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Abstract 1 

Pre-mRNA splicing determines the expressed proteome and is frequently dysregulated 2 

in cancer. The tumour-suppressor RBM5 controls an exon network regulating 3 

apoptosis, yet its molecular mechanism is elusive. Using in vivo spliceosome capture and 4 

cryogenic electron microscopy, we determined structures of precatalytic spliceosomes 5 

arrested by RBM5 immediately after U2 snRNP branchpoint recognition. Despite intron 6 

diversity, the U2�pre-mRNA duplex, branchpoint adenine, and downstream 7 

polypyrimidine tract are well-resolved. RBM5 binds the outer SF3B1 HEAT surface 8 

and performs dual functions: First, its helix�loop�helix motif and upstream zinc-finger 9 

domain sterically block tri-snRNP and Prp8 docking and prevent progression to pre-B 10 

and Bact complexes; Second, its G-patch activates DHX15 and places this DExH-box 11 

helicase on the pre-mRNA as it exits SF3B1, poised for branch helix unwinding. DHX15 12 

binding to SF3B1 is facilitated by U2SURP/SR140, which engages SF3B1 near RBM5�s 13 

helix�loop�helix. Functional assays confirm that disruption of the RBM5 interfaces with 14 

either DHX15 or SF3B1 inhibit exon repression. Mutations at these regulatory 15 

interfaces are common in cancer genomes and predicted to disrupt its regulation of 16 

apoptotic isoforms. Thus, RBM5 acts as a dual-action spliceosome gatekeeper that 17 

couples helicase activation with physical stalling to enforce tumour-suppressive 18 

alternative splicing programmes.  19 



1 

 

Main 20 

Pre-mRNA splicing to remove introns from nascent transcripts is a fundamental step in 21 

eukaryotic gene expression that is regulated to control production of alternative spliced 22 

isoforms1-3. Intron excision and exon ligation are catalyzed by the spliceosome, a multi-23 

megadalton RNA�protein complex that assembles onto each intron from five small nuclear 24 

ribonucleoproteins (snRNPs: U1, U2, U4, U5, and U6)4-8. Spliceosome assembly is initiated 25 

by the U1 snRNP recognizing the 5′ splice site (5′SS) and the U2 auxiliary factor U2AF1/2 26 

binding the 3′ splice site. This early complex is then joined by the U2 snRNP which engages 27 

the branch site (BS) to form the prespliceosomal A complex. Subsequent recruitment of the 28 

U4/U6.U5 tri-snRNP and the addition and subtraction of multiple other components 29 

successively generate the precursor spliceosome (pre-B complex), the precatalytic 30 

spliceosome (B complex), the activated spliceosome (Bact complex), and the B* complex 31 

where the first transesterification reaction is catalyzed. This results in cleavage at the 5′ splice 32 

site with ligation of the 2′ hydroxyl of the branchpoint A residue to the phosphate at the 5′ end 33 

of the intron. The second catalytic step then results in cleavage at the 3′ splice site, with exon 34 

ligation and release of the intron in a lariat structure containing the branched nucleotide. 35 

During these many steps of spliceosome assembly, specific ATP-dependent DExD/H-box 36 

helicases serve to remodel internal RNA interactions and displace proteins, often with 37 

dramatic conformational changes9-12. The engagement of each helicase is tightly controlled 38 

by trans-acting factors. These factors recruit or stimulate the helicases at the right moment to 39 

drive a particular assembly step and ensure fidelity of splice site choices. 40 

Hundreds of additional RNA binding proteins in the human genome modulate 41 
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spliceosome assembly to determine alternative splice site choice and protein isoform 42 

expression13-15. These regulatory factors control important splicing programmes in many 43 

cellular processes, but their mechanisms of action are largely unknown. One such factor is 44 

RNA Binding Motif Protein 5 (RBM5), an alternative splicing regulator that controls 45 

apoptosis and cell-cycle dependent gene expression and is frequently disrupted in lung and 46 

other cancers16-23. In vitro studies found that RBM5 does not affect initial splice site 47 

recognition but was present in spliceosomal A complexes where it may prevent further 48 

maturation on specific introns24-26. We recently identified RBM5 as a component of 49 

U2/branchsite complexes in vivo and found that this U2 interaction was required for RBM5 50 

splicing regulation27. RBM5 contains multiple functional domains, including two RNA 51 

Recognition Motifs (RRMs) and two zinc fingers (ZnFs) for RNA binding28-32, an OCtamer 52 

REpeat (OCRE) domain potentially interacting with the U4/U6�U5 tri-snRNP26,33, and a C-53 

terminal Glycine-rich (G-patch) domain that directly binds the DHX15 helicase and 54 

stimulates its activity in vitro34. These features suggest that RBM5 may recruit or activate 55 

U2-associated DHX15 to induce conformational changes within early spliceosomes that alter 56 

splicing choices. However, when and how RBM5�DHX15 function together for such 57 

surveillance are unknown.  58 

DHX15 (yeast Prp43) has an established role in disassembling the intron lariat 59 

spliceosome following the second catalytic step of splicing35,36. Emerging evidence also 60 

indicates that DHX15 contributes to early splicing decisions37-42 and disruption of this 61 

function is linked to cancer43,44. These studies suggest that DHX15 selectively suppresses the 62 

completion of splicing at suboptimal sites. However, the mechanisms of DHX15 targeting to 63 
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these early complexes and its discrimination between normal and defective splicing events 64 

remain unclear. 65 

Spliceosome assembly is initiated and intron excision is often completed during RNA 66 

synthesis, while the precursor RNA is still attached to the polymerase on the DNA template 67 

within chromatin45-47. The transience of spliceosomes and their heterogeneous and dynamic 68 

assembly pathway make studies of their properties in vivo very challenging. Most high-69 

resolution mammalian spliceosomal structures have been assembled in nuclear extract onto 70 

simple synthetic RNAs7,8,48. The relationship of these structures to spliceosomes assembled 71 

onto the long heterogeneous introns of nascent RNA is not yet clear. Moreover, the actions of 72 

many splicing regulatory factors that strongly influence alternative splicing decisions in vivo 73 

are difficult to reconstruct using in vitro splicing approaches. This limits our ability to 74 

integrate the known action of these factors in vivo with our increasingly detailed 75 

understanding of spliceosome assembly in vitro. 76 

Here, we isolate spliceosomal complexes bound to nascent RNA from cellular fractions 77 

of chromatin-associated nuclear material and determine the cryogenic electron microscopy 78 

(cryo-EM) structure of a branchpoint-bound spliceosome at 3.3 Å resolution. This 79 

precatalytic complex, with closed SF3B1 engaged with the bulged branch site helix and 80 

polypyrimidine tract (PPT), reveals the tumour-suppressor�RBM5 bound within the 81 

spliceosome architecture. RBM5 activates DHX15 via its G-patch and anchors the helicase 82 

downstream of the branchpoint through extensive interactions with the SF3B1 HEAT-repeats. 83 

This RBM5�SF3B1�DHX15 tether is further stabilized by U2SURP/SR140. Our findings 84 

reveal RBM5 as a regulatory factor acting on the U2 snRNP to block spliceosome assembly 85 
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at an early stage. These blocked complexes can be disassembled by the activated DHX15 to 86 

control splicing at regulated sites. The structures show how loss of function mutations in a 87 

tumour suppressor can result in defective splicing regulation in the early spliceosome. 88 

Results 89 

Isolation and cryo-EM of a chromatin-derived spliceosome assembly 90 

To capture RBM5-bound spliceosomes engaged with nascent RNA, we isolated complexes 91 

from chromatin fractions of human HEK293 cells following a protocol27 modified to 92 

optimize the yield and buffer conditions for cryo-EM analysis (see methods). Briefly, nuclei 93 

were gently lysed with detergent, and the high molecular weight (HMW) material containing 94 

chromatin and nascent RNA was pelleted49. This pellet was treated with DNase and RNase to 95 

release spliceosomal components, and target spliceosomes containing RBM5-FLAG were 96 

affinity-purified on anti-FLAG beads (Fig. 1a). The resulting sample contained a uniform set 97 

of U2 snRNP proteins (SF3A and SF3B proteins), characteristic of the 17S U2 snRNP50,51 but 98 

lacking its 3′ domain components: U2A′, U2B″, and Sm proteins (Fig. 1b,c). Parallel 99 

isolations using an antibody to the U2 protein SF3A2 yielded a similar complex except 100 

lacking RBM5 (Fig. 1b,c), consistent with the limited expression of endogenous RBM5 in the 101 

HEK293 cells and similarly weak RBM5 coprecipitation observed in K562 cells27. The 102 

chromatin-derived RBM5 isolate was subjected to single-particle cryo-EM analysis, 103 

unveiling a SF3B-containing structure (Fig. 1d) at 3.3 Å overall resolution (Extended Data 104 

Figs. 1 and 2b and Extended Data Table 1). De novo model building was facilitated by 105 

AlphaFold prediction and further validated through protein characterization, using 106 
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biochemical and in vivo assays to assess protein interactions (Methods). 107 

 The overall architecture of the complex included ten U2 snRNP constituents organized 108 

into two subcomplexes: SF3B and SF3A (Fig. 1e). The SF3B subcomplex, engaging the 109 

branch site, is comprised of seven subunits (SF3B1�SF3B6 and PHF5A) and the U2�branch 110 

site helix, collectively forming the 5′ domain of the 17S U2 snRNP. The SF3A subcomplex, 111 

which interacts extensively with SF3B, consists of SF3A1, SF3A2, and SF3A3, and 112 

contributes to the 3′ domain of the 17S U2 snRNP. Consistent with the SDS�PAGE results 113 

and prior proteomic and RNA-sequencing data27, the Sm core, U2A′, U2B″, and the U2 114 

snRNA 3′ nucleotides beyond position 65 were not observed, due to RNase-mediated 115 

trimming of the solvent-exposed region immediately downstream of U2 stem-loop IIa51,52. 116 

These findings imply that the isolated U2 exists as part of a larger spliceosomal assembly 117 

rather than as an isolated entity. The presence of SF3B proteins indicates that the spliceosome 118 

is in a pre-branching state, prior to the B* complex formation53,54. 119 

Beyond the canonical U2 proteins, the splicing regulator RBM5�not previously 120 

observed in spliceosome structures from nuclear extracts�extensively interacts with the 121 

SF3B1 HEAT repeats in this chromatin-derived spliceosome (Fig.1e). Outside of these 122 

contacts, regions of RBM5 preceding its second zinc finger (ZnF2), including the two RRMs, 123 

ZnF1, and the OCRE domain, were not visible in the structure (Fig.1e), suggesting they may 124 

adopt flexible conformations. Of particular note, we identified two additional proteins not 125 

previously observed in early spliceosome structures: the DHX15 helicase and U2SURP. 126 

Tethered to the RBM5 G-patch domain, DHX15 is situated exterior to the SF3B1 N-terminal 127 

HEAT repeats and loaded onto the pre-mRNA segment downstream of the U2�branch site 128 
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helix. The U2-associated splicing factor U2SURP is seen to engage both the SF3B1 HEAT 129 

repeats and DHX15. 130 

A common U2/branch-site interaction 131 

Unlike previous structures of defined pre-mRNA substrates, our isolated spliceosome was 132 

assembled on nascent cellular RNA containing many different introns. This structure presents 133 

a common architecture of the intron BS�U2 snRNA duplex (Fig. 2a-c). The structure resolves 134 

the bases of the bulged branchpoint adenosine (BP-A, nt 0) and 15 nucleotides of the U2 135 

snRNA that prior to pairing with the BS form the evolutionarily conserved branchpoint-136 

interacting stem�loop in the free 17S U2 snRNP (BSL, nt 31-45) (Fig. 2a, bottom left; Fig. 137 

2c). The presence of this long BS�U2 duplex is striking given the heterogeneity of BS 138 

sequences seen in the in vivo sample (Fig. 2d). Upstream of the yUnAy motif enriched at the 139 

branchpoint (nt -3 to 1; IUPAC codes: Y = [U, C]; N = [A, U, G, C]), the BS sequences show 140 

no base preferences beyond a limited uridine bias (Fig. 2d). Nevertheless, the ensemble of 141 

sequences form an extended BS�U2 base paired helical segment similar to spliceosomes 142 

assembled onto a single BS sequence (Fig. 2b,c). Each nucleotide from +3 to -9 relative to 143 

the BP is paired with its cognate U2 nucleotide (nt 31-42). BS nucleotide -10 pairs with the 144 

U2 pseudouridine at nt 44, skipping a pseudouridine at nt 43. (Fig. 2a, bottom left; Fig. 2c). 145 

Downstream of the branchpoint, the pyrimidine preference of the polypyrimidine tract 146 

(PPT) before the 3′ splice site is apparent starting at nt +5 (Fig. 2d). The map shows well-147 

resolved density for this segment from nt 8 to 13 (Fig. 2a, bottom right). Apart from nt 8, 148 

which contacts PHF5A, the PPT segment is mostly clamped within a cavity formed by 149 
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SF3B1 HEAT repeats 3-9 (Fig. 2e). These PPT nucleotides were not previously fully defined 150 

in human spliceosome structures until the pre-Bact complex55,56, but in our map the PPT 151 

density is clearly resolved within the SF3B1 cavity at this early stage of assembly (Extended 152 

Data Fig. 3b, second from left). Positively charged SF3B1 residues K662, K666, K700, and 153 

K741, four of the most frequent cancer hotspot mutations44, cluster on the inner surface of 154 

HEATs 5-7 (Fig. 2e). These residues do not directly contact the 6-nt PPT segment in our 155 

structure but are positioned adjacent to its 3′ end (Fig. 2e) where they likely influence PPT 156 

placement or binding. 157 

On the opposite side of the BP, the 15-nt BS�U2 duplex forks after C45 of U2 snRNA 158 

(Fig. 2c; Extended Data Fig. 4, left). In previous structures, the positions of these residues 159 

around the fork were assigned from lower resolution maps. In our map, well-defined density 160 

for the duplex terminus and the following U2 nucleotides allowed modeling of U45, U46, and 161 

U47 with their interacting SF3A3 residues (Extended Data Fig. 3b, third from left). SF3A3 162 

W395 forms π�π stacks with the terminal bases of the BS�U2 duplex�C45 of U2 and nt -12 163 

of BS�while Y397 and P380 clamp U47 of U2, thus stabilizing the fork in the helix 164 

(Extended Data Fig. 4, left). Within the 5′ segment of the pre-mRNA, six nucleotides (nt -18 165 

to -13) beyond the BS�U2 duplex are resolved: nt -14 and -15 contact SF3A3, while nt -16 to 166 

-18 interact with SF3B4 RRM1 (Extended Data Fig. 4, right). Notably, SF3A3 H400 stacks 167 

with nt -14, and SF3B4 F58 and Y16 π�π stack with nt -17 and -18, respectively (Extended 168 

Data Fig. 4, right). 169 

In addition to SF3A3 and SF3B4 RRM1, the region near the 5′ pre-mRNA segment 170 

contains SF3A2�SF3A1 and SF3B4 RRM2 that form the SF3A complex region associated 171 
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with the U2 3′ domain, previously modeled at low resolution by rigid-body fitting with 172 

crosslinking data51,57. Our map resolves two conformations of the SF3B4 RRM2�SF3A2�173 

SF3A1 complex, termed state 1 and state 2 (Fig. 2f, left; Extended Data Fig. 3c). These share 174 

the same SF3B4 RRM2�SF3A2 interface (Fig. 2f, top right) but occupy different positions 175 

(Fig. 2f, left), likely reflecting alternative placements of the U2 3′ domain. State 1 adopts a 176 

position similar to that in the human pre-A complex (Extended Data Fig. 5a), while state 2 177 

resembles the yeast pre-A complex (Extended Data Fig. 5b). More precise structural 178 

comparison shows our complex differs from both, with relatively smaller deviation from the 179 

yeast pre-A (Extended Data Fig. 5c). In a further comparison with the Bact stage, alignment of 180 

state 1 with pre-Bact-2 indicates that the IBC protein PPIE would clash with state 1 (Fig. 2f, 181 

bottom right), again placing our complex before spliceosome activation. 182 

Other structural features in our complex also help place it along the assembly pathway. In 183 

our structure, the branchpoint adenosine is bulged out and stabilized by hinge 1 of a closed 184 

SF3B1 together with PHF5A (Fig. 2g, left), an architecture that occurs after the pre-A 185 

complex where SF3B1 remains open (Fig. 2g, second from left). SF3B1 stays closed until the 186 

Bact complex. As seen in our structure, and in other early complexes, SF3B6 is located near 187 

PHF5A and the U2/BS duplex, adjacent to C-terminal HEAT repeats of SF3B1. In the pre-188 

Bact complex, SF3B6 relocates to the other side of the SF3B1 ring near its N-terminus (Fig. 189 

2g, right). Thus, like the analysis of SF3B4 RRM2�SF3A2�SF3A1, the position of SF3B6 190 

indicates that our complex is at a stage prior to spliceosome activation. Another U2 snRNP 191 

conformation seen in an A-like complex shares a similar overall architecture to our structure 192 

(Fig. 2g, third from left). This A-like complex was determined with a synthetic RNA lacking 193 
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a PPT, and�unlike our structure�its SF3B1 adopts a half-closed conformation58. Thus, our 194 

complex represents an assembly intermediate distinct from earlier structures, and likely 195 

formed after the defined pre-A complex but prior to pre-Bact. 196 

RBM5�SF3B1 interactions 197 

RBM5 engages extensively with the HEAT-repeats of SF3B1 through two discrete interfaces. 198 

At interface I, a helix�loop�helix (HLH) motif of RBM5 binds the convex face of SF3B1 199 

HEAT13�15, predominantly via salt-bridge networks (Fig. 3a, 3b, left). The N-terminal 200 

interacting helix (IH1; aa. 686-700) contacts HEAT15 and HEAT14, while the second 201 

interacting helix (IH2; aa. 704-711) engages HEAT13 (Fig. 3b, right). Consistent with this, 202 

earlier work demonstrated that aa. 544�702 of RBM5, including the HLH motif, are critical 203 

for U2 binding27. The second RBM5 contact (Interface II) is on the opposite side of the 204 

SF3B1 ring from Interface I. Here, the C-terminal helix of RBM5 (C-helix; aa. 799-815), 205 

inserts into a groove formed by HEAT2�4 (Fig. 3a, 3b, right), where it establishes a 206 

composite interface of both hydrophobic contacts and hydrogen bonds. 207 

In addition to its protein contacts, the RBM5 C-helix stacks against a U-base of the PPT 208 

through Y799 (Fig. 3c, left), forming a π�π interaction that likely stabilizes the PPT during 209 

early spliceosome assembly. In pre-Bact structures where the PPT is resolved, an N-terminal 210 

helix of SF3B1 occupies the same position as the RBM5 C-helix and forms a nearly identical 211 

π�π stack with the PPT (Fig. 3c, right). Both human and yeast SF3B1 preserve residues 212 

corresponding to RBM5 C-helix (Fig. 3d, bottom). It appears that this intramolecular SF3B1 213 

contact is mutually exclusive with that of the RBM5 C-helix. 214 
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To examine whether other G-patch proteins could make equivalent interactions with 215 

SF3B1, we retrieved reported SF3B1�interacting G-patch proteins from the BioGRID 216 

database and predicted their structures using AlphaFold (Extended Data Fig. 6a,b). As a 217 

positive control, AlphaFold correctly predicted the identified recognition elements of RBM5, 218 

including the HLH motif and C-helix that mediate its interaction with SF3B1 (Extended Data 219 

Fig. 6b, top left). RBM10 was also predicted to harbor both elements, suggesting that RBM5 220 

and RBM10 engage SF3B1 through shared interactions, consistent with their observed 221 

mutually exclusive binding27. In contrast, only the C-helix�like element was detected in the 222 

predicted structures of SUGP1, CHERP and TFIP11, and no RBM5-like structures were 223 

identified in other G-patch proteins (Extended Data Fig. 6b). We examined the SF3B1 224 

contacts with the C-helices of RBM10, SUGP1 and CHERP in AlphaFold, finding that all 225 

three helices docked into the same interaction surface of SF3B1. Notably, the C-helix of 226 

RBM10 adopted an orientation similar to that of RBM5, whereas the C-helices of SUGP1 227 

and CHERP were oriented in the opposite direction (Extended Data Fig. 6c,d). Consistently, 228 

an AlphaFold model of the SF3B1�SUGP1 complex predicts a C-helix orientation similar to 229 

that observed here41. Consistent with these predictions, the SF3B1-contacting residues were 230 

conserved in RBM5 and RBM10 but divergent in SUGP1 and CHERP (Fig. 3d). Within these 231 

interfaces, residues of SF3B1, RBM5, or RBM10 have been reported as mutated in cancer 232 

genomes of the COSMIC database (Fig. 3e). Although their role in cancer is not yet studied, 233 

these contacts of RBM5 with the U2 snRNP presumably contribute to its action as a tumor 234 

suppressor.  235 

DHX15 binds the pre-mRNA exiting SF3B1 236 
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A distinctive feature of the RBM5/U2 structure is the presence of the DHX15 helicase, which 237 

was previously identified as a component of early spliceosomes38-40,42 but has not been 238 

resolved in their structures. In our complex, the helicase is bound to the RBM5 G-patch and 239 

aligns with HEAT4�9 of SF3B1 (Figs. 3a and 4a). Structural comparisons of our DHX15�G-240 

patch�RNA assembly to other DHX15 structures (G-patch�bound59 or RNA-ATP�bound60) 241 

show the helicase in a more open conformation distinct from these known states (Fig. 4b). 242 

Moreover, comparison with the SF3B1-associated helicases DDX42 and DDX4661 that act 243 

before A-complex formation shows that DHX15 occupies a distinct position on SF3B1 244 

contacting partially overlapping but mutually exclusive surfaces, consistent with DHX15 245 

acting at a later stage of spliceosome assembly (Fig. 4c,d). 246 

To specifically assess the significance of the DHX15�SF3B1 tether in RBM5 function, 247 

we deleted the G-patch from RBM5 and expressed this protein in HEK293 cells at different 248 

levels by titrating its induction with Doxycycline. This delta G-patch RBM5 was previously 249 

found to maintain binding to the U2 snRNP27. We monitored the splicing of multiple known 250 

RBM5 target exons in the presence of either wildtype or G-patch-deleted protein. For exons 251 

in the TRPT1 and DPP7 transcripts, the G-patch deletion mutant showed reduced activity 252 

compared to the wildtype RBM5. Interestingly, the G-patch mutant protein induced partial 253 

exon inhibition at low expression but this was the limit of its activity. In contrast to the 254 

wildtype protein, no additional reduction in target exon splicing was observed with higher 255 

concentrations of mutant RBM5 (Fig. 4e). These observations suggest that RBM5 may 256 

induce some level of exon repression even without its G-patch. On other RBM5 257 

downregulated exons including NUMB exon 9, the activity of the G-patch mutant was 258 
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comparable to that of the wildtype RBM5 (Extended Data Fig. 7). Together, these results 259 

imply there are two distinct but not mutually exclusive pathways of RBM5-mediated exon 260 

inhibition, one mediated by the G-patch and one not. 261 

When tethered to SF3B1 via the RBM5 G-patch, DHX15 is bound to the 3′ pre-mRNA 262 

sequence as it exits the U2 snRNP�where DExH-box translocation is predicted to disrupt 263 

upstream RNA-protein interactions. Through further particle classifications, we identified 264 

two distinct DHX15 states: a distal state with the protein located toward the 3′ end in the pre-265 

mRNA and farther from SF3B1, and a proximal state where DHX15 engages a more 266 

upstream RNA segment and is positioned closer to SF3B1 (Fig. 4g). Together, these states 267 

reveal a DHX15 translocating along the pre-mRNA. Notably, DHX15 does not form 268 

discernible protein contacts with SF3B1, even in the proximal state, indicating that its 269 

placement is likely determined by the RBM5�SF3B1 association rather than direct interaction 270 

with SF3B1. 271 

U2SURP tethers RBM5, SF3B1 and DHX15 272 

In addition to RBM5 and DHX15, three conserved segments of U2SURP are resolved in our 273 

structure, engaged with the SF3B1 HEAT repeats and DHX15 (Fig. 5a; Extended Data Fig. 274 

8). First, U2SURP residues 534�679 form a CID-like domain that shares 21% sequence 275 

identity with the canonical CID (PDB 4NAC) and aligns with the canonical domain with an 276 

RMSD of 1.9 Å over 131 residues (Fig. 5b). In our structure, this domain contacts SF3B1 277 

HEAT10�13 and RBM5 IH2 (Fig. 5c). Second, an N-terminal segment of U2SURP forms a 278 

helix that associates with SF3B1 HEAT4�5 primarily through hydrophobic interactions (Fig. 279 
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5d, left). Finally, residues 136�141 of U2SURP form main-chain contacts with the RecA2 β-280 

sheet of DHX15 (Fig. 5d, right). These latter two elements (residues 115�142) constitute an 281 

SF3B1�DHX15 bridging module (SDBM). Together, these interactions allow U2SURP to 282 

serve as a scaffold that facilitates the association of RBM5, DHX15 and SF3B1 in this early 283 

spliceosome. The COSMIC catalog of cancer somatic mutations reports 26 single-missense 284 

variants in the CID (Fig. 5c). Although their pathogenicity has not been studied, these include 285 

three residues in the CID SF3B1/RBM5 interfaces. 286 

Stage of the RBM5-stalled spliceosome 287 

Our structure reveals a defined PPT within a closed SF3B1 and with the RBM5 C-helix 288 

wedged at HEAT repeats 2�4 (Fig. 6c; Extended Data Fig. 9, middle). Consistent with this, 289 

the PPT-absent A-like complex58 and PPT-detached BAQR complex62 adopt half-closed and 290 

loosened SF3B1 conformations, respectively (Fig. 6c, left; Extended Data Fig. 9, left and 291 

right), both lacking the RBM5-binding grove (Fig. 6c, right). Notably, in the BAQR complex, 292 

the PPT is engaged by Prp2 (Extended Data Fig. 9, right), which adopts a DExH-helicase 293 

configuration clearly distinct from the SF3B1-associated DHX15 in our structure. 294 

To place our complex in the sequence of spliceosome assembly, we compared its 295 

structure with those of other assembly intermediates. The ZnF2 and HLH motifs of RBM5, 296 

together with the CID-like domain of U2SURP, show steric clashes with the Lsm proteins 297 

and the U2�U6 snRNA duplex in human pre-B complexes (Fig. 6a), placing our complex 298 

prior to the pre-B stage. A severe clash between the RBM5 HLH motif and Prp8 in the pre-299 

Bact-1 complex is also consistent with this assignment (Fig. 6b). Together with the SF3B1 300 
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conformation indicating a state after the pre-A or A-like complexes (Fig. 2g), our structure is 301 

best assigned as a prespliceosomal A complex. Unlike the canonical A complex, the presence 302 

of RBM5 and the predicted activity of DHX15 in its observed position are predicted first to 303 

block further assembly and then to disrupt the U2 interaction thereby precluding productive 304 

splicing. 305 

Discussion 306 

We determined the structure of an in vivo-assembled U2/branchpoint complex bound to the 307 

regulatory protein RBM5. Assembled on nascent RNA from the chromatin fraction of cells, 308 

the sample contains an ensemble of complexes with many different intron sequences, yet 309 

these complexes are remarkably homogeneous in structure and the pre-mRNA backbone can 310 

be traced accurately from its entrance into the U2 snRNP to its exit from SF3B1. The 311 

observed interactions of RBM5 and its associated DHX15 provide two mechanisms for how 312 

this regulator negatively affects spliceosome assembly. The architecture closely resembles 313 

the prespliceosomal A complex, but the positions of the RBM5 ZnF2 and HLH domains, and 314 

the U2SURP CID domain�all in contact with the SF3B1 ring�block docking of the 315 

incoming U4/U6.U5 tri-snRNP and preclude progression to a pre-B complex. Moreover, 316 

tethering of DHX15 to SF3B1 by RBM5 and U2SURP, and its loading onto the 3′ pre-mRNA 317 

segment as it exits the U2 complex, enable disruption of the complex by the helicase. 318 

 One mechanistic model for splicing repression by RBM5 is illustrated in Figure 6d. Prior 319 

to the A complex, RBM5 may not be bound and the architecture may resemble the reported 320 

A-like state58, with SF3B1 half-closed and lacking a defined PPT pocket. Biochemical studies 321 
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indicate DHX15 is associated, but its lack of visibility suggests flexible tethering (Fig. 6d, 322 

leftmost panel). As the complex transitions to the closed state, RBM5 associates with SF3B1 323 

HEAT repeats via the HLH motif and C-helix, and the C-helix stabilizes the PPT within 324 

closed SF3B1. DHX15, bound to the RBM5 G-patch, initially engages the 3′ pre-mRNA in a 325 

distal position (Fig. 6d, second from left). Upon NTP hydrolysis, DHX15 translocates and 326 

anchors at the SF3B1 exit (Fig. 6d, third from left). RBM5 binding interferes with tri-snRNP 327 

engagement�producing steric clashes with Lsm proteins, the U2�U6 duplex, and core Bact 328 

components�thereby stalling progression. After arresting assembly, RBM5 enables 329 

continued DHX15 translocation to ultimately disrupt the PPT�SF3B1 contacts and/or detach 330 

U2 from the branch site. 331 

 Reverse trajectories are also plausible: RBM5 binding could displace tri-snRNP 332 

components from a pre-B complex, or DHX15 movement could dislodge the PPT, opening 333 

SF3B1 and destabilizing RBM5 association, allowing normal splicing to resume. In this 334 

scenario DHX15 would counteract RBM5-mediated repression. 335 

 Although we favor DHX15 acting in negative regulation with RBM5, there is evidence 336 

that DHX15 may oppose RBM5 repression. Both IP-seq and CLIP analyses show RBM5 337 

binding to unregulated branch sites27. This promiscuous binding may be tolerated because 338 

DHX15 can disrupt the RBM5�SF3B1 interaction and permit forward assembly. The isolated 339 

complex may thus represent a reversible checkpoint that can either proceed to productive 340 

splicing or be discarded. Alternatively, it may already be terminally stalled and poised for 341 

disassembly. Notably, the G-patch is required for repression of only a subset of RBM5-342 
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dependent exons (Fig. 4e, Extended Data Fig. 7), leaving open whether residual helicase 343 

activity or simple steric blocking accounts for the remaining repression. 344 

 DHX15 was recently implicated in early spliceosome assembly via SUGP139-41,63 and 345 

GPATCH842, but those interactions and target complexes remain unresolved. We find that the 346 

RBM5 G-patch activates DHX15 and its flanking α-helices orient the helicase at the pre-347 

mRNA exit of the prespliceosomal A complex (Fig. 3a,b). RBM10 has equivalent flanking 348 

helices, while SUGP1 and CHERP have C-terminal helices predicted to dock in opposite 349 

orientation onto the same SF3B1 region (Extended Data Fig. 6b,c). Interestingly, early 350 

studies showed that CHERP and RBM17 form a trimeric complex with U2SURP64,65; all 351 

three of these proteins are present in our isolated complex but only U2SURP segments are 352 

visible (Fig. 1b,e), suggesting they may orient DHX15 in other assembly states. Thus, this 353 

SF3B1 segment serves as a common docking platform for multiple G-patch proteins and 354 

DHX15. 355 

 Finally, our findings illuminate splicing misregulation in cancer. RBM5 loss alters the 356 

splicing of target exons affecting apoptosis and other oncogenic pathways21,23,26,30,66,67. Well 357 

known cancer-associated mutations in SF3B1 also impair DHX15 recruitment by other G-358 

patch proteins42,63. We find that numerous missense mutations in the COSMIC catalog map 359 

precisely to the RBM5�U2SURP�DHX15�SF3B1 interfaces defined in our structures (Figs. 360 

3e, 4f, and 5c). The disruption of these interactions will alter spliceosome assembly and 361 

remodeling with consequences for oncogenic splicing programmes.  362 
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Figure legends 363 

 364 

Fig. 1. In vivo purification and overall architecture of the chromatin-derived 365 

spliceosome.      a, Workflow for preparing high-molecular-weight (HMW) material from 366 

cell nuclei and isolating RBM5-associated ribonucleoprotein (RNP) complexes. Major steps 367 

and resulting products are shown at the top and bottom, respectively. b,c, In vivo RNP 368 

isolation from parental (left) or 293Flp-In cells expressing RBM5-Flag (right) using SF3A2-369 

CT antibody or Flag antibody, respectively. Eluted complexes are separated by SDS-PAGE 370 

and visualized by SYPRO Ruby staining (b) and immunoblot (c). d, Representative two-371 

dimensional (2D) class average of the RBM5 spliceosome with features labelled. e, 372 

Perpendicular views of the atomic model (cartoon representation) of the spliceosomal RNP. 373 
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 374 

Fig. 2. Features of U2/branchpoint (BP) recognition of the in vivo spliceosome. a,b, 375 

Cryo-EM density maps (a) and atomic model (b) of the spliceosomal components positioned 376 

around the BP. In the top panel of (a): SF3B6 is displayed using a gaussian low-pass filtered 377 

transparent map; all others are shown using sharpened densities of the 3.3-Å map. In the 378 

bottom panel of (a): the BP adenosine is designated as position 0 of the pre-mRNA, with 379 

upstream nucleotides numbered negatively and downstream nucleotides positively. c, 380 

Secondary structure of the branch site (BS)�U2 snRNA duplex, with nucleotide positions and 381 

interacting residues annotated. For comparison, the 2D structure of the human 17S U2 382 

snRNA (PDB: 6Y5Q/7Q4O) is shown at lower left (grey shading), highlighting the 383 

branchpoint-interacting stem loop (BSL) and stem loop IIa (SL IIa). d, Compilation of the 384 

pre-mRNA sequences surrounding the BP bound by the isolated spliceosomal snRNP. The 385 

relative letter sizes represent nucleotide frequency at each position. The complementary U2 386 

snRNA sequence is shown above. e, Residues engaging the pre-mRNA downstream of BP 387 

including the polypyrimidine tract (PPT). Cancer-related mutational hotspot residues are 388 
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indicated with hash symbols; asterisks denote hydrophobic contacts; labeled residues without 389 

symbols contribute to hydrogen bonding. f, Two conformational states of the SF3B4�SF3A2�390 

SF3A1 module. Unmodeled regions are shown as dashed lines, with blue and red dots 391 

marking the N- and C-termini, respectively. Top right: Identical hydrophobic interactions 392 

between SF3B4 RRM2 and SF3A2 in both states. Bottom right: The IBC complex protein 393 

PPIE of Pre-Bact-2 (PDB: 7ABI) clashes with the state 1 conformation. Structures were 394 

aligned using the SF3B4 RRM1. g, Structural comparison of our U2 snRNP with the reported 395 

human pre-A (PDB: 7VPX), A-like (PDB: 7Q4O), and pre-Bact-1 (PDB: 7ABG) spliceosomes. 396 

For clarity, only the BS�U2 duplex with surrounding nucleotides, SF3B1, and PHF5A are 397 

shown, with SF3B6 included only in the pre-Bact-1 comparison. A cartoon illustration of our 398 

U2 snRNP model is shown in the left panel. Key structural transitions relative to our U2 399 

snRNP are annotated above the right three panels. The middle two panels depict 400 

conformational transitions leading toward our structure, whereas the rightmost panel 401 

represents a transition away from it.  402 
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 403 

Fig. 3. RBM5�SF3B1 interactions. a, Domain architecture of RBM5, DHX15, and SF3B1 404 

within the complex. Two RBM5�SF3B1 interfaces are marked with magenta and blue stars, 405 

and the RBM5�pre-mRNA contact with a green star. Domain diagrams of RBM5 and DHX15 406 

are shown at the top and bottom, respectively, with residue numbers marking domain 407 

boundaries. Unresolved regions of RBM5 are represented by dashed lines (residues 704-743) 408 

or omitted (N-terminal residues preceding 641). b, Close-up views of RBM5�SF3B1 409 

interaction interfaces, highlighting key binding residues. In Interface-I, three clusters are 410 

demarcated by two dashed lines; in Interface-II, four interaction clusters are indicated by hash 411 

symbols, asterisks, underlines, and grey boxes, respectively. c, The PPT contact with RBM5 412 

C-helix (left) and a matching fold in SF3B1 from Bact complexes (right). d, Multiple sequence 413 

alignment of the G-patch proteins RBM5, RBM10, and SUGP1, showing their C-helices 414 

aligned with the SF3B1 N-helix at the bottom. Secondary structure elements from the RBM5 415 

structure are shown above, with β-sheets as horizontal arrows and α-helices as helical coils. 416 

Vertical arrows below indicate residues identical in RBM5 and RBM10 but divergent in 417 

SUGP1. The omitted sequences are indicated in dark grey. e, Single missense mutations from 418 

the COSMIC cancer genome database mapped to the SF3B1�RBM5 interfaces. 419 
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 420 

Fig. 4. DHX15 is anchored by RBM5 to the 3' pre-mRNA as it exits SF3B1. a, DHX15 421 

positioning near HEAT repeats 4-9 of SF3B1. b, Comparison of DHX15 structures in distinct 422 

conformational states. Structures are superimposed via the RecA1 domain. Three pairs of 423 

dots on α-helices mark their corresponding positions in the two structures to highlight the 424 

conformational shift. Left: our DHX15 bound to both G-patch and RNA superimposed with 425 

the DHX15 structure when bound only to a G-patch; Right: our DHX15 superimposed with 426 

DHX15 bound to both RNA and ATP. c, Different SF3B1 binding sites for the human U2 427 

snRNP helicases DHX15, DDX42, and DDX46 (yeast Prp5 homolog). The SF3B1 N-428 

terminal and C-terminal regions are labeled as N and C, respectively. Unresolved helicase 429 

regions are shown as dashed lines, with red dots marking their C-terminal ends on the 430 

helicase C-terminal half. d, Diagram of SF3B1 interactions with RBM5 and RNA helicase 431 

interactions along the SF3B1 HEAT repeats. e, The RBM5 G-patch domain promotes exon 432 

skipping in TRPT1 and DPP7 pre-mRNA. Top left: Expression levels of Flag-tagged RBM5 433 

and RBM5 ΔG-patch, quantified by immunostaining, with SF3A3 as a normalization control. 434 

Middle and bottom left: RT-PCR analyses of endogenous TRPT1 exon 6 (middle) and DPP7 435 

exons 5+6 (bottom) splicing, using radiolabeled flanking primers, followed by denaturing 436 
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PAGE and phosphorimaging. Quantified exon inclusion levels are displayed below each RT-437 

PCR result. Right: Graph of quantified exon inclusion levels. f, Multiple sequence alignment 438 

of the G-patch proteins RBM5, RBM10, SUGP1 and CHERP. Secondary structure elements 439 

from the RBM5 structure are shown above with α-helices as helical coils. Asterisks below 440 

indicate RBM10 residues subject to single missense mutations from the COSMIC cancer 441 

genome database. g, Structures showing two translocation states of DHX15 along pre-442 

mRNA, with nucleotide numbers downstream from the branch point (BP) adenosine. 443 
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 444 

Fig. 5. U2SURP promotes RBM5�SF3B1�DHX15 tethering. a, Overall view of U2SURP 445 

interacting with SF3B1, RBM5 and DHX15. b, Domain architecture of the U2SURP CID-446 

like domain and its superposition with a bona fide CID (PDB ID: 4NAC). The three numbers 447 

in brackets indicate, from left to right, the number of aligned residues, the Cα r.m.s.d., and the 448 

percent sequence identity. c, Interaction of the U2SURP CID-like domain with SF3B1 and 449 

RBM5. Interacting regions in U2SURP are colored in red. COSMIC single missense 450 

alterations mapped on our CID-like structure are shown as magenta spheres. d, U2SURP 451 

SDBM contacts on SF3B1 (left) and DHX15 (right). U2SURP interactions via side chains 452 

(left) and the main chain (right) are shown in red with SF3B1 and DHX15, respectively. 453 



24 

 

 454 

Fig. 6. Effects of RBM5-DHX15 binding on spliceosome assembly. a, Steric clashes 455 

between RBM5/U2SURP and components of three pre-B complex structures. The Lsm ring 456 

and the U2-U6 snRNA duplex in pre-B are shown as ribbons, while RBM5 and U2SURP are 457 

shown as cylinder cartoon within the density indicated in transparent grey. b, Steric clashes 458 

between RBM5 and Prp8 of the pre-Bact-1 complex. Prp8 in pre-Bact-1 is shown as surface 459 

(left) and close-up cartoon (right), while RBM5 is depicted as yellow or orange cartoon on 460 

both sides. Structures are superimposed using SF3B1. c, Structural rearrangements of the C-461 

helix and PPT-binding pockets in SF3B1 from the closed conformation (our model) to the 462 

half-closed (A-like, PDB: 7Q4O) and loose states (BAQR, PDB:7QTT). Arrows indicate 463 

conformational shifts relative to our model. HEAT repeats used for structural superimposition 464 

are marked with cross. d, Schematic model for branch site (BP) rejection mediated by 465 

RBM5�DHX15.   466 
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Methods 467 

Isolation of the chromatin-derived spliceosomal complex 468 

The complexes were purified from HMW extracts as previously described27 with the 469 

following modifications. 293 Flp-In cells carrying a RBM5�FLAG gene were seeded into 470 

thirty-six15-cm plates in the presence of reduced concentration of doxycycline (5 ng/mL) and 471 

grown to confluency for three days. Cells were harvested in PBS buffer and homogenized in 472 

low salt, high sucrose buffer as above. Cell nuclei were pelleted through a high sucrose 473 

cushion. The nuclear pellet was lysed in ten volumes of isotonic lysis buffer containing Triton 474 

X-100, the high-molecular weight material was pelleted and the soluble nucleoplasm 475 

discarded. Enzymatic extraction was performed at 23�25 °C as above but completed within 476 

45 min. The RBM5/branch site complex was affinity-purified directly from a cleared extract 477 

instead of from glycerol gradient fractions to increase yield. Complexes were 478 

immunoprecipitated overnight at 4 °C using 20 μl packed M2 Flag�agarose (Millipore-479 

Sigma, A2220), washed four times with buffer containing 20 mM HEPES�KOH pH 7.9, 480 

150 mM NaCl, 1.5 mM MgCl₂, and 0.05% Triton X-100, followed by a final wash in 481 

detergent-free buffer. The complexes were eluted on a Thermomixer (15 s at 900 rpm 482 

followed by 4 min 45 s rest per cycle) for 2 h at 5 °C in 80 μl of buffer containing 20 mM 483 

HEPES�KOH pH 7.9, 150 mM NaCl, 1.5 mM MgCl₂, 10 mM DTT, 4.5% glycerol, and 484 

150 ng/μl 3×FLAG peptide (Millipore-Sigma, F4799). 485 

Protein analysis 486 

Immunopurified proteins were separated by SDS-PAGE and detected by immunoblotting 487 

with primary antibodies27 and fluorescently-labeled secondary antibodies (GE Healthcare 488 

Bio-Sciences), or stained with SYPRO Ruby (Thermo Fisher Scientific). Images were 489 

visualized on an Amersham Typhoon and quantified as above. 490 

Pre-mRNA sequence analysis 491 

RBM5-Flag RNPseq reads27 from intronic 3� splice site clusters of HEK293 cells were 492 

aligned at their predicted branchpoint nucleotides and trimmed 19nt upstream and 20nt 493 

downstream. Trimmed reads shorter than 40nt were discarded. Nucleotide frequencies in a 494 

random subset of 15,000 trimmed reads were plotted with WebLOGO68. 495 

Electron microscopy (EM) of both stained and frozen-hydrated samples 496 

Negative stain EM was performed by applying 2.5 µl of the chromatin-derived spliceosomal 497 

complex to a glow-discharged carbon-coated grid. After a 30 s adsorption, grids were stained 498 

with 2% (w/v) uranyl acetate. Micrographs were acquired on an FEI Tecnai F20 electron 499 

microscope operated at 200 kV, using a TIETZ F415MP 16-megapixel CCD camera at a 500 
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nominal magnification of 70,000×. 501 

For cryo-EM sample optimization, an aliquot of 3 μL of sample was applied onto a glow-502 

discharged lacey grid coated with thin continuous carbon (400 mesh, Ted Pella) for 60 s. The 503 

grid was blotted with Grade 595 filter paper (Ted Pella) and flash-frozen in liquid ethane with 504 

an FEI Mark IV Vitrobot. The same FEI TF20 instrument and imaging condition as negative 505 

staining evaluation were used to screen cryo-EM grids. The grids with optimal particle 506 

distribution and ice thickness were obtained by varying the gas source (air using PELCO 507 

easiGlowTM, target vacuum of 0.37 mbar, target current of 15 mA; or H2/O2 using Gatan 508 

Model 950 advanced plasma system, target vacuum of 70 mTorr, target power of 50 W) and 509 

time for glow discharge, the volume of applied samples, chamber temperature and humidity, 510 

blotting time and force, as well as drain time after blotting. Our best grids were obtained with 511 

30 s glow discharge using air and with the Vitrobot sample chamber set at 8 °C temperature, 512 

100% humidity, 10 s blotting time, 10 blotting force, and 0 s drain time.  513 

For cryo-EM sample optimization, 3 µl of sample was applied to glow-discharged lacey 514 

carbon grids with a thin continuous carbon support (400 mesh; Ted Pella) and incubated for 515 

60 s. Grids were blotted with Grade 595 filter paper (Ted Pella) and plunge-frozen in liquid 516 

ethane using an FEI Mark IV Vitrobot. Screening was performed on an FEI Tecnai F20 517 

operated under the same imaging conditions used for negative-stain evaluation. Optimization 518 

was achieved by varying the glow-discharge gas (air using a PELCO easiGlow� at 519 

0.37 mbar and 15 mA; or H₂/O₂ using a Gatan Model 950 at 70 mTorr and 50 W), discharge 520 

duration, chamber temperature and humidity, blotting time and force, and post-blot drain 521 

time. The best ice and particle distributions were obtained using a 30 s air glow discharge and 522 

Vitrobot settings of 8 °C chamber temperature, 100% humidity, 10 s blotting time, blot force 523 

8, and 0 s drain time. 524 

Optimized cryo-EM grids were loaded into an FEI Titan Krios microscope equipped with 525 

a Gatan Imaging Filter (GIF) Quantum LS and a post-GIF K3 Summit direct electron 526 

detector. Data were collected at 300 kV with a GIF slit width of 20 eV. Movies were acquired 527 

in super-resolution electron-counting mode using SerialEM69 at a calibrated pixel size of 528 

0.55 Å (K3) with a total exposure of ~50 e⁻ Å⁻² per movie. The movies were acquired by 529 

image shift combined with multi-shot collection in SerialEM. Data acquisition parameters are 530 

provided in Extended Data Table 1. 531 

Structure determination 532 

Frames from each movie were aligned for drift correction using MotionCor270. The first 533 

frame was discarded to minimize the effects of initial drift and charging. For each movie, two 534 

corrected micrographs were generated�one with dose weighting and one without. The 535 

aligned micrographs had a calibrated specimen-scale pixel size of 1.1 Å. Non�dose-weighted 536 
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micrographs were used solely for CTF estimation, whereas dose-weighted micrographs were 537 

used for all subsequent image-processing steps. 538 

The defocus value of each averaged micrograph was determined by CTFFIND471 to be 539 

ranging from -1.5 to -3 μm. Initially, particles were automatically picked from 20,795 curated 540 

averages using both Gautomatch (https://www2.mrc-lmb.cam.ac.uk/research/locally-541 

developed-software/zhang-software/) and cryoSPARC�s blob picker72. Gautomatch particles 542 

were boxed at 384 × 384 pixels and binned to 192 × 192 pixels (2.2 Å per pixel) before 543 

processing in RELION73,74, whereas blob-picked particles were processed in cryoSPARC. 544 

Multiple rounds of reference-free 2D classification were performed to remove particles in 545 

poorly resolved or non-particle classes (junk, dissociated particles, and other contaminants). 546 

High-quality class averages were used for cryoSPARC template picking, and the 547 

corresponding good particles were also used to train Topaz models, followed by rounds of 548 

2D-based screening. In total, 1,096,950 particles were retained from all these 2D 549 

classification steps. 550 

The 1,096,950 particles were subjected to ab initio reconstruction in cryoSPARC. The 551 

class displaying good model features�intact features as shown in representative 2D classes 552 

plus visible secondary structural elements like α-helices�was selected and used as the initial 553 

model for a three-class 3D classification in RELION, yielding 513,604 particles in the best 554 

class. To obtain a high-resolution map (processing branch 1), the particles were subjected to 555 

three parallel 2D classifications and a duplicate removal, yielding 391,630 unique particles. 556 

Three cycles of �ab initio reconstruction and heterogeneous refinement� in cryoSPARC 557 

selected 128,413 particles. After unbinning, Non-Uniform Refinement in cryoSPARC 558 

produced a 3.40 Å map. Local and global CTF refinements�per-particle defocus and per�559 

exposure-group beam tilt, trefoil and anisotropic magnification�were then applied, followed 560 

by a final Non-Uniform Refinement that reached 3.26 Å (gold-standard FSC). To analyze 561 

DHX15 (processing branches 2 and 3), the 513,604 particles were subjected to an additional 562 

three-class 3D classification in RELION, yielding 308,155 particles in the best class. To 563 

minimize the influence of the flexible SF3A region during 3D classification, a soft mask over 564 

the SF3A density was applied using the solvent_mask2 option in a 3D classification in 565 

RELION. Two classes displaying distinct DHX15 conformations were selected. Particles 566 

from each class were unbinned and refined independently by a cycle of Non-Uniform 567 

Refinement, CTF refinement and a final Non-Uniform Refinement, producing maps at 3.43 Å 568 

and 3.93 Å, respectively. Local classification of the DHX15 region in the 3.43 Å 569 

reconstruction further improved its density and revealed secondary-structure features. 570 

Alternatively, to analyze the SF3A region (processing branches 4 and 5), the 1,096,950 571 

particles were subjected to a five-class 3D classification in RELION, from which two classes 572 

showing distinct SF3A conformations were selected. For the conformation represented by 573 
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187,793 particles (branch 4), a subsequent three-class 3D classification in RELION yielded 574 

138,739 particles in the best class. These particles were unbinned and refined using Non-575 

Uniform Refinement to obtain a 3.80 Å map. Local classification focused on SF3A followed 576 

by Non-Uniform Refinement improved the density, and CTF refinement with a final Non-577 

Uniform Refinement further enhanced the resolution to 3.61 Å. Applying a similar procedure 578 

to the second SF3A class generated a 3.94 Å reconstruction (branch 5). The full data-579 

processing workflow is summarized in Extended Data Fig. 2a. 580 

Resolution assessment 581 

All resolutions reported above are based on the �gold-standard� FSC 0.143 criterion75. FSC 582 

curves were calculated with soft masks, and high-resolution noise substitution was applied to 583 

correct for mask-induced convolution artifacts75. Density maps were sharpened by 584 

application of an automatically determined negative B-factor76. Local resolution was 585 

estimated in cryoSPARC using the Local Resolution Estimation tool with a local FSC 586 

threshold of 0.5. Representative map quality is shown in Extended Data Fig. 2b�f, and data 587 

collection and reconstruction statistics are summarized in Extended Data Table 1. 588 

Model building and refinement 589 

To guide model building of the chromatin-derived RNP, the U2 portions of published 590 

structures�from the 17S U2 snRNP to the Bact complex�were rigidly docked into our cryo-591 

EM map (Extended Data Fig. 2a, the final map from branch 1) using ChimeraX77 to assess 592 

their fit. The A-like structure (PDB 7Q4O) provided the best agreement and was selected as 593 

the initial model, defining the U2 snRNP configuration as an A, pre-B or B-like state. This 594 

model further revealed three peripheral extra densities in our reconstruction (Extended Data 595 

Fig. 2a, final maps of branches 2 and 3): one adjoining the 3′ pre-mRNA exit of SF3B1 and 596 

positioned near SF3B1�s HEAT repeats 4�9; a second associated with the outer concave 597 

surface of SF3B1 HEAT repeats 10�15; and a third located near the 5′ region of the pre-598 

mRNA and the SF3B4 RRM1�SF3B2 heterodimer. 599 

To interpret the remaining extra densities, we examined AlphaFold378-predicted 600 

structures of all proteins present in the SDS�PAGE of the purified RNP (Fig. 1b). DHX15 601 

was first rigidly docked into the extra density adjacent to SF3B1 HEAT repeats 4�9 602 

(Extended Data Fig. 2a, final map of branch 2), consistent with its DExH-helicase positioning 603 

near 3′ RNA. A G-patch element was then assigned based on the structural arrangement of 604 

DHX15�G-patch complexes (PDB 6SH6), with flanking segments contacting SF3B1 HEATs 605 

2�4 and 12�15. AlphaFold3 predictions for the G-patch�containing proteins identified in our 606 

gel further supported the assignment of the second extra density to the RBM5 ZnF2 domain 607 

and its downstream helix�loop�helix motif, in agreement with previous findings that the 608 

region between ZnF2 and the G-patch mediates RBM5�SF3B1 binding27. This assignment 609 
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was reinforced by high-confidence AlphaFold3 predictions of the RBM5 C-helix (aa. 799-610 

815) interacting with SF3B1 HEATs 2�4. The remaining portion of the second density was 611 

attributed to the U2SURP CID domain (aa 530�681), again supported by AlphaFold3 612 

predictions and the SDS�PAGE profile. An N-terminal segment of U2SURP (aa 115�142) 613 

was also tentatively identified interacting with both SF3B1 and DHX15, guided by the 614 

AlphaFold3 modeling and our cryo-EM density. For the third extra density, the 17S U2 615 

snRNP structure (PDB 6Y5Q) provided an initial reference, as it contains a large SF3A-616 

associated density located near�but not matching�the position observed in our 617 

reconstruction. The well-resolved density in the locally classified maps (Extended Data Fig. 618 

2a, final maps of branches 4 and 5) allowed confident modeling of the SF3B4 RRM2�SF3A2 619 

heterodimer, which was further supported by rigid docking of the protruding SF3A module. 620 

RNA modeling was guided by the well-resolved cryo-EM density of the BS�U2 duplex 621 

and adjacent pre-mRNA on both sides. Branchpoint sequences were assigned according to 622 

nucleotide-frequency profiles derived from RNA-seq data (Fig. 2d) and therefore represent a 623 

consensus rather than a single endogenous RNA sequence. Downstream of the branchpoint, 624 

well-defined density for the PPT segment (nt +8 to +13) enabled modeling of the six-625 

nucleotide pyrimidine tract within the SF3B1 HEAT-repeat cavity using side-chain-supported 626 

features. On the 5′ side of the pre-mRNA, improved density at the fork following U2 C45 627 

permitted confident placement of U45�U47 and their interactions with SF3A3. 628 

The central regions of the cryo-EM map, ranging in resolution from 3.5 to 4.5 Å (see 629 

Extended Data Fig. 2e), exhibit sufficient detail for manual tracing and de novo model 630 

building using COOT79. Sequence assignment primarily relied on discernible densities 631 

corresponding to amino acid residues with bulky side chains, such as Trp, Tyr, Phe, and Arg 632 

(Extended Data Fig. 3). Distinctive patterns within sequence segments containing these 633 

residues served as benchmarks for validating residue assignments. The peripheral regions of 634 

the cryo-EM map did not reach sufficient resolution for de novo atomic modeling. In the final 635 

chromatin-derived RNP model, the following components were therefore built using 636 

AlphaFold predictions that were rigidly docked into the density: two conformations of the 637 

SF3B4 (RRM2, aa. 98�213)�SF3A2 (aa 110�210)�SF3A1 (aa. 160�235, 248�318)�SF3A3 638 

(aa. 1�350) module, SF3B6�SF3B1.N-terminal segment (aa. 378�424), DHX15, RBM5 (aa. 639 

641�700, 743�798), and U2SURP (aa. 115�142, 530�681). We also tentatively traced the 640 

main chain of the stretched SF3A2 loop (aa. 93�109) and the SF3A1 linker (aa. 236�247). In 641 

addition, the pre-mRNA segment extending beyond DHX15 and SF3B1 was tentatively 642 

modeled: nt 4-7 in all models, nt 14�15 in the proximal-DHX15 state and nt 14�17 in the 643 

distal-DHX15 state. 644 

Models were refined in real space using PHENIX80 with secondary structure and 645 

geometry restraints. Refinement statistics are summarized in Extended Data Table 1. Model 646 
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quality was further assessed using MolProbity81 and Ramachandran analysis (Extended Data 647 

Table 1). Representative densities are shown in Extended Data Fig. 3. All structural figures 648 

were prepared in ChimeraX77. 649 

Protein sequence alignment 650 

Multiple sequence alignments in Figs. 3d (top and middle panels), 4f, and Extended Data Fig. 651 

8 were obtained using Clustal Omega82,83 (https://www.ebi.ac.uk/jdispatcher/msa/clustalo) 652 

and rendered with ESPript 3.084. 653 

For structure-based sequence alignment in Fig. 3d (bottom panel) and Extended Data 654 

Fig. 6d, the structures were superimposed using ChimeraX, yielding the aligned protein 655 

sequences annotated via ESPript 3.0 (https://espript.ibcp.fr/ESPript/ESPript/). 656 

Splicing analysis 657 

Spicing of RBM5-dependent cassette exons was assayed by RT-PCR in RBM5-null cells, 658 

RBM10-mutant cells (RBM5−/−; RBM10−/CE), and 293Flp-In cells expressing RBM5-Flag, as 659 

described27. 660 

Total RNA was extracted from pelleted cells using TRIzol (Thermo Fisher Scientific). 661 

DNA was removed with TURBO DNase (Thermo Fisher Scientific). Reverse transcription 662 

was performed with SuperScript IV (Thermo Fisher Scientific) using d(T)20 reverse primer 663 

cDNAs were amplified for 15-20 PCR cycles with Phusion Hot Start II DNA Polymerase 664 

(Thermo Fisher Scientific) and 5�-radiolabeled primers, resolved by denaturing PAGE, and 665 

detected by phosphorimaging on an Amersham Typhoon instrument. The resulting bands are 666 

quantified using ImageQuant (GE Healthcare Bio-Sciences).  667 
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Extended Data Figures 918 

 919 

Extended Data Fig. 1 Representative cryo-EM images and 2D analyses. a-b, Negative 920 

staining (a) and drift-corrected cryo-EM (b) micrographs of native RNP from chromatin-921 

associated HMW nuclear material. Representative particles are shown in red circles. c, 922 

Representative 2D class averages of the chromatin-derived RNP.  923 
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 924 

Extended Data Fig. 2 Cryo-EM structural determination of the in vivo purified 925 

spliceosome. a, Data processing workflow. The mask used in focused 3D classification are 926 

outlined with colored dashed lines. Data processing in RELION and cryoSPARC is denoted 927 

by a circular inscribed �R� and �C�, respectively. Steps used for processing the different 928 

states of the chromatin-derived RNP are indicated by the numbered labels shown in 929 

parentheses. See Methods for more details. b, FSC as a function of spatial frequency 930 

demonstrating the resolution of chromatin-derived RNPs. c-d, View direction distribution 931 

histogram (c) and posterior precision plot (d) show view diversity of all particles used for the 932 

final map of the RNP core (from cryoSPARC). e, Local resolution estimation of the RNP core 933 

(from cryoSPARC) using a local FSC threshold of 0.5. f, FSC curves between the proximal-934 

DHX15 model containing RBM5, DHX15 and U2SURP and the corresponding cryo-EM 935 

maps. The generally similar appearances between the FSC curves obtained with half maps 936 

with (red) and without (blue) model refinement indicate that the refinement of the atomic 937 

coordinates did not suffer from severe over-fitting.  938 
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 939 

Extended Data Fig. 3 Representative cryo-EM density maps of the chromatin-derived 940 

RNP. a, SF3B1 displayed using the 3.26-Å sharpened map (core state). b, RNA elements and 941 

surrounding residues shown using the 3.43-Å sharpened map (proximal DHX15 state). c, 942 

Two conformations of the SF3B4�SF3A1�SF3A2 module shown using Gaussian low-pass�943 

filtered maps of the 3.61-Å (SF3A state 1) and 3.94-Å unsharpened maps (SF3A state 2), 944 

respectively. d, Left: RBM5�SF3B1�U2SURP displayed using a Gaussian low-pass�filtered 945 

version of the 3.43-Å unsharpened map (proximal DHX15 state); right: RBM5 helices shown 946 

using the 3.43-Å sharpened map (proximal DHX15 state). e, Left: DHX15 shown using a 947 

Gaussian low-pass�filtered 3.43-Å unsharpened map (proximal DHX15 state); middle and 948 

right: DHX15 shown using Gaussian low-pass�filtered 3.93-Å unsharpened maps (distal 949 

DHX15 state).  950 
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 951 

Extended Data Fig. 4. Residues engaging the forked U2 snRNA�pre-mRNA duplex 952 

upstream of BP.   953 
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 954 

Extended Data Fig. 5. Structure of SF3B4�SF3A2�SF3A1 in two distinct states. Grey 955 

shading indicates regions used for structural superposition. a,b, Comparison of our SF3B4�956 

SF3A2�SF3A1 (top) with human and yeast pre-A structures (bottom). State 1 aligns more 957 

closely with the human pre-A conformation (a), whereas state 2 resembles the yeast pre-A 958 

conformation (b). c, Comparison of our SF3B4 RRM2�SF3A1�SF3A2 interface (color-959 

coded) with the AlphaFold-predicted, yeast pre-A, and human pre-A structures (grey). Top 960 

left: The predicted structure is colored by pLDDT scores, indicating the confidence level of 961 

each region.  962 
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 963 

Extended Data Fig. 6. Putative SF3B1 binding by DHX15-associated G-patch proteins. 964 

a, Domain organization of BioGRID-identified G-patch proteins interacting with DHX15 and 965 

SF3B1. Proteins are aligned at the G-patch domain (purple dashed box), with adjacent N- and 966 

C-terminal regions boxed. Boundary of the dash box is defined by the resolved RBM5 967 

structure. b, AlphaFold 3 structure prediction of G-patch-containing fragments, 968 

corresponding to the boxed regions in (a). The G-patch is consistently oriented across all 969 

predicted structures (magenta circle). The left panels of all targets are shown in a rainbow 970 

color scheme from N to C terminus, while the right panels are colored by pLDDT. Regions 971 
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with pLDDT > 90 are expected to be modelled to high accuracy; regions with pLDDT 972 

between 70 and 90 are expected to be modelled well; regions with pLDDT between 50 and 973 

70 are modelled with low confidence and should be treated with caution. c, AlphaFold 3 974 

predictions of G-patch protein C-helix interactions with SF3B1. All C-helices are colored by 975 

pLDDT, with our cryo-EM structure in grey (left panel) and SF3B1 in light tan. d, Sequence 976 

alignment of the C-helix with a conserved orientation when bound to SF3B1. Green and 977 

yellow circles mark identical residues in both RBM5 and RBM10 and those with conserved 978 

hydrophobicity, respectively. Asterisks denote conserved residues between SUGP1 and 979 

CHERP that are predicted to contribute to SF3B1 binding.  980 
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 981 

Extended Data Fig. 7. Regulatory effect of the RBM5 G-patch domain on splicing of 982 

exons in STAC3, NUMB, C1orf52, HOTAIR, and PCBP2. a, Top: Expression levels of 983 

Flag-tagged RBM5 and RBM5 ΔG-patch, quantified by immunostaining, with SF3A3 as a 984 

normalization control. Bottom: RT-PCR analysis of endogenous pre-mRNA splicing using 985 

radiolabeled flanking primers, followed by denaturing PAGE and phosphorimaging. 986 

Quantified exon inclusion levels are displayed below each RT-PCR result. b, Graph of 987 

quantified exon inclusion levels.  988 
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 989 

Extended Data Fig. 8. Multiple sequence alignment of the U2SURP proteins from 990 

different species. Domain organization of the full sequence and secondary structure of 991 
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modeled regions are annotated at the top. Residues or regions mediating side-chain 992 

interactions are marked with asterisks and underlines, with single missense variants from 993 

COSMIC cancer database indicated by magenta stars at the bottom.  994 
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 995 

Extended Data Fig. 9. Structural transitions of DHX15 and pre-mRNA from the closed 996 

state of SF3B1 to its half-closed and loose states. For clarity, only the BS�U2 duplex with 997 

flanking nucleotides, SF3B1, and the DExH helicases (DHX15 in our model and Prp2 in 998 

BAQR) are shown, with RBM5 included in our model. Nucleotides corresponding to the BP, 999 

the likely PPT, and the helicase 5′-entry are marked by dashed circle, rectangle, and ellipse, 1000 

respectively, and displayed as sticks in the right panels when present. Structures were 1001 

superimposed using the C-terminal HEAT repeats of SF3B1, with conformational changes 1002 

assessed by the relative displacement between the BP (dashed circle) and the N-terminal 1003 

HEAT repeat (blue dot) in the left panels. 1004 
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