found to contain a mixture of the human B*', C, and
C’ complexes [24]. The cryo-EM structure of the human
C complex was determined from this sample [24]. The
RNP remodeling from the B to the B*' complex involves
flux of several dozen protein and RNA components and is
thought to occur in distinct steps [20, 21]. To gain insights
into this dynamic process, we deleted the 3'-exon from
the synthetic pre-mRNA with only 19 nucleotides down-
stream of the BPS such that Prp2 is unable to grab the
RNA sequences for the B*-to-B” conversion [25]. Using
the truncated pre-mRNA, we prepared a second batch of
the cryo-EM sample (sample II, hereafter). Unlike sample
I, sample II is predicted not to contain any spliceosomes
beyond the B* complex and thus may yield information
on the assembly of the human B*' complex. Sample II
was purified by affinity chromatography followed by
glycerol gradient centrifugation (Supplementary infor-
mation, Figure S1A). To maintain the structural integrity
of the spliceosomes, chemical crosslinking by glutaral-
dehyde was applied to the sample during centrifugation.
After removal of the glycerol, sample II was examined
by negative staining EM (Supplementary information,
Figure S1B) and used for cryo-EM sample preparation.
Micrographs were collected using the K2 Summit detec-
tor mounted on a Titan Krios microscope (Supplementary
information, Figure S1C).

We first processed the data set derived from sample

I, which has 1 464 033 particles [24] (Supplementary
information, Figure S2). Following three parallel runs
of multi-reference three-dimensional (3D) classification
and subsequent local 3D classifications, 49 218 particles
yielded a reconstruction of the human B*' complex at an
average resolution of 4.8 A. A follow-up 3D classifica-
tion with a soft mask in the RNF113A region led to the
identification of two major conformational states at av-
erage resolutions of 5.1 A and 6.5 A on the basis of the
FSC value 0.143 (Supplementary information, Figures
S2 and S4; Tables S1 and S2). As will be detailed later,
the 5.1-A and 6.5-A reconstructions represent the mature
and late human B*' complexes, respectively.

Next, we processed the data set from sample I, which
yielded 629 472 particles (Supplementary information,
Figure S3). As anticipated, only one dominant spliceo-
somal complex — the B** complex — is present. Us-
ing a similar data processing strategy, 96 523 particles
yielded a reconstruction of the early B*' complex at an
average resolution of 4.9 A (Supplementary information,
Figures S3 and S4; Tables S1 and S2). Despite apparent
differences among the three conformational states of
the human B*' complex (Supplementary information,
Figure S5), they share the same structure in the SF3b
region. Combining both data sets, we improved the local
resolution to 4.2 A in the SF3b region (Supplementary
information, Figures S3, S4A and S6). Atomic modeling
of the human B** complexes was facilitated by the local
resolutions of about 4.0-4.5 A at the core and the SF3b
region of the B*" complex (Supplementary information,
Figures S4B and S6). In addition, the atomic coordinates
of the yeast B [5] and the human C* complex [23]
greatly expedited modeling of the human B*' complexes.

Overall structure

The final model of the human mature B*' complex
contains 15 479 amino acids from 52 proteins and 414
nucleotides from three snRNAs and the pre-mRNA
(Figure 1A; Supplementary information, Tables S1 and
S2), with a combined molecular weight of about 1.8
mega-Daltons. The 52 protein components include all
11 from U5 snRNP, 19 from U2 snRNP, five from the
NTC, seven from the NTR, three from the retention and
splicing (RES) complex (SNIP1, Bud13, and RBMX2),
three splicing factors (SRm300, Cwc22, and RNF113A),
two peptidyl prolyl isomerases (PPIs, NY-CO-10, and
CypE), the ATPase/helicase Prp2, and the step II factor
Prp17. The U2 snRNP includes all seven proteins of the
SF3b complex (SF3b155, SF3b145, SF3b130, SF3b49,
SF3bl4a/pl4, SF3bl4b, and SF3b10), three proteins of
the SF3a complex (SF3a120, SF3a66, and SF3a60), U2
snRNA, and nine proteins of the U2 snRNP core that
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Figure 1 Cryo-EM structure of the human activated spliceosome (the B** complex). (A) Two views of the human mature B* com-
plex. The protein and RNA components are color-coded and tabulated below the images. The structure of the mature B** com-
plex shown here includes 52 proteins, three snRNAs, and one pre-mRNA, with a combined molecular mass of about 1.8 MDa.
U2, U5, and U6 snRNAs are colored marine, orange, and green, respectively. Pre-mRNA is colored red. This coloring scheme is
preserved throughout this manuscript. (B) Structural comparison between the human and yeast B** complexes [5, 6]. For protein
components, only those that are unique in either spliceosome are colored. All shared protein components are shown grey. All
structural images were created using PyMol [49].
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only interact with U2 snRNA (U2-A’, U2-B", and the
heptameric U2 Sm complex) (Figure 1A).

The overall appearance of the human mature B
complex closely resembles that of the S. cerevisiae B
complex [5, 6] (Figure 1B). Compared to the S. cerevi-
siae complex [5], the structure of the human mature B*
complex contains 16 additional protein components:
SF3a120 and SF3a60 of the SF3a complex, SF3bl4a/
pl4 of the SF3b complex, nine proteins of the U2 snRNP
core, U5-40K of the U5 snRNP, and three proteins of
the NTR (Aquarius, RBM22, and PPIL1) (Figure 1B).
Of these proteins, RBM22 appears to have arisen from a
fusion event between the two yeast NTR proteins Cwc2
and Ecm?2 [26]. The N-terminal zinc-binding domain and
the C-terminal RRM domain of RBM22 share significant
sequence homology with Ecm2 and Cwc2, respectively.

The RNA elements in the human mature B*" com-
plex adopt a generally similar conformation as that in
the yeast B* complex [5, 6] (Figure 2A). The similarity
extends to the fine local conformations of the active site
RNA elements (Figure 2B). One notable difference is the
helix II of the U2/U6 duplex, which is bent by about 40°
in the human B* complex relative to that in yeast (Figure
2A). Another marked difference is an extra turn of the
U6/intron duplex in the human B*' complex beyond the
U6/5'SS duplex, which results in the separation of the
downstream human intron sequences away from those in
S. cerevisiae by up to 40 A (Figure 2C). In addition, sim-
ilar to the human C” complex [23], the intron sequences
are locked by RBM22 through a positively charged cen-
tral cavity in the mature and late B** complexes, but not
in the early B*' complex (Supplementary information,
Figure S7). Because the loading of RBM22 occurs in the
transition from the early to mature B*' complex, RBM22
must undergo partial unfolding to enclose the intron se-
quences that are already bound in the early B* complex.

act

act

Three conformational states of the human B complex
Despite nearly identical conformation of the snRNA
elements and the pre-mRNA, the early, mature, and late
B*' complexes can be conclusively differentiated on the
basis of their protein components (Figure 3A). First, the
splicing factor Prp17 and the NTR proteins RBM22 and
G10 (Bud31 in yeast) are fully loaded in the mature and
late B*' complexes, but not in the early B*' complex
(Figure 3A; Supplementary information, Figure S7).
These three proteins — G10, Prp17, and RBM22 — help
stabilize the active site RNA elements and are present in
the human C and C* complexes [23, 24]. Their absence
strongly suggests the premature nature of the early B*
complex. Second, the N-terminal domain (NTD) of the
SF3a component SF3a66 (Prpll in yeast) is present in

the mature and late B*' complexes, but not in the early
B*' complex (Figure 3B; Supplementary information,
Figure S8). In addition, four proteins of the NTC (Prp19,
Syfl, Spf27, and Cdc5), two components of the NTR
(PPIL1 and Aquarius), and the PPI protein CypE are ful-
ly loaded in the mature and late B*' complexes, but not
in the early B*' complex (Supplementary information,
Figure S9). Perhaps most importantly, the Switch loop in
Prp8 of the mature and late B*' complexes is positioned
identically as that in the C or C” complex [23, 24] and in-
teracts with the splicing factor SRm300 (Cwc21 in yeast)
(Figure 3C). In contrast, SRm300 is yet to be loaded
into the early B*' complex and the Switch loop remains
flexible with no obvious EM density. Collectively, these
structural differences unequivocally identify the prema-
ture nature of the early B* complex.

Compared to the mature B*' complex, the late B
complex no longer contains the splicing factors RN-
F113A (Cwc24 in yeast) and NY-CO-10 (Cwc27 in
yeast) (Figure 3B; Supplementary information, Figure
S10). This structural finding is consistent with the bio-
chemical observation that these two proteins only tran-
siently associate with the spliceosome and are released
during the B*'-to-B” transition [27]. Intriguingly, these
two splicing factors are strongly present in the early B*
complex, suggesting a role of RNFI113A in organizing
the active site during spliceosome activation [28]. Care-
ful examination reveals that, compared to the early B*
complex, the EM density for these two splicing factors
is already weakened in the mature B*' complex (Supple-
mentary information, Figure S10B and S10C). This anal-
ysis further suggests that, during the B*'-to-B” transition,
the splicing factors RNF113A and NY-CO-10 are likely
released ahead of all other components. In the early and
mature B™ complexes, the guanine base of G1 stacks
closely against the aromatic side chains of Phe213 and
Phe219 from RNF113A (Figure 3D). These two aromatic
residues, together with Lys218 that also stabilizes the
5’'SS, come from the zinc-binding domain of RNF113A
and are invariant in the yeast orthologues (Figure 3E).
Because RNF113A directly protects the 5'-end guanine
base of the 5’SS, its release may signal the beginning
phase of the B*-to-B transition. Therefore, the late B*"
complex likely represents the state of the spliceosome
just preceding its transition to the B" complex through
the action of Prp2. Because the early B*' complex was
obtained using a shortened pre-mRNA, Prp2 may be
required for the conversion of the early to the mature
and late B*' complexes. Intriguingly, the N-terminus of
RNF113A is buried in the cleft between the endonucle-
ase-like domain and the N-domain of Prp8 (Supplemen-
tary information, Figure S10A and S10B); therefore the

act
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Figure 2 The RNA elements and the splicing active site of the human mature B* complex. (A) Structure of the RNA ele-
ments in the core of the human mature B*' complex. The color-coded RNA elements of the human B** complex are shown in
the left panel, and their superposition with those of the S. cerevisiae B** complex [5] is displayed in the right panel. All yeast
RNA elements are colored grey. The helix Il of the U2/U6 duplex in the human B** complex is bent relative to that in the yeast
complex. (B) Structural overlay of the active site RNA elements between the human and S. cerevisiae B*' complexes [5]. (C)
The U6/intron duplex in the human B*' complex is considerably longer than that in the S. cerevisiae B** complex [5].

release of RNF113A requires conformational changes in
Prp8, which is confirmed in the late B** complex.

The compositional changes in the core of the spli-
ceosome also cause pronounced conformational and
positional shifts for the surrounding protein components.
For example, in the mature B*' complex, the RNaseH-
like domain of Prp8 interacts with the endonuclease-like
domain, which directly binds to NY-CO-10 (Figure 3F).
The RNaseH-like domain also associates with Bud13 of
the RES complex. With the dissociation of RNF113A
and NY-CO-10 in the late B* complex, the RNaseH-like

www.cell-research.com | Cell Research | SPRINGER NATURE

domain and Bud13 have been dislocated (Figure 3F), and
the endonuclease-like domain of Prp8 also undergoes a
45° rotation (Figure 3G).

The SF3a and SF3b complexes

The SF3a and SF3b complexes are major constituents
of the U2 snRNP. The SF3a complex plays an important
role in the formation of the splicing active site in the B*
complex and interacts with the SF3b complex and the U2
snRNP core (Supplementary information, Figure S11).
Only one component of the SF3a complex — Prpll in

3N
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S. cerevisiae (SF3a66 in human) — was structurally
resolved in the yeast spliceosome [5]. In the structure
of the human B*' complex, all three components —
SF3a120, SF3a66, and SF3a60 — are unambiguously
identified (Figure 4A). All three proteins exhibit extend-
ed conformations, with SF3a60 bridging the gap between
SF3a120 and SF3a66. Three a-helices at the N-terminal
half of SF3a60 closely interact with the a-helices at one
end of SF3al20, stabilizing its extended conformation.
Subsequently, an a-helix of SF3a60 directly contacts the
B-sandwich domain of SF3a66, with the ensuing extend-
ed sequences of SF3a60 wrapping around the -sandwich
(Figure 4A and 4B). Notably, SF3a66 is the only SF3a
protein that specifically recognizes an RNA element —
the U2/intron duplex. SF3a120 adopts an all-a-helical
conformation and associates with U2-A’ (Leal in yeast)
and the U2 heptameric Sm complex. Similar to that in the
S. cerevisiae B*' complex [5], the N-terminus of SF3a66
reaches into the active site and directly contributes to the
coordination of the G1 nucleotide of the 5'SS.

The SF3b complex directly recognizes the BPS and
surrounding intron sequences [29-31]. In the human B*'
complex, all seven components of the SF3b are structur-
ally resolved, including SF3b155 (Hsh155 in S. cerevisi-
ae), SF3b145 (Cusl in S. cerevisiae), SF3b130 (Rsel in S.
cerevisiae), SF3b49 (Hsh49 in S. cerevisiae), SF3bl4a/
pl4, SF3b14b (Rds3 in S. cerevisiae), and SF3b10 (Ysf3
in S. cerevisiae) [32]. These seven proteins assemble
into a compact subcomplex (Figure 4C). Importantly,
SF3bl4a/p14 is unique to the human spliceosome and
absent in S. cerevisiae B*" complex [33]. In contrast to
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previous assignment [34, 35], SF3bl4a/p14 is located at
the periphery, not the center, of the SF3b complex in the
human B* complex and is surrounded by three extend-
ed N-terminal helices and N-terminal HEAT repeats of
SF3b155 (Figure 4C and 4D).

Other than SF3bl4a/p14, the other components of the
human SF3b complex are located in generally the same
positions as those of the S. cerevisiae SF3b complex [5,
6, 34] (Figure 4C). Similar to its S. cerevisiae orthologue
Hsh155, SF3b155 contains an N-terminal helix-loop-he-
lix (N-HLH) and 20 HEAT repeats (Supplementary
information, Figure S12A). The N-HLH domain is sand-
wiched between the RT Finger/Palm and the Linker do-
mains of Prp8, and interacts with SKIP and components
of the RES complex (Supplementary information, Figure
S12B). Compared to Hsh155, SF3b155 contains two ex-
tra sequence elements: a Trp-rich motif and a p14-bind-
ing motif (Supplementary information, Figure S12A).
The extended pl4-binding sequences also interact with
SKIP, SNIP of the RES complex, and the RT Finger/
Palm domain of Prp8 (Supplementary information, Fig-
ure S12C). The HEAT repeats, each comprising a pair
of anti-parallel a-helices, constitute a left-handed super-
helical structure and serves as the central scaffold of the
SF3b complex by interacting with a number of protein
and RNA components (Supplementary information, Fig-
ure S12D).

SF3b10 binds the C-terminal a-helices of SF3b155,
whereas SF3b145 in an extended conformation stabilizes
six HEAT repeats at the C-terminus of SF3b155 on the
outside of the superhelical structure (Figure 4C). SF3b49

Figure 3 The early, mature, and late B* complexes represent three different conformational states of the human spliceo-
some. (A) Structural comparison between the early B* complex (left panel) and the mature B** complex (right panel). Shown
here are only the RNA elements and the protein components that undergo dynamic changes in the core of the spliceosome
in the transition of the early to mature B*' complex. Compared to that of the early B® complex, the core of the mature B*
complex contains four additional proteins: G10, Prp17, RBM22, and the N-terminal domain (NTD) of the SF3a component
SF3a66. (B) Close-up views on the early (left panel), mature (middle panel), and late (right panel) B** complexes. Notably,
the splicing factors RNF113A (Cwc24 in S. cerevisiae) and NY-CO-10 (Cwc27 in S. cerevisiae) are loaded in the early and
the mature, but not the late, B*' complexes. On the other hand, SF3s66 is loaded in the mature and late B** complexes, but
not the early B complex. (C) A close-up comparison of the Switch loop regions between the early and mature B** complex-
es. The Switch loop of Prp8 is stabilized by an extended sequence (named 1135-loop) and the splicing factor SRm300 (Cwc21
in S. cerevisiae) in the mature B* complex (right panel). SRm300 is absent and the 1135-loop is shifted away in the early B**
complex (left panel); consequently the Switch loop is flexible and remains unidentified. (D) A close-up view on the recognition
of the guanine nucleotide (G1) at the 5-end of the 5'-splice site (5'SS) by the splicing factor RNF113A. The stacking of the
guanine base against the aromatic rings of Phe213 and Phe219 of RNF113A is reminiscent of that in the yeast B* complex
[5]. (E) Sequence alignment between the human RNF113A and its yeast orthologues Cwc24 (S. cerevisiae) and Cwf24 (S.
pombe). The three key residues involved in recognition of G1 of the 5'SS (Phe213, Lys218, and Phe219) are highly con-
served. (F) Close-up views on the role of the endonuclease-like domain and the RNaseH-like domain of Prp8 in the mature
and late B** complexes. In the mature B* complex (left panel), both domains of Prp8 appear to stabilize the binding of RN-
F113A and NY-CO-10 in the spliceosome. The RNaseH-like domain also binds Bud13 of the RES complex. In the late B*
complex (right panel), RNF113A and NY-CO-10 have been dissociated, leading to the dislocation of the RNaseH-like domain
and Bud13. (G) Superposition of the endonuclease-like domain of Prp8 between the mature and late B*' complexes. The

core machineries of the two complexes are aligned.
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Figure 4 Structures of the SF3a and SF3b complexes. (A) Structure of the SF3a and SF3b complexes in the context of key
surrounding components. In the left panel, the SF3a and SF3b complexes are colored cyan and yellow, respectively. The
U2 snRNA, the RES complex, and Prp2 are colored blue, green, and teal, respectively. The RNA elements are displayed
for orientation. In the right panel, the individual components of the SF3a and SF3b complexes are color-coded and labeled.
The SF3a complex consists of three proteins: SF3a60, SF3a66, and SF3a120. The SF3b complex comprises seven proteins
SF3b10, SF3b14a/p14, SF3b14b, SF3b49, SF3b130, SF3b145, and SF3b155. (B) A close-up view on the SF3a complex
and its interactions with the U2 snRNP subcomplex involving U2 Sm ring. (C) A close-up view on the SF3b complex and the
interactions among its constituents. The structure is shown in the left panel and the cartoon representation is displayed in the
right panel. (D) A close-up view on the components SF3b14b and SF3b14a/p14 of the SF3b complex. (E) A close-up view on
the 3'-end sequences of the pre-mRNA and nearby protein components. The 3'-end sequences of the pre-mRNA are bound
by RBMX2 of the RES complex. The dotted lines leading to the RNA-binding groove of Prp2 indicate the path of the RNA se-
quences downstream of the last ordered nucleotide in the structure.
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binds SF3b145 from the outside and interacts with the
upstream sequences of the BPS, stabilizing the U2/BPS
duplex (Figure 4C and 4D). The N-terminal and C-termi-
nal WD40 domains of the Y-shaped SF3b130 sandwich
SF3b10 and the C-terminal a-helix of SF3b155. This
structural arrangement places the C-terminal WD40
domain of SF3b130 in direct contact with one end of
SF3b145. SF3b14b is bound in the hollow center of the
SF3b155 superhelical structure and directly interacts
with the N-terminal WD40 domain of SF3b130.

The U2/BPS duplex is bound to SF3b155 through a
lateral opening of its superhelical structure (Figure 4D).
The RNA sequences downstream of the BPS traverse
through the hollow center of the SF3b155 spiral, contact-
ing residues from both SF3b14b and SF3b155, and come
out of the other side of the spiral. The following intron
sequences skim over the surface of RBMX2 (Snul7 in S.
cerevisiae) of the RES complex (Figure 4E). The human
RES complex, with a critical role in the splicing and re-
tention of pre-mRNA [36, 37], consists of SNIP, RBMX2,
and Bud13 [38] and closely interacts with the SF3b com-
plex. The RNA sequences downstream of those bound
by RBMX2 would presumably reach the RNA-binding
groove of the ATPase/helicase Prp2 (Figure 4E).

The B-B*“'-C transition

The spliceosomal B-to-B*™ transition, driven by the
ATPase/helicase Brr2 [39, 40], is particularly dramatic,
involving dissociation of the tri-snRNP-specific proteins
and the entire U4 snRNP and recruitment of the NTC
and NTR proteins (Figure SA and 5B). Consequently, the
overall appearance of the human B*' complex bears little
resemblance to that of the human B complex [20, 21].
The B*-to-B” transition, propelled by the ATPase/heli-
case Prp2 [41], is less dramatic compared to the B-to-B*
transition but involves flux of considerably more proteins
than the C-to-C~ and P-to-ILS transitions, which is driven
by the ATPase/helicases Prpl16 and Prp22, respectively
[42-44]. Virtually all components of the SF3a and SF3b
complexes, along with Prp2 and the splicing factors RN-
F113A and NY-CO-10, are dissociated in the B*'-to-B”
transition. Prp16 and the step I factors CCDC49 and
CCDC94 are recruited into the B" complex. At present,
the B" complex remains the only structurally unchar-
acterized spliceosome during the splicing cycle. Fortu-
nately, the structure of the B” complex is predicted to be
nearly identical to that of the C complex except in the ac-
tive site region surrounding the 5'SS and the BPS where
the branching reaction occurs [12]. There is no change
of protein components between the B and C complexes.
Therefore, structural comparison between the B*' and C
complexes (Figure 5B and 5C) should recapitulate many

act
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of the essential features of the B*-to-B” transition. De-
spite the flux of more than one dozen proteins, the over-
all appearance of the human B* complex is similar to
that of the C complex [24], particular in the core region
and on the side of the NTC core and U5 snRNP.

Due to the dramatic remodeling, components of the
spliceosome have undergone major positional adjust-
ment. Brr2, e.g., is rotated 90° and translocated by about
90 A in the B-to-B™ transition, and is swirled and shift-
ed by approximately 190 A in the B*'-to-C transition
(Figure 5D). The entire SF3b complex undergoes a 70°
rotation followed by a 120-A translocation in the B-to-
B*' transition (Figure 5E). Intriguingly, the sequences
near the 3'-end of U2 snRNA form two short stems loop
structures known as Ila and IIb in the B complex and
remain unchanged in the B*' complex; however, these
sequences constitute a long stem loop known as Ilc in
the C complex (Supplementary information, Figure S13).
This structural finding is consistent with the biochemical
observation that U2 Ila promotes spliceosome assembly
whereas U2 Ilc facilitates the branching reaction [45-47].

Discussion

In S. cerevisiae, only about 4% of the protein-encod-
ing genes contain introns [48]. In contrast, most of the
protein-encoding genes in the human genome contain
introns. Pre-mRNA splicing in human is considerably
more complex than that in yeast and is subject to more
stringent regulation. Accordingly, the human spliceo-
some is compositionally and conformationally more dy-
namic compared to the yeast spliceosome. In this study,
using synthetic pre-mRNA in the absence or presence
of the 3'-exon, we were able to obtain two samples for
cryo-EM analysis. The sample prepared using the intact
pre-mRNA gave rise to the B*', C, and C" complexes
[24], of which the B* complex represent the mature and
late states. In contrast, the sample prepared using the
3’-exon-deleted pre-mRNA only yielded one dominant
spliceosome species — the early B*' complex.

The definition for these three conformational states
of the B* complex is justified not only by the method
of spliceosome assembly but also by the actual compo-
sitions of the spliceosome (Figure 3). Importantly, the
Switch loop of Prp8 is positioned similarly as that of
the human C complex [24] only in the mature/late, but
not the early, B*' complex. The splicing factor SRm300,
which stabilizes the Switch loop, is loaded similarly as
that of the human C complex [24] only in the mature/
late, but not the early, B*' complex. Another structural
observation is the presence of RBM22 in the mature/late,
but not the early, B*' complex. Consequently, the intron
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Figure 5 Structural comparison among the B complex, the B** complex, and the C complex. (A) Structure of the human B com-
plex [21]. Two perpendicular views are shown. The tri-snRNP-specific proteins, and U2, U4, U5, and U6 snRNPs are colored
pink, blue, orange, magenta, and green, respectively. (B) Structure of the human mature B*' complex. Two perpendicular views
are shown, and these two views are identical to those in C of the human C complex [24]. Ribonucleoprotein remodeling from the
B to the B* complex is the most dramatic in the splicing cycle, involving dissociation of the U4 snRNP and tri-snRNP-specific
proteins and recruitment of the NTC and NTR components along with several splicing factors and the ATPase/helicase Prp2. (C)
Structure of the human C complex [24]. Compared to the B** complex, the SF3a/SF3b complexes along with Prp2 and the splic-
ing factor RNF113A have been dissociated, and the exon junction complex (EJC) along with the step | factors CCDC49/CCDC9%4
and the ATPase/helicase Prp16 have been recruited. (D) Movement of the ATPase/helicase Brr2 in the B-B*-C transition. The
U5 snRNA molecules from the three human spliceosomal complexes are superimposed. (E) Movement of the SF3b complex in
the B-to-B** transition. The U5 snRNA molecules from the human B and B** complexes are superimposed.
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sequences are only interlocked by RBM22 in the ma-
ture/late, but not the early, B*' complex (Supplementary
information, Figure S7). These mutually coherent struc-
tural observations are fully consistent with the reaction
coordinate of the spliceosome and the requirement of the
splicing reaction.

Analysis of the three conformational states of the B*
complex suggests an ordered transition from the pre-cat-
alytic B complex to the B" complex (represented by the
C complex) (Figure 6). In the first step, driven by the AT-
Pase/helicase Brr2, the tri-snRNP-specific components,
the U4 snRNP, and proteins of the U6 snRNP are dis-
sociated from the B complex. About 10 proteins — Ad-
002, Cwc22, NY-CO-10, PRL1, Prp2, RNF113A, SKIP,

Xiaofeng Zhang et al.

Syf3, and the RES complex — are recruited, forming the
early B*' complex (Figure 6). Remarkably, the majority
of the NTC and NTR proteins remain unbound in the
early B*' complex. Formation of the early B*' complex is
presumably transient because it is absent in the cryo-EM
sample that was prepared using the intact pre-mRNA.
Despite its transient nature, the early B*' complex was
trapped through the use of a 3'-exon-deleted pre-mRNA.
The inability for Prp2 to bind and pull the 3’-end of the
pre-mRNA likely allows the accumulation of this other-
wise transient B*' species. This analysis further suggests
that the ensuing steps after the early B*' complex may
require the action of Prp2.

In the second step, the remaining NTC and NTR pro-

early Bact

B complex ‘;\4\?

ﬁ'ff\‘b‘_g’(?
SF3a s"\\)
complex

B ccmple
proteins

Step | reaction

mature Bact

Cyp éqmla” ius
& P2 >

CCDC49, CCDC9%, Prp16
Syf2, Isy1
PPWD1,PPIG
EJC

Prp2-ATP
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* < /
SF3b, SF3a
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Figure 6 A structure-based model of the ribonucleoprotein remodeling from the B complex to the C complex. The B-to-B*
transition represents the most complex transition in the pre-mRNA splicing cycle [1]. The ATPase/helicase Brr2 drives the
formation of the early B® complex, where the NTC and NTR components are yet to be recruited. In the active site of the
early B* complex, the splicing factor RNF113A and the PPI NY-CO-10 are already loaded but the N-terminal domain (NTD)
of SF3a66 along with G10 and Prp17 are yet to be recruited. Next, components of the NTC and NTR, Prp17, along with the

NTD of SF3a66, are recruited to form the mature B** complex.
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teins, together with the NTD of SF3a66, the splicing fac-
tors SRm300 and Prp17 and the PPI CypE, are recruited,
forming the mature B*' complex (Figure 6). In the third
step, the splicing factors RNF113A and NY-CO-10 are
released, leading to the late B*' complex. As suggested
earlier, the second and third steps may both require the
binding of the pre-mRNA by Prp2. We speculate that the
flux of protein components in both steps may be great-
ly facilitated by the ATP hydrolysis-propelled pulling,
which likely allows the empty binding sites to be more
accessible to the incoming proteins. In the fourth and last
step, through the action of Prp2, the SF3a complex, the
SF3b complex, and the RES complex are dissociated,
leading to the release of Prp2. The vacated space like-
ly allows the recruitment of the step I-specific factors
CCDC49 and CCDC94, the NTC proteins Sfy2 and Isyl,
the exon junction complex, and the PPIs PPWD1 and
PPIG (Figure 6).

In summary, structural determination of three con-
formational and compositional states of the human B*
complex facilitates mechanistic understanding of the
transitions from the B to B*' complex and from the B*
to B complex. Compared to the S. cerevisiaze B*' com-
plex, the 16 additional protein components in the human
complex allows meaningful comparison and derivation
of conclusions that are unique to higher eukaryotes. Such
differences may empower future efforts that are designed
to modulate the function of the spliceosome in potential
therapeutic intervention of human genetic diseases.

Materials and Methods

In vitro splicing reaction

In vitro splicing with a shortened 3'-tail of the intron in the syn-
thetic pre-mRNA allows assembly of the B* complex but not its
catalytic activation [4, 25, 49]. To capture the B*' complex, the 3'-
exon in the pre-mRNA MINX-GG [23] was deleted to generate the
MINX-15 pre-mRNA construct. The MS2-binding sites were po-
sitioned 46 nucleotides downstream of the 5'-splice site (5’SS) and
52 nucleotides upstream of the BPS as previously described [23].
The M7G(5")ppp(5')G-capped pre-mRNA was synthesized in the
T7 runoff transcription using a template generated from the PCR re-
action; the DNA template was then digested by RNase-free DNase
I (Promega) while the RNA was further purified by PCl-extraction
and ethanol precipitation. Splicing-active nuclear extract was pre-
pared from HeLa S3 cells as described [50]. In vitro splicing reac-
tion was performed in the presence of 15 nM MINX-15 pre-mRNA
and 40% nuclear extract in a buffer that contains 20 mM HEPES-
KOH, pH 7.9, 2 mM ATP, 20 mM creatine phosphate, 70 mM KCI,
3.5 mM MgCl,, and was incubated at 30 °C for 2 h.

Purification and crosslinking of the spliceosomal complexes

After spliceosome formation, the free pre-mRNA that had not
been incorporated into the spliccosome was digested by endog-
enous RNase H with the addition of two DNA oligonucleotides

(MINX cmdl & cmd2) that are complementary to the upstream
sequence of the 5’SS. The resulting solution was quenched on ice
and incubated with the amylose resin (NEB) for 2 h. After exten-
sive washing with the HS150 buffer (20 mM HEPES-KOH, pH 7.9,
150 mM NacCl, 1.5 mM MgCl,, 4% glycerol), the spliceosome was
eluted using 20 mM maltose.

For cryo-electron microscopy (cryo-EM) study, the eluted
spliceosomal complexes were loaded onto a 38.6-mL 10%-30%
linear glycerol gradient in the G150 buffer (20 mM HEPES-KOH,
150 mM NaCl, 1.5 mM MgCl,) supplemented with 0%-0.1% EM-
grade glutaraldehyde [51]. Crosslinking, in our case by glutaral-
dehyde, is essential for maintenance of the human spliceosome
integrity. After centrifugation at 4 °C for 13 h at 25 300 rpm in a
SW32 rotor (Beckman Coulter), the sample was manually frac-
tionated from top to bottom. The total RNA in each fraction was
extracted and analyzed on an 8% denaturing polyacrylamide gel
(Supplementary information, Figure S1A). Fractions containing the
B*' complex were pooled and concentrated using a 100-kDa cut-
off centrifugation filter unit (Amicon Ultra) to a volume of 500 pL.
Glycerol was removed by dialysis of the sample against the G150
buffer using a 10-kDa Mini-lyzer (Pierce) for at least 5 h.

EM sample preparation and data acquisition

After removal of glycerol, the spliceosomal complexes were
further concentrated to about 0.12 mg/mL for EM sample prepa-
ration. Uranyl acetate (2% w/v) was used for negative staining.
Briefly, the copper grids supported by a thin layer of carbon film
(Zhongjingkeyi Technology Co. Ltd) were glow-discharged. A
4-uL aliquot of the sample was applied onto the grid for 1 min and
stored at room temperature. Negative staining images were taken
on an FEI Tecnai Spirit Bio TWIN microscope operating at 120 kV
to examine the sample quality (Supplementary information, Figure
S1B).

The same grids were used for cryo-EM sample preparation.
Cryo-EM grids were prepared using Vitrobot Mark IV (FEI Com-
pany) at 8 °C and with 100% humidity. To increase the density of
the spliceosomal particles and at the same time to reduce protein
aggregation, a multiple-blotting method was adopted. Briefly, a
3-uL aliquot of the sample was loaded onto a glow-discharged
copper grid coated with a thin carbon film. After 2 min, the protein
solution was manually absorbed with the blotting paper and anoth-
er 3-pul aliquot of the sample was loaded. These steps are repeated
3-4 times depending upon the sample concentration. Grids were
then blotted by Vitrobot Mark IV (FEI Company) and rapidly
plunged into liquid ethane cooled by liquid nitrogen.

Micrographs were collected using a Gatan K2 Summit detector
(Gatan Company) mounted on a Titan Krios electron microscope
(FEI Company) operating at 300-kV and equipped with a GIF
Quantum energy filter (slit width 20 eV). Micrographs were re-
corded (Supplementary information, Figure S1C) in the super-res-
olution mode with a normal magnification of 105 000x, resulting
in a calibrated pixel size of 0.669 A. Each stack of 32 frames was
exposed for 8 s, with an exposure time of 0.25 s per frame. The to-
tal dose rate was about 8.2 counts/second/physical-pixel (~4.7 ¢ /s/
A?) for each stack. AutoEMation was used for the fully automated
data collection [52]. All 32 frames in each stack were aligned and
summed using the whole-image motion correction program Mo-
tionCor2 [53] and binned to a pixel size of 1.338 A. The defocus
value of each image was set from 0.8 to 1.8 um and was deter-
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mined by Getf [54].

Image processing and calculation

Two data sets (I and II) prepared from different samples were
used for the calculation (Supplementary information, Figures S2
and S3). Data set | is the same data as that described in the manu-
script that reports the cryo-EM structure of the human spliceoso-
mal C complex [24]. The synthetic pre-mRNA contains a 5'-exon,
an intron, and a 3’-exon. Only a small proportion of the spliceoso-
mal particles in this sample (named sample I, hereafter) are the B*"
complex; the rest are the human C and C" complexes. As will be
made clear later, the B*' complexes in sample I have been identi-
fied to be the mature and late B*' complexes. Data set II is derived
from the sample (named sample II hereafter) for which detailed
purification procedure was described in Materials and Methods.
The synthetic pre-mRNA in sample II is similar to that in sample
I except that the 3'-exon has been deleted to prevent formation of
any spliceosomes beyond the B* complex. Consistent with the
rationale, the spliceosomes derived from sample II are exclusively
the early B*' complexes.

For data set I, 1 464 033 particles were auto-picked using the
deep-learning program DeepPicker [55]. The convolutional neural
network model for particle picking was trained using the previous
data set of the ILS complex from S. pombe [9]. A guided multi-ref-
erence classification procedure was applied to the full data set us-
ing the program RELION2.0 [56, 57] (Supplementary information,
Figure S2). Details of this modified procedure were detailed in the
manuscript reporting the cryo-EM structure of the human C™ com-
plex [23]. Briefly, the generated 3D volumes of the human B*, C,
and C* complexes and four bad classes were obtained from a pilot
analysis of 157 388 particles and were used as initial references
(Round 1) (Supplementary information, Figure S2). These seven
references were low-pass filtered to 40 A. To avoid the problem
of discarding good particles, we simultaneously performed three
parallel multi-reference 3D classifications. Then, the particles that
belong to the B*, C, and C" complexes were combined and served
as the input for a follow-up local classification. The particles that
belong to the B* complex (4.9%/5.1%/5.0% of the total particles
in the three runs) were merged, and the duplicated particles were
removed as described [5]. The remaining 113 931 particles, repre-
senting 7.8% of the original particles in data set I, gave an average
resolution of 7.6 A after auto-refinement with 2x binned particles
(pixel size: 2.676 A) (Supplementary information, Figure S2).

A second round (Round 2) of local 3D classification was per-
formed for the remaining 113 931 particles. 2x binned particles
(pixel size: 2.676 A) were used for the classification (Supplemen-
tary information, Figure S2). A total of 49 218 particles from the
good class (representing 43.2% of the input particles or 3.4% of
the total original particles) yielded a reconstruction of the human
B* complex with an average resolution of 4.8 A after auto-refine-
ment using unbinned particles (pixel size: 1.338 A).

In the final round (Round 3), the remaining 49 218 particles
were classified without alignment but with a soft mask on the RN-
F113A region of the spliceosome. Two major classes, representing
two different conformations, were identified. 27 405 particles
(55.4% of the input particles) in one class yielded a reconstruction
at an average resolution of 5.1 A for the entire spliceosome, which
was identified as the mature B** complex. 14 316 particles (29.3%
of the input particles) in the other class yielded a reconstruction at
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an average resolution of 6.5 A for the entire spliceosome, which
was identified as the late B*' complex (Supplementary informa-
tion, Figures S2 and S4A; Tables S1 and S2).

For data set 11, 629 472 particles were auto-picked using
DeepPicker [S5]. Similar to the processing of data set I, a guided
multi-reference classification procedure was applied using RE-
LION2.0 [56] (Supplementary information, Figure S3). The same
set of seven references as used in the processing of data set I were
used. To avoid the problem of discarding good particles, we simul-
taneously performed three parallel multi-reference 3D classifica-
tions. After the global classification, particles that belong to the B*"
complex served as the input for a follow-up local classification.
After local classification, the first three classes (references of B*,
C, and C") converged and became the B** complexes. The parti-
cles that belong to the first three B*' complexes (7.4%/8.2%/5.6%,
6.3%/6.5%/7.0%, and 7.9%/8.1%/6.3% of the total particles in
the three runs) were merged, and the duplicated particles were re-
moved as described [5]. The remaining 186 780 particles represent
29.7% of the original particles in data set II, which gave rise to an
average resolution of about 6.3 A after auto-refinement with 2x
binned particles (pixel size: 2.676 A) (Supplementary information,
Figure S3).

A second round (Round 2) of local 3D classification was per-
formed on the remaining 186 780 particles. 2x binned particles
(pixel size: 2.676 A) were used for the classification (Supplemen-
tary information, Figure S3). A total of 96 523 particles from the
good class (representing 51.7% of the input particles or 15.3% of
the total original particles) yielded a reconstruction of the human
B** complex with an average resolution of 4.9 A after auto-refine-
ment using unbinned particles (pixel size: 1.338 A) (Supplementary
information, Figures S3 and S4A).

As will be clear from atomic modeling, the B*' complexes in
sample I represent the mature and late states, whereas the B*' com-
plexes in sample II exhibit an early state. Nonetheless, these three
compositionally different B*' complexes share the same SF3b
region. By combining these B* particles from the two data sets
(49 218 particles from data set I and 96 523 particles from data set
1I), we generated a larger date set of 145 741 particles. Following
auto-refinement with a local mask on the SF3b region, the local
resolution was improved to 4.2 A (Supplementary information,
Figures S3 and S4A; Table S2).

In the 4.9-A cryo-EM map of the early B*' complex and the
4.8-A cryo-EM map of the mature and late B*' complexes, the
local resolution reaches 4.0-5.0 A in the core of the spliceosome
(Supplementary information, Figure S4B). The angular distri-
butions of the particles used for the final reconstruction of both
human B*' complexes are reasonable (Supplementary information,
Figure S4C), and the refinement of the atomic coordinates did not
suffer from severe over-fitting (Supplementary information, Figure
S4D). The EM density maps of all three B*' complexes display
similar overall structural features but with important differences in
a number of key regions (Supplementary information, Figure SS5).
The density maps exhibit clear features for the secondary structural
elements of the human B* complex in the core region. The RNA
elements and their interacting proteins are also reasonably well de-
fined by the EM density maps and can be modeled with structural
references from the human C [24] and C" [23] complexes and the
yeast B*' complex [5].

Reported resolutions were calculated on the basis of the FSC
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0.143 criterion, and the FSC curves were corrected for the ef-
fects of a soft mask on the FSC curve using high-resolution noise
substitution [58]. Prior to visualization, all density maps were
corrected for the modulation transfer function of the detector, and
then sharpened by applying a negative B-factor that was estimated
using automated procedures [59]. Local resolution variations were
estimated using ResMap [60].

Model building and refinement

Due to a wide range of resolution limits for the various regions
of the human B*' complex, we combined homology modeling and
rigid docking of components with known structures to generate
an atomic model (Supplementary information, Table S2). Identifi-
cation and docking of the components of the human B*' complex
were facilitated by the atomic models of the human C [24] and C"
[23] complex and the S. cerevisiae B*' complex [5]. The protein
components that were derived from known structures of the pro-
tein data bank (PDB) are summarized in Supplementary informa-
tion, Table S2. These structures were docked into the density map
using COOT [61] and fitted into density using CHIMERA [62].

The atomic models of RNF113A and the N-terminal domain of
SF3a66 in the human B*' complex were generated from Cwc24
and the N-terminal domain of Prp11 in the S. cerevisiae B* com-
plex [5] using CHAINSAW [63]. The backbone was manually
adjusted using COOT [61]. The atomic coordinates of U6 snRNA,
protein components of the U5 and U2 snRNPs, protein compo-
nents of the NTC and NTR complex, Prp17, and Aquarius from the
human C” complex (PDB code:5XJC [23]) were directly docked
into the density maps of the human B* complex and were manual-
ly adjusted using COOT [61]. Assignment of the 5-splice site (5'SS)
and the duplex between U2 snRNA and the BPS was greatly aided
by the structure of the yeast spliceosomal B* complex [5].

The crystal structure of the human SF3b core complex (PDB
code: STFE [34]), including SF3b155, SF3b130, SF3b14b/PHFSA,
and SF3b10, was docked into the density map guided by the yeast
B™ structure [5]. SF3b145 was generated from Cusl of the yeast
B* complex. The N-terminal domain of SF3b145 and the RRM
domain of SF3b49 was generated from the crystal structure of
Hsh49p in complex with Cuslp (PDB code: SLSB [64]). Crystal
structure of SF3bl4a/pl4 in complex with SF3b155 N-terminal
fragments (PDB code: 2F9J [65]) was docked into the SF3b re-
gion of the cryo-EM maps. The crystal structure of the human
SF3a complex (PDB code: 4DGW [66]), which includes SF3a120,
SF3a66, and SF3a60, was docked into the extra density around
the Sm ring of U2 snRNP. Prp2 is docked into the cryo-EM map
on the basis of the structure of the yeast B* complex [5]. CypE is
docked into the map near the N-terminal HAT repeats of Syfl. No-
tably, a patch of weak EM density is also located in the same place
of the yeast B* complex as in the human B* complex, suggesting
that CypE may be recruited into the yeast B* complex.

The final overall models of the early and mature B*' complexes
were refined against the overall 4.9-A and 4.8-A map, respec-
tively, using REFMAC in reciprocal space [67], using secondary
structure restraints that were generated by ProSMART [68]. The
atomic model of the late B*' complex was generated by removing
the RNF113A, NY-CO-10, and RNase H like domain of Prp8 from
the mature B* complex. Overfitting of the overall model was
monitored by refining the model in one of the two independent
maps from the gold-standard refinement approach, and testing

the refined model against the other map [69] (Supplementary in-
formation, Figure S4D). The structure of the human B*' complex
was validated through examination of the Molprobity scores and
statistics of the Ramachandran plots (Supplementary information,
Table S1). Molprobity scores were calculated as described [70].
Distinguishing features of the cryo-EM maps among the three B*
complexes are detailed for the SF3b complex (Supplementary in-
formation, Figure S6), G10, Prpl17, and RBM22 (Supplementary
information, Figure S7), the N-terminal domain (NTD) of SF3a66
(Supplementary information, Figure S8), the NTC proteins (Sup-
plementary information, Figure S9), RNF113A and NY-CO-10
(Supplementary information, Figure S10), and the SF3a and sur-
rounding regions (Supplementary information, Figure S11).

Accession code

The atomic coordinates for the early, mature and late B* spli-
ceosomes have been deposited in the Protein Data Bank with the
accession code 5758, 5256 and 5757, respectively. The EM maps
for the early, mature and late B* spliceosomes have been deposit-
ed in EMDB with the accession code EMD-6891, EMD-6889 and
EMD-6890, respectively.
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