Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.24.000201. This version posted April 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0

Bai et al

Molecular mechanism of the catalysis for U12-type splicing by

the human minor spliceosome

Rui Bai'*>** Han Guo'**#, Rui Sun'*?, Yi Zhu"*?, Yigong Shi'** and Ruixue

Wan'2¥"

IState Key Laboratory of Gene Expression, Zhejiang Key Laboratory of Structural
Biology, Research Center for Industries of the Future and School of Life Sciences,
Westlake University, Hangzhou, Zhejiang, China

>Westlake Laboratory of Life Sciences and Biomedicine, Hangzhou, Zhejiang, China
3Institute of Biology, Westlake Institute for Advanced Study, Hangzhou, Zhejiang,

China.

*These authors contributed equally to this work.

“To whom correspondence should be addressed. E-mail: wanruixue@westlake.edu.cn



mailto:wanruixue@westlake.edu.cn

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.24.000201. This version posted April 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

Bai et al

Abstract

Precursor messenger RNA (pre-mRNA) splicing is a central process in
eukaryotic gene expression. Among the introns removed, the rare but essential
U12-type introns are excised by the minor spliceosome, which in most
multicellular eukaryotes constitutes a rate-limiting step with distinct regulatory
potential. Despite its critical role, the catalytic mechanism of this distinctive
spliceosome remains largely unknown. Here we report the isolation and
structure determination of two catalytic states of the human minor spliceosome:
the branching-completed C complex and the exon-ligation-ready C”* complex.
These two cryo-EM structures, at average resolutions of 2.9-3.0 A, reveal the
configuration of key RNA elements and the positions of catalytic metals at the
splicing active site. The U12-type catalysis is safeguarded by splicing factors that
are unique to the minor spliceosome: MMTAG?2 facilitates the stabilization of the
branch point sequence (BPS)/U12 duplex to promote branching reaction (step-I);
WDR25 and FAM204A orient the BPS/U12 duplex to dock the 3’ splice site
(3’SS) for exon-ligation (step-11); RBM41 assists spliceosome binding of the
helicase PRP22 to prepare for the mRNA release. These findings reveal catalytic
principles of the U12-type splicing and establish new molecular links to

development and diseases.



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.24.000201. This version posted April 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

Bai et al

Splicing stands at the core of eukaryotic gene expression, responsible for the removal
of introns from precursor messenger RNAs (pre-mRNAs) to generate mature mRNAs'-
4. This process is catalyzed by the spliceosome, a dynamic ribonucleoprotein complex
that must cycle through precise assembly, activation, catalysis, and disassembly’. Most
multicellular eukaryotes employ two parallel splicing systems®: the U2-type major
spliceosome, which processes the vast majority of introns, and the Ul2-type minor
spliceosome, which excises a rare but evolutionarily conserved class of introns with
characteristic 5’ splice site (5'SS) and BPS, but without a defined polypyrimidine tract
upstream of the 3'SS’®. The evolutionary maintenance of two distinct splicing
machineries must serve a non-redundant biological purpose. This rationale is evident in
the specialized regulatory role of minor splicing: U12-type introns are highly enriched
in essential genes and function as solitary, slow-processing units within transcripts®’.
Their delayed excision establishes a conserved rate-limiting checkpoint!®, potentially
adding a critical layer of regulation to the expression of vital genes.

The minor spliceosome comprises five small nuclear ribonucleoprotein
particles (snRNPs), four of which (U11, U12, U4atac, and Ubatac) are unique to this
pathway!!"!3, Its assembly initiates with recognition of 5'SS and BPS by the U11/U12
di-snRNP, followed by recruitment of the pre-assembled U4atac/U6atac ® US tri-
snRNP'“. Despite this established framework and its physiological importance, the
molecular mechanism of the minor spliceosome has remained poorly understood.
Studies have long depended on genetic and bioinformatic analyses of its substrate

introns, which have successfully mapped related genes and disease links!*>"'’. However,
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these indirect approaches provide limited information about the inner workings of the
spliceosomal machine itself. A major obstacle to direct biochemical dissection is its

extreme scarcity®!#: minor snRNPs are present at merely 1% of the level of its major

8 This severe low abundance has

counterparts, with U6atac being even rarer!
historically precluded biochemical isolation and functional reconstitution, leaving
fundamental questions about its assembly, catalytic mechanism, and regulation
unresolved. Therefore, direct insight into its operational dynamics is essential to not
only to elucidate its mechanism but also to define the functional niche that ensured its
evolutionary persistence alongside the major spliceosome.

Early efforts resulted in the isolation of the U11/U12 di-snRNP'®, which likely
represents the most stable and abundant subcomplex. More recently, the optimization
of Ul2-type in vitro splicing systems enabled the visualization of the assembly

intermediates, including the minor pre-B and B*' complexes®*?!

, thereby clarifying
early steps in the minor splicing pathway coupled with other genetic and structural
advances®*?°. However, these advances stop at the threshold of catalysis. The
complexes that execute the two-step transesterification reaction, the chemical core of
splicing, have remained entirely uncharacterized. This fundamental gap has precluded
any mechanistic insight into critical features including catalytic metal coordination,
active-site configuration, substrate delivery, and step-specific control by protein factors,
representing the central unresolved problem to completely understand minor splicing.

In this study, we employed a markedly improved U12-type in vitro splicing

system to capture the human minor spliceosome in both catalytic states, the
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post-branching C complex and the pre-exon-ligation C* complex, and determine their
cryo-EM structures at 2.9 A and 3.0 A resolution, respectively. These high-resolution
views enable us to directly visualize the catalytic core of the minor spliceosome,
offering unprecedented biochemical insight into its unique principles when catalyzing
two-step transesterification reaction. Our findings elucidate the molecular logic
underlying U12-type splicing and reveal how conserved splicing principles are
uniquely adapted in this parallel eukaryotic splicing machinery, thereby resolving a

central and long-standing question in RNA splicing.

Capturing the minor spliceosome during catalysis
We previously assembled the human minor pre-B and B*' complexes using the
MINX-U12 pre-mRNA?%2!, However, all attempts to assemble sufficient catalytic-
state minor spliceosomes using this pre-mRNA failed, presumably due to its low
splicing efficiency in vitro. To overcome this obstacle, we optimized the substrate
through parallel screening of pre-mRNA scaffolds and splicing regulatory elements
(Fig. 1a; Supplementary Fig. Sla,b). Replacing the 3’ exon with that of SCN4A and
incorporating the ENH1 enhancer were found to boost the U12-type splicing
efficiency (Supplementary Fig. S1c,d). Subsequent refinement of the U12-type intron
sequences yielded the high-performance substrate MSE-U12 (Fig. 1a,b;
Supplementary Fig. S1d).

Using the helicase-deficient PRP16 mutant (K561A), which is known to

arrest the major spliceosome after first step of catalysis®’, we sought to capture the
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human minor C complex on MSE-U12 pre-mRNA (Supplementary Fig. S2a). The
purified sample contained U12, U6batac, U5 snRNAs, and the lariat-3' exon
intermediate; the particles appeared intact on the cryo-EM micrograph
(Supplementary Fig. S2b,c). In parallel, we attempted to trap the human minor C"
complex by lowering the pH of the splicing reaction®® (Supplementary Fig. S2d-f).
Cryo-EM analysis of both samples yielded high-resolution reconstructions (2.9 A for
C complex; 3.0 A for C* complex), affording an atomic-level view of most regions
especially for the catalytic core (Supplementary Fig. S3-8). Furthermore, the
application of local refinement strategies improved maps in the most distal areas with
resolvable secondary structure features (Fig. 1c,d; Supplementary Figs. S3 and S4).
Aided by mass spectrometry (MS) analysis, these data enabled the construction of
high-fidelity atomic models, thereby providing a comprehensive structural framework

for elucidating the catalysis of the minor spliceosome (Supplementary Tables S1-S5).

Structures of the human minor C and C* complexes

The structure of the human minor C complex contains 49 proteins, three
snRNAs (U12, Ubatac, and U5), and two MSE-U12 fragments (5’ exon and lariat-3’
exon intermediate) (Fig. 1¢). The protein components include those from U5 and U12
snRNPs, NineTeen Complex (NTC), NTC related (NTR), the intron binding complex
(IBC), the exon junction complex (EJC), and 13 splicing factors. Notably, the
previously uncharacterized protein MMTAG?2, originally linked to multiple

myeloma®’, is now identified as a step-I factor in minor splicing. The DEAH-box
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ATPase/helicase PRP16 is unambiguously resolved and is located close to the intron
sequences downstream of the BPS. Unexpectedly, the step-1I factor SLU7 is already
recruited in this state. In contrast to the major C complex?’, CIR1, which tethers U2
snRNP to PRP8 RNaseH, is absent here.

The structure of the minor C* complex comprises 59 proteins, three snRNAs,
a free 5’ exon, and a lariat-3' exon intermediate (Fig. 1d). Compared to the minor C
complex, six step-I factors dissociate and nine proteins are recruited, including the
ATPase/helicase PRP22. Among the newly incorporated components, we identify
three novel factors, WDR25, FAM204A, and RBM41, each without a defined role in
minor splicing. Their recruitment coincides with large-scale, PRP16-driven
rearrangements of peripheral modules that collectively primes the complex for exon
ligation. Surprisingly, we observe the stable anchoring of the heptameric LSm2-8
complex between the PRP19 core and Aquarius, where it protects the U6atac 3’ end.
This specific interaction is absent during catalysis in the major spliceosome®*3!,
Despite these changes, core modules including U5 snRNP, NTC, NTR, EJC, and four
splicing factors remain structurally invariant. In contrast to the major C* complex, the
minor C* complex lacks seven step-II factors essential for the major spliceosome
catalysis: PRP17, SDE2, PRKRIP1, FAM50A, CXORF56, NOSIP, and TLS1%.

Together, the distinct composition and architecture of the minor spliceosome
reflect unique strategies for catalytic center organization and substrate handling,

which establishes a specialized mechanistic framework for its splicing pathway.
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Catalytic mechanism of U12-type splicing

The atomic models of the minor C and C* complexes provide a near-complete
visualization of the RNA conformational dynamics and reveal the unique features that
govern both steps of U12-type splicing. The catalytic step-I conformation is
assembled by U12, Ubatac, and U5 snRNAs, together with the 5’ exon and the intron
of MSE-U12 (Fig. 2a; Supplementary Fig. S5a; Supplementary Table S4). The 5'SS is
recognized via duplex formation between the intron sequences downstream of the AU
dinucleotide and a specific region of Ubatac snRNA, the A12AGGA 16 box and
flanking nucleotides, termed 5'SS-paring site (5'SS-PS) (Fig. 2a,b). Concurrently, the
BPS form an extended duplex with U12 snRNA, with the invariant branch point
adenosine (BP-A) flipped out. The 5’ exon is anchored by loop I of U5 snRNA. The
covalent linkage between the 2’-oxygen of the BP-A and the phosphorus of nucleotide
Al at the 5'SS confirms the completion of lariat formation (Fig. 2b).

Within this overall scaffold, the active site harbors a fully assembled
heteronuclear metal-ion core organized by the U6atac intramolecular stem loop (ISL)
by helix I of U12/U6atac duplex (Fig. 2b; Supplementary Fig. S5b,c). A defining
feature 1s the stable presence of the catalytic metal M2, which activates the BP-A 2'-
OH nucleophile, in contrast to its absence in the major C complex?”** (Supplementary
Fig. S5d). M2 is coordinated by four phosphate groups from U6atac snRNA and Al
of 5'SS. Notably, following the completed branching reaction, the nucleophile no
longer coordinates M2, as indicated by their separation of ~2.5 A (Fig. 2c). The 3'-

terminal guanine (G-1) of 5’ exon undergoes a configurational flip, displacing its
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newly liberated 3’-OH group (i.e. the leaving group) ~10 A from the A1 phosphate
and away from the metal M1, which stabilizes the leaving group during branching
(Fig. 2¢). A putative potassium ion, coordinated by U6atac snRNA in a position
analogous to the K1 site in group II introns®*, likely stabilizes the two catalytic metals
(Supplementary Fig. S5c¢).

Transition to the minor C* complex involves significant structural resolving,
including the previously unassigned regions downstream of the U6atac central stem
loop (nucleotides 66—86, 91-101, and 104—125) (Fig. 2d; Supplementary Fig. S5e;
Supplementary Table S5). This is accompanied by an ~80° rotation of the entire
BPS/U12 duplex, reconfiguring the active site for the second step catalysis (Fig. 2e).
The 2'-5' linkage is displaced outward, creating space for the 3’SS and the 3’ exon, the
first two nucleotides of which become visible (Fig. 2f; Supplementary Fig. S5f).

Within the remodeled active site, metal M2, which stabilizes the leaving
group during exon ligation, adopts a distinctive coordination involving the phosphate
of the first 3’-exon nucleotide and three phosphates from U6atac, contrasting with the
simpler coordination seen in the major C* complex*>* (Fig. 2g; Supplementary Fig.
S5g). Simultaneously, the nucleophile of exon ligation (i.e. 3'-OH of the 5’ exon) is
repositioned to coordinate M1 and resides ~3.3 A from the scissile phosphate, priming

the complex for the second transesterification.

MMTAG? stabilizes the branching conformation

During branching, we identify the conserved nuclear protein MMTAG2%, previously
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unrecognized in splicing, as an essential structural component that stabilizes the active
site conformation (Fig. 3a; Supplementary Fig. S6a). Notably, MMTAG2 was

originally identified as a candidate oncogene in multiple myeloma?-36-37

, suggesting a
potential molecular link between the regulation of minor splicing and tumorigenesis.
In the structure of the minor C complex, residues 7-83 of MMTAG?2 are
unambiguously resolved in an extended conformation that integrates deeply into the
step-1 assembly, where it directly binds to PRP8 RNaseH, CWC25, CW(C22, and the
intron sequences immediately downstream of the BPS (Fig. 3a,b; Supplementary Fig.
Séb,c).

Structurally, the N-terminal segment (residues 9-13) of MMTAG?2 forms a
B-strand that pairs up with two -strands of PRP8 RNaseH to create a hybrid -sheet,
a mechanism that contributes to locking the BPS/U12 duplex into its branching
conformation by stabilizing PRP8 RNaseH together with FRG1 (Fig. 3b,c;
Supplementary Fig. S6d). Downstream of this B-strand, MMTAG2 and PRP8 RNaseH
jointly form a positively charged surface that lines the intron exit channel (Fig. 3d).
MMTAG?2 specifically recognizes the intron through hydrogen bonds (H-bonds) from
Asn33 and Arg27 to the nucleobase of U210, while the guanidinium group of Arg27
forms a cation—n interaction with U211, collectively maintaining the local intron
conformation (Fig. 3e). Further stability is provided by a C-terminal a-helix (residues
63—-82) of MMTAG?2, which packs against the central helix of CWC25, with this
helical unit anchored by the MA3 domain of CWC22 (Supplementary Fig. S6c).

Through these multifaceted interactions, MMTAG?2 is positioned to stabilize

10
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both the BPS/U12 duplex and the surrounding protein network of the active site
during branching. While conserved step-I factors such as YJU2, CWC25, and ISY 1
stabilize core RNA elements in a manner analogous to the major spliceosome?’*¥(Fig.
3f; Supplementary Fig. S6e-g), MMTAG?2 appears to provide a distinct,
pathway-specific stabilization critical for U12-type branching. Intriguingly, the step-II
factor SLU7 is already recruited in this complex via its zinc-finger domain bound to
the PRP8 N-domain (Fig. 3a; Supplementary Fig. S6h). Thus, MMTAG?2 emerges as a
dedicated architectural factor for the minor spliceosome catalysis and a compelling

molecular candidate linking U12-type splicing to oncogenic processes.

WDR2S5 and FAM204A stabilize the exon ligation conformation
For exon ligation, the minor spliceosome is stabilized by a distinct set of proteins,
which includes three newly characterized U12-specific factors, WDR25, FAM204A,
and RBM41 in the structure of the minor C* complex (Fig. 4a). Notably, database
analyses indicate both WDR25 and FAM204A as prognostic markers in multiple
carcinomas®, underscoring their potential clinical relevance and implicating a broader
involvement of minor splicing in oncogenic pathways. WDR25 and FAM204A
spatially replace and functionally mimic the major step-I1 factors PRP17/CDC40 and
SDE2, respectively*2. Occupying a substantial region within the minor C* complex,
they contact PRPS, Cactin, CDC5L, SYF1, and SYF3, cooperatively locking the
BPS/U12 duplex in the exon ligation conformation (Fig. 4b).

FAM204A adopts an extended conformation in its C-terminal half (residues

11
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120-233), which is clearly resolved in our structure (Supplementary Fig. S7a,b). A
coiled-coil segment and flanking helices interact with SYF1 C-terminus
(Supplementary Fig. S7c), while the C-terminal tail projects deep into the splicing
active site (Fig. 4b; Supplementary Fig. S7d). WDR25 contains a C-terminal WD40
domain and an N-terminal fragment (residues 172—182, referred as N-loop), which is
anchored to ARMC?7 through conserved, specific interactions (Fig. 4a; Supplementary
Fig. S8a-d). Despite limited sequence identity, the WD40 domains of WDR25 exhibit
high structural similarity to that of PRP17 and occupies equivalent positions in the C”
complexes of both spliceosomes?*° (Fig. 4b; Supplementary Fig. S8e,f).

WDR2S5 contacts the tip of the BPS/U12 duplex and, together with the C-
terminal region of FAM204A, forms a positively charged surface that stabilizes the
duplex (Fig. 4c). Four conserved arginine residues in WDR25
(Arg460/Arg463/Arg464/Arg465) mediate H-bonds to the backbones of both U12
snRNA and the intron, while Arg503 interacts directly with the intronic nucleobases
of G188 and A189 (Fig. 4d; Supplementary Fig. S9). A lysine-rich stretch in
FAM204A further donates H-bonds to backbone phosphates of the intron and U12
snRNA (Fig. 4d). Thus, the WDR25-FAM204A pair collectively stabilizes the
BPS/U12 duplex, facilitating the 3'SS docking during U12-type exon ligation.

Beyond the duplex stabilization, WDR25 and FAM204A also directly
maintain the splicing active site during exon ligation (Fig. 4¢). The two proteins
sandwich and stabilize the B-finger of PRP8, which together with the 1585-loop (also
known as o-finger*’) clamps the lariat junction (Fig. 4e,f). In addition, the C-terminus

12
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of FAM204A interacts with the 1585-loop and intercalates between helix Ia of the
U12/U6atac duplex and the BPS/U12 duplex (Fig. 4e,g).

In summary, WDR25 and FAM204A represent key structural determinants
that ensure the fidelity of U12-specific exon ligation. Their established role as cancer
prognostic markers, coupled with their essential function in stabilizing the catalytic
step-II conformation of the minor spliceosome, position them as promising molecular

links between splicing regulation and disease mechanisms, including tumorigenesis.

Conserved mechanism of association and activation for PRP16 and PRP22

Our structures of the minor C and C* complexes enable the unambiguous assignment
of the DEAH-box helicases PRP16 and PRP22 to their respective catalytic states (Fig.
5; Supplementary Fig. S10a-¢). Both helicases are peripherally positioned along the
pre-mRNA 3’ exit channel and resembles the association mode of PRP2 in the minor

Bt complex?! (Fig. 5a,b; Supplementary Fig. S10f).

In analogy to PRP2 that engages the spliceosomal RNP core via its CTD
(binding SF3B1/SF3B3) and RecA2 (contacting BUD13), PRP16 employs its CTD to
interact with the PRP8 Core domain and YJU2, while its RecA2 to bind CWC25 in
the minor C complex (Fig. 5a,c; Supplementary Fig. S10c). In the minor C* complex,
PRP22 similarly uses its CTD to bind the PRP8 Core, but its RecA2 to contact a
previously uncharacterized protein RBM41, which in turn bridges PRP8 RNaseH and
the step-II factor SLU7 (Fig. 5b,d). Moreover, the C-terminus of PRP22 extends along

the lateral surface of PRP8 Core, placing it adjacent to the 1585-loop that directly

13
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anchors the 3'SS in the active site (Fig. 5b,d; Supplementary Fig. S10e).

A key mechanistic divergence lies in helicase activation. Unlike PRP2, which
strictly requires the G-patch coactivator GPKOW (Spp2 in yeast) that simultaneously
tethers the RNP core and PRP2*! (Supplementary Fig. S10f,g), PRP16 and PRP22
function without one. The structural basis for this coactivator independence has
remained unclear, largely due to the poorly resolved N-terminal extensions in
previous studies?’3>334># Qur structures now reveal that PRP16 and PRP22 operate
via a built-in, coactivator-independent mechanism.

This intrinsic mechanism is mediated by an N-terminal extension harboring
two conserved motifs: N-fragment I and N-fragment II. N-fragment I, comprising an
a-helix followed by a flexible loop, anchors to the RNP core; N-fragment II,
containing two a-helices and an extended intervening loop, simultaneously engages
the helicase’s own CTD and RecA2 domain (Fig. 5a-d; Supplementary Fig. S10b,e,g).
This binding mode mirrors the tethering function of GPKOW/Spp2 but is encoded
entirely within the helicase itself. The sequences of N-fragment II are conserved
between PRP16 and PRP22, with conserved residues contacting both the CTD and
RecA2 domains (Fig. Se). Most strikingly, the binding site for N-fragment II on
PRP16 or PRP22 precisely overlaps with the site occupied by GPKOW/Spp2 on
PRP2, explaining why no external G-patch protein is required.

Taken together, our structural and mechanistic analysis reveals that PRP16
and PRP22 have evolved an integrated regulatory architecture that bypasses the need
for a separate G-patch coactivator. Concurrently, the recruitment of PRP22 is

14
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specifically assisted by RBM41, which physically links the helicase to the
SLU7-dependent step-II machinery, highlighting a unique mechanism for

coordinating helicase action with catalytic progression in the minor spliceosome.

Discussion

Specified proteins orchestrate a conserved catalytic core

Our structures resolve the molecular basis of both catalytic steps in U12-type splicing.
revealing that the reactions are driven by a conserved catalytic core: a two-metal-ion
center organized by the U6atac ISL and the U12/U6atac helix I (Fig. 2), which
together adopt a near-identical conformation to the corresponding U6 ISL and U2/U6
helix I in the major spliceosome. Meanwhile, despite the RNA-based catalytic core,
the newly identified pathway-specific proteins add distinct layers of stabilization:
MMTAG?2 adopts an extended conformation to support the active site during
branching (Fig. 3), whereas WDR25 and FAM204A directly position and stabilize the
BPS/U12 duplex during exon ligation (Fig. 4).

Extending this principle of specific regulation, our structures uncover how
the previously uncharacterized protein RBM41 mediates the recruitment of the
helicase PRP22. RBM41 utilizes its N-terminal domain, composed of seven a-helices,
to directly interacts with PRP22, consistent with a previous study*’, while
simultaneously contacting BRR2, Cactin, SLU7, and PRP8 RNaseH (Supplementary
Fig. S11). Through an extended structural module formed by helices al/02/a6/07 and
associated B-strands (Supplementary Fig. S11c-e), RBM41 effectively bridges PRP22

15
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with the step-1I machinery, thereby integrating helicase activity into the exon-ligation
network (Supplementary Fig. S1lc-e).

Together with the minor B*' structure?!, our current study also outlines a
coherent remodeling pathway of protein displacement and recruitment that drives the
U12-type catalytic progression (Supplementary Fig. S12). During the B*'-to-B”
transition, PRP2 and its cofactor GPKOW mediate the dissociation of the SF3b
complex, SCNMI, and a set of splicing factors, thereby freeing the 5'SS and the
BPS/U12 duplex. Subsequent rearrangements, along with the recruitment of six
shared splicing factors and the unique component MMTAG?2, translocate the
BPS/U12 duplex into the vicinity of the splicing active site, enabling branching.
Following PRP16 action, the step-I factors are dissociated, making way for nine step-
IT factors. Among these, RBM41, WDR25, and FAM204A are specific to the minor
spliceosome, whereas several step-II factors essential in the major spliceosome
(including PRP17, SDE2, PRKRIP1, FAMS50A, CXORF56, NOSIP, and TLS1) are
absent, highlights the compositional specialization of the minor spliceosome.

Ubatac snRNA as a central organizer for Ul2-type catalysis

Structural analysis reveals that the unique protein composition of the minor
spliceosome is likely governed by the catalytic component U6atac snRNA. Unlike U6
snRNA, Ubatac lacks a 5' stem loop and does not form helix II, two hallmarks of the
major spliceosome catalytic center’>#¢ (Fig. 6a). Instead, the sequences downstream
of ISL fold into a central stem loop, a single-stranded segment that binds along the
positively charged surface of SYF3, and a 3’ stem loop anchored by SYF1
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(Supplementary Fig. S13a,b). Notably, the RNA segment emerging from the 3’ stem
loop enters the heptameric LSm2-8 complex (Fig. 6b,c; Supplementary Fig. S5¢). In
contrast to the major spliceosome where the LSm2-8 complex dissociates during
activation®’, it remains stably bound in the minor spliceosome through interactions
with PRP19 core, SYF1, and Aquarius (Supplementary Fig. S13c).

These distinct structural features create a binding landscape that selectively
recruits minor-specific factors. For example, in the major C* complex, PRP17 anchors
its N-terminus to the 5" stem loop of U6 snRNA and the NTR components RBM22
and BUD31, whereas its functional partner SDE2 is partly stabilized by SYF2, which
binds to U2/U6 helix II (Fig. 6d,e). In the minor C* complex, the 5’ end sequences of
Ub6atac snRNA are encapsulated by the RBM48-ARMC7 complex (Fig. 6b,c), which
occludes the binding site for the N-domain of PRP17 but provides a binding interface
for the N-loop of WDR25. Overall, of the nine unique U12-type splicing factors
(excluding previously characterized U11/U12 di-snRNP proteins), five are directly
linked to the specific conformation of U6atac snRNA, accounting for over half of
these specialized components. Therefore, Ubatac snRNA serves as a central organizer
for the minor spliceosome.

Architectural insights define a regulatory hub in development

Moving beyond catalysis, our structural elucidation reveals that the minor
spliceosome emerges not only as a parallel catalytic machine, but also as a critical
regulatory node in the gene expression of multicellular eukaryotes. The identification
of multiple disease-associated proteins within the machine further underscores its
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physiological importance. Its precise regulation is essential for normal development:
defects in its components are linked to developmental disorders*’,while its

dysregulation may enable cells to bypass key checkpoints?®-2¢37

, thereby contributing
to tumorigenesis. Several of the factors identified here are established cancer
prognostic markers. Given that U12-type splicing is often rate-limiting for its target
transcripts, the minor spliceosome act as a tunable gateway, making it particularly
susceptible to both loss-of-function and gain-of-function disease mechanisms. Our

work thus provides new molecular handles for understanding how splicing fidelity is

maintained in health and disrupted in disease.
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Figure Legends

Fig.1 Cryo-EM structures of the human minor C and C* complexes. a, A
schematic diagram for the optimization of the U12-type pre-mRNA substrate. The
final pre-mRNA substrate MSE-U12 differs from the original substrate MINX-U12 in
four elements: BPS, sequences preceding the 3'SS, 3" exon, and a splicing enhancer.
b, Comparison of the splicing efficiency between MINX-U12 (left panel) and MSE-
U12 (right penal). Shown here are the RT-PCR results of in vitro splicing reactions.
¢, Structure of the human minor C complex. Shown here is a composite EM map,
where the spliceosomal components are color-coded and tabulated below. d,
Structure of the human minor C* complex. Shown here is a color-coded, composite
EM map. The state-specific splicing factors are color-coded. Proteins specific to the
structure of the major C/C” complexes are indicated by dashed gray boxes. All

structural images were created using ChimeraX*,

Fig.2 The RNA elements in the human minor C and C” complexes. a, Overall
structure of the RNA elements in the minor C complex. U12, U5, and Ubatac snRNAs
are colored marine, orange, and green, respectively. The 5’ exon and intron of MSE-
U12 are colored red and violet, respectively. b, Key RNA elements in the catalytic
center of the minor C complex. The BP-A (purple) and the guanine residue at the 5’
end of the 5'SS are shown in stick representation. The 2'-5" phosphodiester linkage is
already formed. ¢, Coordination of the catalytic metals in the minor C complex.
Both catalytic metals M1 and M2 are coordinated by phosphate groups of Ub6atac
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snRNA. M2, which activates the nucleophile during branching reaction, is also
coordinated by the phosphate group of the first adenine residue (A1) at 5’SS. The
terminal guanine residue (G-1) at the 3’ end of the 5’ exon is flipped and no longer
coordinates M1 that stabilizes the leaving group. d, Overall structure of the RNA
elements in the minor C* complex. The RNA elements are colored the same as those
in panel a, except for the 3’ exon, which is colored slate blue. In the minor C*
complex, the 3'SS is docked into the active site for exon ligation. The 3’-half of
Ub6atac snRNA can be resolved. e, Structural comparison of U12 snRNA and pre-
mRNA between the minor C and C* complexes. The RNA elements in the minor C
complex are colored the same as in panel a, whereas those in the C* complex are
colored in light shades. During the transition from C to C* complex, the U12/BPS
duplex undergoes an ~80° rotational rearrangement. f, Key RNA elements in the
catalytic center of the minor C* complex. The orientation is the same as that in panel
b. The 2'-5' linkage is repositioned outside the active site to accommodate 3'SS
docking. g, Coordination of the catalytic metals in the minor C* complex. M2,
which stabilizes the leaving group during exon ligation, is coordinated by the terminal
cytosine residue (C-1) at 3'SS and U6atac snRNA. The nucleophile (the 3'-OH of 5’
exon G-1) coordinates M1, is positioned 3.3 A from the scissile phosphate and primed

for the exon ligation.

Fig.3 MMTAG?2 may stabilize the step-I conformation in the human minor C
complex. a, An overview of key proteins that are recruited to and functionally

25



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.24.000201. This version posted April 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

Bai et al

important for the minor C complex. The newly identified protein MMTAG?2 is colored
green. The overall structure of the minor C complex is displayed in the background
with faded colors. b, MMTAG2, FRG1, and CWC25 associate with PRP8 RNaseH
domain to facilitate the stabilization of the BPS/U12 duplex. The N-terminus of
MMTAG?2 projects toward the U12/BPS duplex. ¢, A close-up view on the N-
terminus of MMTAG2, which inserts into the RNaseH domain of PRPS8. Residues 9 to
13 of MMTAG? constitute a B-strand that pairs up with a B-strand from PRPS8
RNaseH. d, The positively charged surface formed by MMTAG2 and PRPS8
RNaseH may help orient the intron sequences downstream the BPS. e, A close-up
view on the interactions between MMTAG?2 and the intron. f, An overlay of the
active site RNA elements and surrounding proteins between the human minor and
major C (PDB-8I0W>%) complexes. In both complexes, the active site RNA elements

are stabilized by CWC25, YJU2, and ISY 1.

Fig.4 WDR25 and FAM204A stabilize the step-II conformation for catalysis in
the human minor C* complexes. a, An overview of key proteins that are recruited
to and functionally important for the minor C* complex. Three newly identified U12-
type step 2 factors WDR25, FAM204A, and RBM41 are colored orange, blue, and
light green, respectively. The minor C* complex is displayed in the background. b,
FAM204A and the C-terminal WD40 domain of WDR25 bind within the cavity
formed by PRPS, Cactin, CDC5L, SYF1, and SYF3, thereby stabilizing the BPS/U12
duplex in the minor C* complex. ¢, The BPS/U12 duplex is bound by a positively
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charged surface that is formed by the C-terminus of FAM204A and the WD40 domain
of WDR25. d, A close-up view on the recognition of the BPS/U12 duplex and the
region upstream of BPS by WDR25 and FAM204A. e, WDR25 and FAM204A
contact the B-finger and 1585-loop of PRP8 and stabilize the active site conformation
for exon ligation in the minor C* complex. The B-finger and 1585-loop are colored
purple and hot pink, respectively. f, A close-up view on the interactions between the
B-finger and its surrounding proteins. The B-finger of PRPS is sandwiched by WDR25
and FAM204A. g, A close-up view on the interactions between the 1585-loop and

its surrounding proteins.

Fig.5 Conserved mechanism of spliceosome association and helicase activation
for PRP16 and PRP22. a, Structure of PRP16 in the minor C complex and its
interactions with surrounding components. Two views are shown. PRP16 is anchored
to the minor C complex through interactions with PRP8 (wheat), BRR2 (wheat),
CDCSL (aquamarine), and two step I factors YJU2 (medium violet) and CWC25
(purple). The possible path of the 3’ region of the pre-mRNA is indicated as violet
dashed lines. The N-fragment I (residues 365-403) and N-fragment II (residues 412-
447) of PRP16 are colored light sky blue and coral, respectively. b, Structure of
PRP22 in the minor C* complex and its interactions with surrounding components.
PRP22 is anchored to the minor C* complex through interactions with PRPS (wheat)
and RBM41 (pale green). The possible path of the 3’ exon sequences is indicated as
dashed slate lines. The N-fragment I (residues 396-435) and N-fragment II (residues
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444-479) of PRP22 are colored deep sky blue and yellow, respectively. ¢, A
schematic diagram of the sequence features of PRP16 in the minor C complex.
Regions included in the atomic model are indicated by solid lines above the sequence.
The interacting proteins are tabulated below the sequences. d, The sequence features
and the interacting proteins of PRP22 in the minor C* complex. e, Sequence
alignment between the N-fragment II of PRP16 and that of PRP22. Conserved
sequences are boxed. Identical residues are shaded red. Residues involved in the
interactions with the respective CTD and RecA2 are conserved between PRP16 and

PRP22.

Fig.6 U6atac snRNA plays an essential role in recruiting the U12-type specific
step II factors. a, A structural overlay between Ubatac snRNA (green) of the human
minor C* complex and U6 snRNA (light gray) of the human major C* complex (PDB-
8C6J*?). These two complexes are aligned using their respective ISLs. b, A number
of key proteins stabilize Ubatac snRNA and help recruit WDR25 and FAM204A in
the minor C* complex. ¢, A schematic diagram of U6atac snRNA and surrounding
proteins in the minor C* complex. d, Five proteins bind to U6 snRNA and help
recruit PRP17 and SDE2 in the major C” complex. The orientation and scale are the
same as the structure in panel b. e, A schematic diagram of U6 snRNA and

surrounding proteins in the major C* complex.
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Materials and Methods

Preparation of the pre-mRNA

The U12-type pre-mRNAs for the in vitro splicing assay were modified from the
MINX and SCN4A genes. MINX-U12, used as a substrate for purified the human
minor B* complex?!, was added an exonic splicing enhancer (ESE) sequence at the 3’
end of the 3’ exon (Supplementary Fig. S1a, upper panel).The ESE sequence is 5'-
AGGAUCCGGAAGAAUU-3', which reported as ENH1%. MS-U12, retained the
major sequences of MINX-U12, was modified the BPS and 3'SS sequences, and
replaced the 3’ exon by a 43-nucleotide (nt) sequence of the SCN4A exon. MSE-U12
placed an ENH1 enhancer element at the 3’ end of MS-U12 (Supplementary Fig. Sla,
bottom panel). The three tandem MS2-binding RNA aptamers were inserted between
the 5'SS and the BPS. The DNA templates for in vitro transcription were generated
using PCR, and the RNA substrates were synthesized using the method of T7 runoff

transcription and analyzed on a urea-PAGE gel (Supplementary Fig. S1b).

In vitro splicing assay and RT-PCR

Nuclear extract from HeLa S3 cell lines was prepared for in vitro splicing as
described®. The in vitro splicing reaction, assembled in a 20-ul volume, was
performed in the presence of 1 nM pre-mRNA substrate and 50% nuclear extract, in
the buffer containing 20 mM HEPES-KOH, pH 7.9, 65 mM KCI, 2 mM ATP, 20 mM

creatine phosphate, and 3 mM MgCl,. To examine the specificity and activity of the

29



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.24.000201. This version posted April 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

Bai et al

U12-type pre-mRNAs, we depleted U1, U2 and U6 snRNAs (so as to examine the
impact on U2-type splicing), or Ul1, U12 and Ubatac snRNAs (so as to examine the
impact on U12-type splicing) in the nuclear extract using endogenous RNaseH at

30 °C for 30 minutes prior to the splicing reaction (Supplementary Fig. S1c,d). This
was accomplished by incubating the reaction with 1.5 uM antisense DNA
oligonucleotides for each of six snRNAs. The sequences of the antisense DNA
oligonucleotides (Sangon Biotech) were as described?!. The splicing reaction mixture
was incubated at 30 °C for varying time points of 0 minute, 30 minutes, 60 minutes
and 120 minutes, followed by proteinase K digestion. RNA from the in vitro splicing
assay was extracted using phenol:chloroform:isopentanol at a volume ratio of 25:24:1
(Coolaber Science & Technology). Reverse transcription was performed using High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems™) and random
hexamers. The RT-PCR products were resolved on 3% (w/v) agarose gel and stained

by GoldView (Beijing SBS Genetech Co Ltd.) (Supplementary Fig. Slc,d).

Expression and purification of human PPR16

The purification protocol of spliceosomal ATPase/helicase is as described**>!. The
optimized coding sequences of human full-length PRP16 (DHX38) was synthesized
by GenScript®. The dominant negative mutant PRP16- K561A, which is unable to
function as an ATPase/helicase, can block the splicing reaction after catalytic step I,
resulting in the spliceosome stalling at the C complex (Supplementary Fig. S2a). The
DNA fragment encoding PRP16 with a K561 A mutation was cloned into the pESC-
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TRP vector with a C-terminal Flag tag. The construct was transformed into the a wild-
type (WT) Saccharomyces cerevisiae (S. cerevisiae) strain IDY52 (trp-)>? by the
lithium acetate method. Correct transformants were selected on minimal medium
lacking tryptophan (Coolaber Science & Technology). Cells were grown to an ODgoo
of 1.8~2.0 at 30 °C in the medium supplemented with 2% (w/v) raffinose, and then
pelleted and resuspended in fresh medium supplemented with 2% (w/v) galactose to
induce overexpression of PRP16 mutant. After 14~16 hours in the galactose medium,
the yeast cells were collected and resuspended in lysis buffer that contains 25 mM
HEPES-KOH, pH 7.4, 500 mM NaCl, 1.5 mM MgCl, and 20% glycerol, and then
disrupted by the SPEX 6870 Freezer Mill. The recombinant proteins were purified
using the anti-Flag M2 affinity gel (Millipore). The eluted proteins were fractionated
through a heparin column (GE Healthcare) to remove the non-specifically bound
nucleic acids. Finally, the proteins were applied to gel filtration (Superdex-200 10/300
GL, GE Healthcare) in the buffer containing 20 mM HEPES-KOH, pH 7.9, 500 mM
NaCl and 5% (v/v) glycerol. The peak fractions were analyzed on an SDS-PAGE gel

(GenScript®) (Supplementary Fig. S2a) and stored at -80 °C.

Assembly and purification of the human minor C complex

The protocol for assembly of the minor C complex was modified from that for the
major C complex®’ and the minor pre-B complex®’ (Supplementary Fig. S2a). Briefly,

the splicing reaction was performed in a volume of 40 mL or multiples thereof,
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containing 20 mM HEPES-KOH, pH 7.9, 65 mM KCl, 2 mM ATP, 20 mM creatine
phosphate, 3 mM MgCl and 0.5 uM PRP16- K561A, in the presence of 10 nM pre-
mRNA, 450 nM MS2-MBP and 50% splicing extract. The pre-mRNA was pre-bound
to MS2-MBP for 30 minutes on ice. To reduce contamination by the major
spliceosome, we depleted U1, U2 and U6 snRNAs in the nuclear extract using
endogenous RNaseH at 30 °C for 30 minutes prior to the splicing reaction. The
reaction mixture was incubated for 2 hours at 30 °C, and then centrifuged at 3,000g
for 15 minutes to remove aggregates. The supernatant was loaded onto amylose resin
(NEB), and washed using the G100K buffer (10 mM HEPES-KOH, pH 7.9, 100 mM
KCl, 1.5 mM MgCl,, 0.01% NP40 and 5% (v/v) glycerol). The spliceosomal
complexes were eluted using 30 mM maltose. The eluent was loaded onto a 10~30%
glycerol gradient with 0%—0.05% glutaraldehyde (Sigma), and centrifuged at 23,000
rpm for 10 hours at 4 °C in a SW32Ti rotor. The fractions that contained the minor C
complex were quenched by 25 mM Tris (pH 7.6), pooled and dialyzed against Buffer
D (20 mM HEPES-KOH, pH 7.9, 50 mM KCI, 1.5 mM MgCl,, 0.01% NP40) to
remove glycerol prior to sample preparation for electron microscopy (EM). The
dialyzed sample was analyzed on a 10% urea PAGE gel for detection of the RNA

elements and concentrated for cryo-EM studies (Supplementary Fig. S2b,c).

Assembly and purification of the human minor C* complex

The protocol for assembly and purification of the minor C* complex was modified
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from that for the major C* complex?® and the minor B*' complex?' (Supplementary
Fig. S2d). Briefly, the splicing reaction was performed in a volume of 40 mL or
multiples thereof, containing 4 mM HEPES-KOH, pH 7.9, 16 mM MES-NaOH, pH
6.4, 65 mM KCIl, 2 mM ATP, 20 mM creatine phosphate, and 3 mM MgCl,, in the
presence of 10 nM pre-mRNA, 450 nM MS2-MBP and 50% splicing extract. The
purification method is similar with that of the minor C complex as above. The final
sample was analyzed on denaturing RNA gels and concentrated for cryo-EM studies

(Supplementary Fig. S2e,f).

Mass spectrometry analysis

About 40 pl of the minor spliceosome samples were mixed with 10 pl of 5xSDS
sample loading buffer (GenScript Biotech, China) supplemented with 150 mM
dithiothreitol. The sample was incubated at 95°C for 5 minutes and resolved using a
4%—12% gradient SDS-PAGE gel. The proteins were subjected to in-gel proteolytic
digestion as described®’. Peptides were purified using Pierce C18 Spin Tips (Thermo
Fisher, USA) prior to LC-MS/MS analysis using Ultimate 3000 nanoL.C system
coupled with Q Exactive HF-X Hybrid Quadrupole-Orbitrap (Thermo Fisher
Scientific, San Jose, USA). About 500 ng peptides were separated over 90 minutes
using a linear LC gradient of 3-28% (buffer A: 2% acetonitrile, 0.1% formic acid;
buffer B: 98% acetonitrile, 0.1% formic acid) at a flow rate of 300 nL/min. The top 20

peptides were subjected to MS2 analysis. MS2 spectra were acquired at the resolution

33



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.04.24.000201. This version posted April 24, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0
https://creativecommons.org/licenses/by-nc-nd/4.0

Bai et al

of 30,000 (at m/z 200) in the orbitrap using an AGC target of 1e5, and max IT of 80
milliseconds. Dynamic exclusion was applied with a repeat count of 1 and an
exclusion time of 25 seconds. The resultant mass spectrometric data were analyzed
using pFind®* (Version 3.1.5) against the Homo sapiens FASTA database downloaded
from UniProtKB (version on 27-Apr-2020), which contains 20,365 reviewed protein
sequences. Cysteine carbamidomethyl was set as fixed modification and methionine
oxidation was set as variable modification. A summary of mass spectrometric analysis

for the human minor C and C* complexes are listed in Supplementary Table S1.

EM data acquisition and pre-processing
Cryo-EM grids for data collection were prepared using Vitrobot Mark IV (FEI
Company) at 8 °C and 100% humidity, largely as described”. Briefly, 4-pl aliquots of
the sample at a concentration of ~0.2 mg/mL were applied to Quantifoil R2/1 grids
coated with homemade continuous carbon film of ~2 nm thickness, which are glow-
discharged for 30 seconds using the “Low” setting of the Plasma Cleaner (Harrick,
Plasma Cleaner PDC-32QG). After blotted for 1.5 seconds using the standard Vitrobot
filter paper (055/20mm, Ted Pella), the grids were plunged into liquid ethane cooled
by liquid nitrogen.

The grids were loaded onto a FEI Titan Krios electron microscope equipped
with a GIF Quantum energy filter (slit width 20 eV) and operating at 300 kV with a
nominal magnification of 81,000x. Images were recorded using a Gatan K3 detector
(Gatan Company) in the super-resolution mode, with a pixel size of 0.53865 A
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(Supplementary Fig. S2b,e). Each image was dose-fractionated to 32 frames with a
dose rate of ~22.49 counts/sec per physical pixel (~19.38 e-/sec per A?) and a total
exposure time of 2.58 seconds. Total electron dose for each image is about 50 e /A2.
All the data were collected using EPU (ThermoFisher Scientific) with a preset
defocus range from -1.3 to -1.9 pm. Using the sample of human minor C complexes,
we collected a total of 34,090 micrographs, comprising an earlier dataset (dataset 1)
of 15,788 micrographs and a later dataset (dataset 2) of 18,302 micrographs. For
human minor C* complexes, the total micrographs collected were 58,431, consisting
of an earlier dataset (dataset 1) of 22,181 micrographs and a later dataset (dataset 2) of
36,250 micrographs.

The image stacks were motion-corrected using MotionCor2°® and binned to a
pixel size of 1.0773 A. The dose-weighted micrographs were processed for Patch CTF
estimation in CryoSPARC (v4.3.0). Micrographs were discarded if showing obvious

ice contamination, excessive drift, or damage.

Cryo-EM data processing

The data processing pipeline is summarized in Supplementary Figs. S3 and S4. For
human minor C complex, we used dataset 1 for initial data analysis (Supplementary
Fig. S3a). To avoid missing the spliceosomal particles, we used a reduced threshold
for Topaz®’ auto-picking, yielding 2,569,998 particle coordinates. Particles were

initially extracted using a pixel size of 8.6184 A and a box size of 80 pixels. To
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identify spliceosomal particles, we performed a heterogeneous refinement using
reference volumes representing the human minor B*' complex (EMDB code: EMD-
308752!), the major C complex (EMDB code: EMD-6864%%), the major C* complex
(EMDB code: EMD-6721%%), the major P complex (EMDB code: EMD-9645°%), the
major ILS complex (EMDB code: EMD-9647°%), the major tri-snRNP (EMDB code:
EMD-6581°°), the ribosome and three bad classes from previous results, which were
were low-pass filtered to 20 A. We further performed 2D classifications on each class
from the heterogeneous refinement to enrich particles with reasonable size. 330,292
particles were selected and subjected to an additional round of heterogeneous
refinement with the initial references. Only class derived from C reference shows fine
features. The resulting 49,347 particles were re-extracted with a 1x binning factor and
processed for non-uniform (NU) refinement, yielded a reconstruction at an average
resolution of 3.54 A, representing the human minor C complex, featured by RBM48-
ARMCT7 bound at 5’-end of Ubatac snRNA.

To enhance the accuracy of particle picking, we performed template picking
on dataset 1 and 2 using templates created from the 3.54 A reconstruction, resulting in
2,007,824 and 2,408,114 particles, respectively. Subsequently, multiple rounds of
seed-facilitated 2D classification were performed to maximize the utilization of the
collected datasets and achieve rapid preliminary particle alignment. We initially
generated 500,000 simulated high-quality particles using the 3.54 A reconstruction as
our seed dataset. The template-picked particles from dataset 1 and 2 were divided into
four and five subgroups respectively, with each subgroup containing a similar number
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of particles as the seed dataset. Each subgroup was then mixed with the simulated
seed dataset and subjected to 2D classification to select particles with fine features.
After removing simulated particles, 402,437 particles from dataset 1 and 987,302
particles from dataset 2 were re-extracted with a 4x binning factor and processed
through similar seed-facilitated 2D classifications, yielding a total of 1,014,725
particles (263,354 from dataset 1 and 751,371 from dataset 2).

These particles were re-extracted with 2x binning factor and subjected to
three parallel runs of heterogeneous refinement to obtain more particles. The 3.54 A
map was rescaled to a pixel size of 2.1546 A and used as a “good” reference, while
three other maps generated during processing of dataset 1 served as bad references.
Particles from good classes were merged and duplicated particles were removed. The
resulting 357,030 particles were re-extracted at a pixel size of 1.0773 A and processed
for NU refinement, yielding a reconstruction at an average resolution of 3.43 A. After
one round of global 3D classification without image alignment, 210,708 particles
were selected, processed for NU refinement and CTF refinement, improving the
resolution to 3.07 A for the entire human minor C complex. We further selected
86,306 particles through an iterative particle sorting algorithm call CryoSieve®,
resulting in a reconstruction at an overall resolution of 2.92 A (Supplementary Fig.
S3a,b). The local resolution reaches 2.5 A in the core region.

In contrast to the core region, the peripheral regions of the human minor C
complex exhibit flexibility. To improve map quality, we performed localized 3D
classification and refinement on eight regions using region-specific soft masks. This
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approach yielded high-resolution densities for seven regions: the RBM48-ARMC7
region (3.07 A; 58,941 particles), the PRP8 RNaseH-like domain (3.48 A; 37,176
particles), the EJC (3.59 A; 51,437 particles), PRP16 (3.29 A; 50,530 particles), and
the region encompassing BRR2 and PRP16 (3.97 A; 72,597 particles), the IBC region
(4.41 A; 85,373 particles), the SYF1-SYF3 region (3.21 A; 85,373 particles).
However, flexibility limited the resolution of the PRP19-associated region to a level
that revealed only its global architecture. Overall, these targeted refinements
significantly enhanced the local resolution of peripheral features compared to the
global 2.92-A map.

For the human minor C* complex, a similar data processing procedure was
carried out with slight modification (Supplementary Fig. S4a). After multiple rounds
of heterogeneous refinement and 2D classification of 3,162,134 Topaz-picked
particles, 39,581 particles, yielding a reconstruction at 4.38-A resolution. The same
procedure of template picking, seed-facilitated 2D classification, hetero-refinement,
and 3D classification was performed as described above. A total of 145,908 particles
were selected, re-extracted with a pixel size of 1.0773 A, and subjected to NU and
CTF refinement, yielding a 3.04-A reconstruction. Local resolutions were improved
via focused classification and refinement for several regions: RBM48-ARMC7 (3.19
A; 88,127 particles), SYF1/3 (3.48 A; 107,934 particles), EIC (4.01 A; 61,936
particles), PRP22 (4.23 A; 95,438 particles). For BRR2, the BPS-proximal WD40
protein, and IBC, we performed NU refinements using the region-specific particle
subsets to improve local map quality. Focused classification of the PRP19-associated
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region (22,629 particles) revealed its overall fold and the Sm-like heptameric
complex, with a local resolution of 7.71 A after refinement. (Supplementary Fig.
S4a,b).

The above reported resolutions were calculated according to the FSC 0.143
criterion with a high-resolution noise substitution method®'. Prior to visualization, all
density maps were sharpened by applying a negative B-factor that was estimated
using automated procedures®? in cryoSPARC. Local resolution variations were

estimated using cryoSPARC (Supplementary Tables S2 & S3).

Model building and refinement

Model building of minor C and C* complex was carried out using COOT® and UCSF
Chimera®. We combined appropriate modeling methods including docking and
manual adjustment, de novo modeling, homology modeling, Al-facilitated modeling,
and rigid-body docking according to resolution levels of the various local maps to

generate the atomic models (Supplementary Tables S4 & S5).

For the minor C complex, components were identified using the atomic
coordinates of the human minor B*' complex (PDB code: 7DVQ?!) and the human
major C complex (PDB code: 8I0W**). For initial model building, we first aligned the
locally refined maps with the consensus map to integrate high-resolution information.
This composite map was then used to guide the docking of relevant structures from

the human minor B*' complex (PDB code: 7DVQ?!), the major C complex (PDB
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code: 8I0W>?), and the AlphaFold-predicted models®> of PRP16 and FRG1 into the
maps using UCSF Chimera®. The docked models were subsequently truncated as
needed, manually adjusted and extended (if necessary) using COOT®*. Structural
models for the BRR2 and IBC regions were generated by rigid-body docking of
coordinates from the major C complex, while the U12 Sm ring and associated RNA
were docked from the minor B*' complex. A model of the complex comprising the
PRP19-tetramer, SPF27, the C-terminal fragment of CDCS5L, and the N-terminus of
PRP46 was generated by docking a refined Alphafold3-predicted complex model®®,

which was manually truncated and adjusted against the local map for this region in the

minor C* complex.

After these steps, several unassigned EM density patches remained, including
regions adjacent to the PRP8 RNaseH-like domain and the C-half of CWC22. The
A2-Net method®” was applied to its density to recognize amino acid side chains,
which, combined with MS data, identified the protein as MMTAG?2. The AlphaFold
model of the N-terminal fragment of MMTAG?2 fitted well into the density and was
manually adjusted, revealing that its downstream sequence extends into the CW(C22-
proximal density. An AlphaFold3-based interaction screen of the CWC22-MMTAG2
interface identified a fragment of CWC25 as the interacting partner occupying this
density. Such method was used to model other missing fragments, including CDC5L
(residues 461-487), SRm300 (residues 122~161), and CCDC12 (residues 107~150),

into remaining densities.

Model building of the human minor C* complex followed a procedure
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analogous to that described above. Based on the EM maps of the human minor C*
complex, we selected appropriate segments of the atomic coordinates from the human
minor B* complex (PDB code: 7DVQ?!) and the major C* complex (PDB code:
8C6J3%), and the AlphaFold2 models of SYF1, SYF3, PRP22, Aquarius, and PPIE,
docked them into the EM densities and performed manual adjustments, extensions, or
rigid-body docking as required (Supplementary Table S5). To determine the identity
of the unassigned density in the vicinity of the BPS/U12 duplex, A2-Net-facilitated
modeling®” was employed. This approach generated the models for FAM204A and
WDR25. Additionally, the A2-Net method was used to model interacting fragments of

SKIP and PLRG1 with the RBM48-ARMC7 complex.

To identify the binding partner of PRP22 RecA2 domain in the minor C”*
complex, we employed AlphaFold3% to screen against PRP22. This analysis predicted
a complex between PRP22 and the N-terminal region of RBM41, which was validated
by its exceptional fit to the adjacent density adjacent to PRP22 and consistent with
proximity-labeling data*’. Additional fragments, including CDCS5L (residues 289-327,
359-387, 461-487), SRm300 (residues 122—-161), and CCDC12 (residues 107—-150),
were incorporated based on AlphaFold3 predictions. For the PRP19-associated region,
a complex model was predicted using AlphaFold3, docked as a rigid body, and
manually refined according to local map. The model for 3’ region of Ubatac snRNA
and associated LSm?2-8 heptameric complex were generated by homology modeling
based on the S. cerevisiae Lsm2-8-U6 snRNA complex structure (PDB code:

4M7A%®) and prediction of structure for 3’ stem loop of Ubatac snRNA by
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trRosettaRNA®. After docking the two models, we manually built extensions for

Ub6atac snRNA (residues 66-79, 117-120).

The entire models of the human minor C and C* complexes were respectively
refined against the 2.92-A map and 3.04-A map using PHENIX"’ in real space with
secondary structure and geometry restraints. Model overfitting was monitored by
model-to-map FSC curves (Supplementary Figs. S3c and S4c). Model quality was
assessed using the Molprobity scores and the Ramachandran plots (Supplementary
Tables S2 & S3). Molprobity scores were calculated as described’!. Components

included in the final coordinates are summarized in Supplementary Tables S4 & S5.

Competing interests: The authors declare no competing financial interests.

Data and materials availability: The atomic coordinates have been deposited in the
Protein Data Bank. The EM maps have been deposited in the EMDB. All data and

materials are available from the corresponding author (wanruixue@westlake.edu.cn)
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42


mailto:wanruixue@westlake.edu.cn

a b

MINX-U12
5’exon 5'SS BPS 3'SS J’exon
— — - — MINX-U12 [3)p MSE-U12
Time (min) 0 30 60 120 0 30 60 120
AUAUCCUUUU AUAUCCUUAACU UCCACAC
1000 bp— — 1000 bp
Iterative optimization: 750 bp— — 750 bp
500 bp— ; — 500 bp

- eScreening of scaffolds and regulatory elements

eRefinement of snRNAS’ recognition sequences 250 pp__ |W W - - pre-mRNA

MSE-U12 —250bp

5’exon 3’exon 100 bp_ —|igated exon|

N N - \ /

#[— 100bp

‘. \

. il - \

AUAUCCUUUU UUUUCCUUAACU  UCGUCAG

C minor C complex d minor C* complex

WDR25, FAM204A,
ESS2, PPIL3, NKAP,
Cactin, FAM32A,
RBM41, PRP22

\
PRP16-ATP
CWC25, YJU2,

FGR1, h(MMTAG2,
WDR70, PRP16

Composite map Composite map
U5SSnRNP  U12 snRNP Usatac | NTC  NTR Splicing Factors
SNRNP Aquarius Shared  C specific C* specific
0 STRMA SRRIA L eatacsnRNA  TRPEIS OGS PPIE RBM48  PRP16  CACTIN  PRP22
U5 Sm ring U12 Sm ring LS SPF27 SKIP ARMC7 FRG1 PPIL3 [ RBM41
PRP8 < CDC5L PLRG1 - SLU7 WDR70  NKAP
rr— ESS2
BRR2 , SYF1 PPIL1 cwcze  CWe25
, A ; FAM32A
SNU114 T Intron lariat SYF3 . elF4AIll ccpoia | YJuz  FAMS2A T

BUD31 ©  MAGOH ppwp1 (IR . PRKRIPT FAMS0A

"""" - :RBM22,

Y14 SRm300 | CIR1 . !NOSIP TLS1 SDE2



- |

BPS/U12 U12 snRNA

duplex

Intron lariat %“ s
 [at)

\

18

L\, =
\

£ -
;N ¥w: — central
stem loop

TT5'SSPS

y-monomethyl
phosphate cap

U6atac
snRNA

minor C complex

b

Intron lariat

nucleophile in

branching reaction

A1
(5'SS)

G-1
(5 exon)

leaving group—"

U6atac snRNA

d LN e T ==m minor C
BESLH3 { U12 memminor C
duplex U12snRNA A (C)

\’ N x ~ 80° u12
r, : P 4\ (C)
7. : " :

LW I ond

Intron

y-monomethyl
phosphate cap

U6atac snRNA

minor C* complex

U12 snRNA f = U12 snRNA

2-5' linkage U6atac

snRNA
- .
A,AGGA Intron lariat
“box AAGGA,

5'SS/UBatac 3 exon AN f

duplex A 27/
U5 snRNA

Loop I/

5/SS/U6batac

duplex

minor C complex minor C* complex
(after Step-I reaction) (before Step-ll reaction)

10 A

leaving’group

Ub6atac .G1
snRNA 3 exon)/
nuql/eéﬁhile
Gad in exon ligation -
-
4 G44

® e)-(on)



CcwcCas
U12 snRNA

YJU2 ,/BPS/U12
4 _— duplex

1ISYA1
active site

MMTAG2

BPS/U12
duplex

MMTAG2

Negative BN " Positive
Electrostatic potential

.1 minorC [ major C




U12 snRNA
remat  FAM204A BPS/U12

duplex CDC5L

PRP22 FAM204A

U6atac snRNA

Intron lariat WDR25 4§

SLU7 ] N
(o e iy VPR SYF3
B g Ko ? c
5’ exon

X

e FAM204l:\<

FAM204A Negative Positive
I - .

Electrostatic potential

BPS/U12

Usatac 1 4 Bpsiui2
duplex ;

snkna  FAM204A

U6atac/5'SS 1585-loop
duplex (PRP8)




PRP16 in minor C complex

'PRP16
N-fragment |

YJu2

PRP16
N-fragment |

PRP16
N-fragment I

361 469 523 709 882

. ; & L
l\;l NF=Il CWC25 YJu2
CDCS5L

LV

PPF Ly
ISP P F' LN

PRP16-N-fragment Il (412-447)
PRP22-N-fragment Il (444-479)

1151 1192

- 1
]!'.l__ RecA1 | RecA2| cTD |
S 2

E:

b

PRP22 in minor C* complex
” - X

_“PRP22
N-fragment |

_.--® PRP22

| ~1so°q‘;>l

PRP22 -

386 502 555 742 916 1183 1217
227 . . 1220
i ] RecA1 | RecA2 CTD 1
Y C-extension
NF-I NF-II
9 e ¢
IVEFTKQPEIAVIIPNASDATSDMATIIRARKG
TKQISMDMSIAIIKINANYNPD G SPHS QARAMMO




a 3’ stem loop b

central
stem loop

, WDR25
N (WD region)
2’

ISL

U6 snRNA

5’ stem loop

A C

3'SL

(@)=

(7]

C_
FAM204A é:g
WDR25 c=g
(WD region) AU(U;:E aver
C /? U
G _1C
Central SL GAG_X
U:A
~_G—C
GACAACACGCAUACG—(A:
g LSm ring
G
u
LR
] LSm site
I
3

minor spliceosome

minor spliceosome d

@ SYF1

FAM204A ¥

PRP17
(WD region)
i p Na

PRP17
(WD region)

R

ACGA:EJOACAG A
GA‘\\? N

A
G
G
U
u

. G
.= oA (‘: :
Y] \ !
3 8
ﬁlj. Qﬂn
BUD31 o :
ﬁ U LSm site
A U
0 ;
A
’tﬁzg N-domain
G—C
§'sL 5% o
8=¢§ major spliceosome
C—G

[

c
(¢]
@

0

major spliceosome




