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Structure of the minor spliceosomal U11 snRNP
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The minor splicecosome catalyses the excision of Ul2-dependent introns from
pre-mRNAs. These introns are rare, but their removal is critical for cell viability. We obtained a
cryo-EM reconstruction of the 13-subunit U1l snRNP complex, revealing structures of U1l
snRNA and five minor spliceosome-specific factors. U1l snRNP appears strikingly different
from the equivalent major spliceosome U1 snRNP. SNRNP25 and SNRNP35 form a dimer, which
specifically recognises U11 snRNA. PDCD7 forms extended helices, which bridge SNRNP25 and
SNRNP48, located at the distal ends of the particle. SNRNP48 forms multiple interfaces with
U11 snRNP and, together with ZMATS5, are positioned near the 5’-end of the U11 snRNA and
likely stabilise the binding of the incoming 5’SS. Our structure provides mechanistic insights
into U12-dependent intron recognition and the evolution of the splicing machinery.
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Introduction

Precursors of eukaryotic messenger RNAs (pre-mRNAs) contain non-coding segments (introns),
which are removed during gene expression by a large and dynamic RNA-protein complex known
as the spliceosome(1-3). The spliceosome assembles de novo on each individual intron. A series
of complex conformational and compositional rearrangements leads to the formation of the
spliceosome RNA catalytic core, allowing it to perform two trans-esterification steps, resulting in
spliced mRNA and lariat intron products.

The vast majority of human introns (U2-dependent introns) are processed by the major
spliceosome consisting of five canonical subunits, U1, U2, U4, U6 and U5 small nuclear
ribonucleoprotein particles (snRNPs) and numerous additional, non-snRNP factors. However, a
small class (<1%) of introns (U12-dependent introns) utilise distinct splicing machinery consisting
of four unique snRNAs (U11, U12, Udatac and U6atac)(4, 5) and at least 14 unique protein
factors(6—10). These factors work conjointly with the numerous core components shared
between the two types of machinery (e.g. U5 snRNP, SF3b complex)(6, 7, 11) and together
assemble into the minor spliceosome. Ul2-dependent introns are rare but are biased to be
located in genes with critical cellular functions, suggesting their ancient origin(12, 13).
Consequently, malfunction of the minor spliceosome has severe consequences for human health
and is linked to cancer and autoimmune disorders as well as neurodegenerative diseases(14).
Although it is believed that the basic mechanistic principles of the minor and major spliceosomes
are likely to be conserved(15), there are substantial differences between the two systems. U12-
dependent introns tend to be shorter, contain no clear polypyrimidine tract and have much
stronger splice site sequence conservation compared to the U2-dependent introns (13, 16).
During major spliceosome assembly, U1 and U2 snRNP bind sequentially to the pre-mRNA(17),
forming first an ATP-independent complex E(18) followed by an ATP-dependent, stable
incorporation of the U2 snRNP into the prespliceosome (complex A)(19, 20). In contrast to that,
the U12-dependent intron recognition is carried out by the pre-assembled U11/U12 di-snRNP
complex(21), which binds cooperatively to both the 5'-splice site (5'-SS) and branch point
sequences (BPS)(22). U11/U12 di-snRNP contains U11 and U12 snRNAs, two sets of seven Sm
proteins, SF3b complex and eight minor spliceosome-specific factors: ZMAT5 (U11-20K),
SNRNP25 (U11-25K), ZCRB1 (U11/U12-31K), SNRNP35 (U11-35K), SNRNP48 (U11-48K), PDCD7
(U11-59K), RNPC3 (U12-65K) and ZRSR2 (6). Four of these factors show putative sequence
homology to major spliceosome proteins, ZMAT5 to U1-C,(6), SNRNP35 to U1-70K(23), ZRSR2 to
U2AF1(24) and RNPC3 to SNRPB2/SNRPA(25). From the remaining proteins, SNRNP48 has been
shown to interact with the U11 5’-SS by site-specific cross-linking and NMR binding studies(26,
27). SNRNP25, SNRNP35, and SNRNP48 co-migrate with the 125 mono U11 snRNP(6) and a chain
of interactions between SNRNP25-PDCD7-RNPC3 was postulated to bridge the U1l and U12
snRNPs(25, 26).
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While the major spliceosome has been extensively studied using biochemistry, genetics and cryo-
EM(28-32), the structural and biochemical information on the minor spliceosome is very scarce.
Here, we report a cryo-EM structure of the 13-subunit human minor spliceosome U11 snRNP,
revealing the structure of the U11 snRNA and five minor spliceosome-specific proteins (ZMATS,
SNRNP25, SNRNP35, SNRNP48 and PDCD7). Our structure provides mechanistic insights into
U12-dependent intron recognition and the evolution of the splicing machinery.

Results

The composition and overall architecture of the U11 snRNP complex

We isolated human U11l snRNP from a stable HEK293F cell line ectopically over-expressing
ProteinA-tagged SNRNP35, which was used as bait for sample purification and EGFP-tagged
ZCRB1, used for sample monitoring (Fig. S1). 1gG sepharose affinity purification under stringent,
high-salt conditions followed by glycerol gradient allowed us to dissociate the U11/U12 di-snRNP
and isolate a stable 13-subunit U11 snRNP complex composed of U11 snRNA, seven Sm proteins,
and five minor spliceosome-specific factors ZMATS5, SNRNP25, SNRNP35, SNRNP48, PDCD7 (Table
S1). This stable core complex was subjected to single-particle cryo-EM analysis resulting in a 3D
reconstruction at the overall 3.4 A resolution (Figs. S2 and S3; Table S2).

The particle has an elongated, two-lobe architecture consisting of the body of the U11 snRNA
bound by SNRNP25 and SNRNP35, and the second lobe containing the Sm ring bound by ZMATS5,
SNRNP48 and the 3’-end of the U11 snRNA - stem-loop 4 (SL4) (Fig. 1). The two lobes are
connected by extended alpha-helices of the PDCD7, spanning the entire length of the molecule
(Fig. 1, Table S3).

Structure of the U11 snRNA

High-resolution cryo-EM reconstruction allowed us to model nearly complete U1l snRNA,
including the characteristic 4-helix junction formed between helix H and stem-loops (SL) 1-3 (Figs.
2A-B and S4) as well as the Sm site and SL4, which was modelled at a lower resolution (Figs. S4
and S5). SL1 and SL2 are coaxially stacked and perpendicular to coaxially stacked helices H and
SL3 (Fig. 2B). Similar geometry has been observed in yeast and human U1 snRNA(33-35) (Figs. 2C
and S6). One striking feature of the U11 snRNA is the stacking interaction between the bases
located in the loops of SL1 and SL3, bringing both stem-loops into close proximity (Figs. 2D-F and
S4). Corresponding helices of the U1 snRNP are too long to form a similar arrangement. This
unique interaction between U11%! and U11%3 forms the structural basis for the specific
recruitment of minor spliceosome proteins. The 5’-SS binding region of the U11 snRNA is not well
resolved in the cryo-EM map, however, a continuous density can be traced from the bottom of
the helix H pointing towards the outside of the Sm ring (Fig. 1). This is in agreement with the
equivalent region in the U1 snRNP structure(33, 36, 37). The U11%“was largely modelled by rigid-
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body docking and modifying the corresponding parts of the U1 snRNP(36), as the map of this
region is too noisy for accurate de novo modelling.

Specific recognition of the U11 snRNA

Two core components of the U11 snRNP, SNRNP35 and SNRNP25, form a heterodimer via a loop
extending from the canonical SNRNP35R"M domain. Together, both proteins specifically recognise
the unique arrangement of U11°"1-U1153 (Figs. 3A-D and S5). Our structure reveals that SNRNP25
contains a Ubiquitin-like domain (SNRNP25Y8) and an N-terminal extension responsible for
PDCD7 binding, referred to as the PDCD7-binding domain (SNRNP25P8P) (Fig. 3E). The SNRNP25Y8¢
domain overlays very well with the Ubiquitin fold (RMSD=1.5A with PDB:1UBQ), except for an
extension of one alpha-helix, which was adapted to bind RNA at the U11%! and U115 interface
(Fig. 3F).

U1-70K, which was previously identified as a homologue of the SNRNP35(23), uses its RRM
domain to specifically bind the SL1 of the U1 snRNA (U1°1)(36, 38). In the U11 snRNP, the SL1 is
much shorter and cannot form similar interactions. SNRNP35R"M domain binds to U113 instead.
Interestingly, despite binding to different stem-loops, SNRNP35**M and U1-70K**M domains form
similar stacking interactions with the conserved 5’-UCA-3’ sequence splayed on top of the RRM’s
RNP motifs, in agreement with the canonical RNA-RRM binding mode(39, 40)(Fig. 3G). Much of
the RNA binding specificity of the U1-70K is achieved thanks to large extensions flanking the RRM
domain(36). Similarly, SNRNP35 contains extensions on both sides of the canonical RRM domain,
that form a composite accessory domain (SNRNP35%P) binding specifically to the base of the
U115 and apical region of the U11%! (Fig. 3C, D). Importantly, the extensions of the SNRNP35
and U1-70K RRM domains confer the specificity for the integration of each protein in their
cognate splicing systems (i.e. U1-70K cannot bind to U11 snRNA as it would clash with the U115)
(Fig. 3H).

PDCD7 mediates long-range interactions between distal ends of the U11 snRNP

One of the most striking features of the U11 snRNP structure are the extended coiled coils of the
PDCD7 (PDCD7), which are tethered to the U11 snRNA via the SNRNP25P8° domain. These long
alpha helices run along the entire length of the particle (over 170A), reaching the Sm ring and
U115 (Fig. 1). The N-terminal extension of the tip of the coiled-coil region of PDCD7 (residues
171-225) forms a three-helix bundle together with the SNRNP48 (residues 8-32) and is located at
the bottom of U11% (Fig. S4). Although the resolution of our map is limited in this region, such
an arrangement is consistent with AlphaFold2 structure prediction(41, 42) and yeast two-hybrid
experiments showing the interaction of the PDCD7(residues 137-336) with SNRNP48(26). Based
on this observation, PDCD7 likely recruits the N-terminus of SNRNP48 near the U11°“# and
facilitates its binding to other components of the U11 snRNP. Most notably SNRNP48 zinc finger
domain (SNRNP48?"F) binds to the minor groove of the U114, the Sm binding domain
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(SNRNP48%8P) to the side of the Sm ring, and the C-terminal helix (SNRNP48%™) interacts with
SmE, near the 5’-end of U11 snRNA (Figs. 4A and S4). Since the interactions between SNRNP48
and the Sm ring are, in principle, compatible with any other Sm-containing snRNPs, it appears
that PDCD7-mediated recruitment of SNRNP48 confers the specificity for its association with U11
SnRNP.

Implications for the U12-type 5’SS recognition

The 5’SS binding region of the U11 snRNA extends from the helix H towards the periphery of the
Sm ring (Figs. 1 and 4). It is surrounded by two tubular densities, which were interpreted as the
C-terminus of SNRNP48 and the Zinc finger domain of ZMATS5 (ZMAT5%NF) (Figs. S7 and S8). ZMAT5
has been previously reported to show some homology to the U1-C(6), and its interaction with
SmD3 and location directly next to 5’SS binding region of the U11 snRNA indeed resembles the
arrangement observed for the U1 snRNP(33) (Figs. 4 and S4). U1-C interacts with the phosphate
backbone of the U1 snRNA:5’SS duplex and increases their affinity in a sequence-independent
manner(36). It is likely that ZMAT5?NF plays a similar role in the minor 5’SS recognition.

On the other side of the 5’SS binding region, the C-terminal helix of the SNRNP48 is positioned
near the 5’-end of U11 snRNA via its interface with the SmE. SNRNP48 has been shown to interact
with the 5’SS (U+2) by site-specific cross-linking(26). This observation is compatible with
SNRNP48Ct™ |ocation in our structure, but the details of such an interaction remain to be
investigated in the substrate-bound U11 snRNP. Interestingly, part of the SmE interface used to
recruit SNRNP48Ct®™ overlaps with the position of the N-terminal helix of Luc7, as visualised in
the yeast pre-spliceosome(37) (Fig. S9). While both proteins share the same binding site, their
architectures are very different, and it is unlikely that they would act in a similar fashion (Fig. S9).

Bridging interaction between U11 and U12 snRNPs

U11/U12 di-snRNP exists in cells as a stable dimer(21). While stringent purification conditions
allowed us to isolate U11 snRNP core complex and solve its structure, the information concerning
U11-U12 interactions has been partially lost. Nevertheless, we noted that RNPC3 is present in
our sample and it was shown in yeast two-hybrid experiments to be an interactor of the
PDCD7(residues 332-481)(25). Since RNPC3 also binds the U12 snRNA, it was postulated to act as
a bridge between the U1l and U12 snRNPs (25, 43). AlphaFold2 predicts a high-confidence
interface between PDCD7(residues 415-450) and a disordered region of RNPC3 (residues 175-
190) as well as the N-terminus of ZMAT5 (Fig. $S10). Our cryo-EM reconstruction shows fuzzy
density around the C-terminal a-helix of the PDCD7 domain. This density could not be
interpreted unambiguously, but it is consistent with a putative position of the predicted
RNPC3:PDCD7:ZMAT5 composite domain (Fig.5 and S10). While we could map the RNPC3
binding site on U11 snRNP, the exact location of its RRMs and putative position of U12 snRNP
with respect to U1l snRNP cannot be reliably modelled due to extended linkers between
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RNPC3R"M domain and the PDCD7 binding site. It is possible that such a flexible arrangement
could be functionally important for binding to a wide range of pre-mRNA substrates.

Discussion

Ul2-dependent introns are widely spread across eukaryotes, however, the mechanism of their
recognition and removal by the minor spliceosome remains elusive. Our structure of the 13-
subunit U11 snRNP provides insights into the assembly principles and architecture of the complex
containing five minor spliceosome-specific factors, highlighting unique features of the U12-
dependent splicing system. U11 snRNP is strikingly different from the U1 snRNP, which plays an
equivalent role in the U2-dependent spliceosome. With the exception of the Sm ring (shared with
the U1) and ZMAT5?NF, which shows a clear resemblance to U1-C, none of the other components
have counterparts in the major splicing system. This concerns even SNRNP35, previously
postulated to be related to the U1-70K, which shows a very different binding topology despite
the conservation of the canonical RNA-RRM binding mode.

These unique features are most likely a manifestation of the need for specific recognition of the
minor spliceosome components in the presence of much more abundant major splicing factors.
This is best exemplified by the SNRNP25-SNRNP35 dimer, which forms several complex interfaces
with the RNA elements unique to the U1l snRNA. Importantly, this specific recognition is
transmitted to distal parts of the complex via a chain of interactions starting with SNRNP25,
PDCD7 through SNRNP48 and ZMATS all the way to the proximity of the 5’SS binding region.
There is a precedence for such a long-distance interaction in the U1 snRNP, where an extended
tail of the U1-70K wraps around the Sm ring and contacts U1-C near the 5’SS(33, 44). However,
the components and the mechanism utilised by the U11 snRNP to achieve similar goals are very
different. Notably, the unique architecture of the U11 snRNA is incompatible with the binding of
U1l-specific proteins, preventing potential cross-reactivity of the components of both splicing
systems.

5’ splice sites of the U12-type introns have a highly conserved consensus sequence, but their
base-pairing potential to U11 snRNP is limited. Our structure shows that only four nucleotides of
the previously identified 5’SS binding region of the U11 snRNA(26, 45, 46) remain single-stranded
and available for base-pairing. This contrasts with a much longer 5’-SS binding region of the U1
snRNP (47). Conservation of the 5’SS region not involved in the U11 snRNP binding could be
explained by its interaction with Ubatac and between the 5’SS and 3’SS during catalytic stages of
splicing(7, 48, 49). It is likely that the two proteins located in the proximity of the U1l 5’-end,
ZMATS and SNRNP48, act in concert to stabilise U11:5’SS interaction, much like it is done by the
U1Cin the human U1 snRNP(36). U1C stabilises 5’SS binding in a sequence-independent manner,
but it is not clear if this is also the case for ZMATS5 and SNRNP48, or if they additionally contribute
to the specificity of the 5’SS recognition. We noted that part of the binding site of SNRNP4gcterm
on the Sm ring is occupied by a conserved a-helix of Luc7 in yeast pre-spliceosome, where it
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stabilizes the 5’-SS:U1 snRNP interaction via its two zinc finger domains(37, 50, 51). In humans,
three homologs of Luc7, (LUC7L1, LUC7L2, LUC7L3), are involved in alternative splicing
regulation(52, 53), differentially affecting distinct sub-classes of the 5’-SS(54). The architecture
of SNRNP48 is very different from the LUC7L(1-3), and it is unlikely that it would use a similar
mechanism to stabilise U11:5’SS interaction (Fig. S9). Nevertheless, as a stable component of U11
snRNP, the SNRNP48%™ domain may act as a placeholder to prevent unwanted or pre-mature,
LUC7L(1-3)-mediated alternative splicing regulation of the U12-type 5’ splice sites.

A very limited base-paring potential of the U11 snRNA and stable association of U11/U12 di-
snRNP suggest that the main driving force for the minor intron recognition likely relies on the
U12:BS interaction which brings the U11 snRNP into the proximity of the 5’SS and facilitate their
interaction (Fig. 5). Such a scenario would help rationalize the evolutionary pressure to maintain
U1l and U12 stably associated with each other and their cooperative binding to the target
introns(22).
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Figure 1. The overall structure of the 13-subunit minor spliceosome U11 snRNP complex. (A)

Experimental cryo-EM map coloured by the subunit identity. (B) Atomic model of the U11 snRNP
in the same orientation as in (A). (C) Top view of the atomic model.
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Figure 2. Structure of the U11 snRNA. (A) Secondary structure model of the human U11 snRNA,
based on the atomic coordinates. (B) U11 snRNP structure with the U11 snRNA highlighted in the
foreground. Secondary structure elements (Stem-loops) are coloured as in panel (A). (C) The
structure of the human U1 snRNP (PDB ID: 7B0Y(55)) is shown in the same orientation as the U11
snRNP in panel (B) with U1 snRNA highlighted in the foreground. (D-E) Two orthogonal views of
the atomic model of the U11 snRNA. (F) Zoom in on the stacking interaction between the bases
in the SL1 and SL3.
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Figure 3. Specific recognition of the U1l snRNA by SNRNP25 and SNRNP35. (A) Overall
architecture of the U1l snRNA binding region. (B) Close view of the interaction between
SNRNP25 and SNRNP35. The loop extruded from SNRNP35"*M forms several hydrogen bonds
with SNRNP25Y8L domain. (C, D) Zoom in on the recognition of the unique arrangement of
U11%1-U11%3 loop region. (E) Domain architectures of SNRNP35, SNRNP25 and PDCD7;
AD1 - accessory domain 1; AD2 - accessory domain 2; RRM - RNA recognition motif;
PBD - PDCD7-binding domain; UBL - Ubiquitin-like domain; HB - Helix bundle; CC - coiled coil.
Regions of each protein interacting with each other are indicated. (F) Comparison between
SNRNP25YBL domain with typical Ubiquitin fold (PDB: 1UBQ). (G) Canonical RNA-RRM binding
mode of SNRNP35:U11%3 and U1-70K:U1%, The secondary structures of corresponding stem
loops are shown in the right-bottom corner, and the conserved 5’-UCA-3’ sequence is indicated
by black curve. (H) Specific recognition of U11 snRNA by SNRNP35, rather than U1-70K. The N-
terminal helix of U1-70K would clash with the U115,
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Figure 4. SNRNP48 recruitment by PDCD7 and its implications for the 5’SS recognition. (A)
SNRNP48 forms multiple contacts with the U11 snRNP components. (B) Domain architectures of
ZMATS and SNRNP48; PBH - PDCD7-Binding Helix; CC - coiled coil; ZNF - Zinc Finger domain; SBD
- Sm Binding Domain. (C) 5’SS binding region of the U11 snRNA is positioned between ZMAT5%\F
and SNRNP48*"™ domains, suggesting their possible involvement in the stabilisation of the 5’SS
binding. (D) an equivalent view of the U1 snRNP bound to the model 5’SS(36). (E) The secondary
structure of the RNA shown in (C). A putative 5’SS binding mode was included (lighter colours)
for the sake of the comparison with U1, however, it was not resolved in the current structure. (F)
The secondary structure of the RNA shown in (D).

17


https://doi.org/10.1101/2023.12.22.573053
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.22.573053; this version posted December 22, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

U11:U12 bridging

U12 snRNP _ meraction

U1l snRNP

PDCD7172-453
(AF2 model)

Weak 5'SS:U11

Strong BPS:U12 h :
interaction

interaction

RN PC31437192
(AF2 model)

Figure 5. Bridging interactions between U11 and U12 snRNPs. (A) AlphaFold2 (AF2) prediction
of the ternary PDCD7:ZMAT5:RNPC3 complex, coincides with the low-resolution unassigned
density when superimposed via PDCD7 coiled-coil domain. (B) A model of the RNPC3-mediated
U11 snRNP recruitment to the U12 snRNP.
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Materials and Methods

Generation of a stable cell line overexpressing proteinA-tagged SNRNP35 and EGFP-tagged
ZRCB1

Open reading frame of SNRNP35 was cloned into a modified pFLAG_CMV10 vector containing an
N-terminal ProteinA-TEV-3xHA affinity tag. The open reading frame of ZCRB1 was cloned into a
modified pFLAG_CMV10 vector containing an N-terminal 3xHA-EGFP-3C-SBP affinity tag.
Freestyle 293-F cells were co-transfected with these two plasmids, and a stable, polyclonal cell
line was derived through Geneticin and Puromycin antibiotic selection. Expression of the target
proteins was confirmed by western blot analysis.

Purification of the U11 snRNP

Modified Freestyle 293-F cell line was grown in the Freestyle medium to the density 2 x 10°
cells/ml, and the nuclear extract was prepared following the original Dignam protocol(56, 57).
For each preparation, an aliquot of flash-frozen nuclear extract was thawed on ice, and salt
concentration was adjusted to the final 500 mM KCI. 1gG Sepharose 6 Fast Flow affinity resin
(Cytiva) was added to 5% (v/v) of the reaction volume and incubated overnight at 4°C on a turning
wheel. The resin was washed with 20-column volumes (CV) of the purification buffer (20 mM
HEPES-KOH, pH 7.9, 500 mM KCI, 2 mM MgCl,, 0.1% NP-40, 5% (v/v) glycerol) and eluted by
adding purification buffer supplemented with 14.5% (v/v) TEV protease and incubating for 2
hours at room temperature.

The eluate was loaded onto 4 ml 10-30% (v/v) glycerol gradients containing 20 mM HEPES-KOH,
pH 7.9, 200 mM KCI, 2 mM MgCly. For cryo-EM studies, gradients also contained 0 — 0.05%
glutaraldehyde gradient, as in the Grafix protocol(58). Gradients were prepared using the
Biocomp 108 Gradient Mixer (Biocomp). After 15 hours of centrifugation at 126,000 xg, gradients
were fractionated into 27 fractions of 150 pl and the cross-linker was quenched with 10 mM Tris-
HCI, pH 7.5. Fractions containing the U11 snRNP were identified by SDS-PAGE using the Novex
Tris-Glycine system (Thermo Fisher Scientific). The sample was concentrated using 100 kDa
MWCO Amicon concentrators (Merk KGaA, Darmstadt) and then dialysed for 1h at 4°C against
buffer containing 20 mM HEPES-KOH, pH 7.9, 200 mM KCI, 2 mM MgCl, and used directly for grid
preparation without further manipulations.

Protein identification via LC-MS/MS

Complexes were purified as described using glycerol gradients without crosslinker, and 50 pl of
peak fractions were prepared for LC-MS/MS using the SP3 protocol(59). All reagents for LC-
MS/MS were prepared in 50 mM HEPES pH 8.5. First, cysteines were reduced using 10 mM
dithiothreitol at 56°C for 30 minutes. Samples were kept at 24°C and alkylated with 20 mM 2-
chloroacetamide at room temperature in the dark for 30 minutes. They were digested with
trypsin (Promega), and the peptides were cleaned up using OASIS HLB uElution Plate (Waters).
The outlet of an UltiMate 3000 RSLC nano-LC system (Dionex) fitted with a trapping cartridge (u-
Precolumn C18 PepMap 100, 5um, 300 um i.d. x 5 mm, 100 A) and an analytical column
(nanoEaseTM M/Z HSS T3 column 75 pm x 250 mm C18, 1.8 pm, 100 A, Waters) was coupled
directly to the Orbitrap Fusion Lumos (Thermo Fisher Scientific) mass spectrometer using the
nanoFlex source. The mass spectrometer was operated in positive mode with the capillary
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temperature set at 275°C. The peptides were introduced into the mass spectrometer via a Pico-
Tip Emitter (360 um OD x 20 um ID, 10 um tip) with an applied spray voltage of 2.4 kV.

With the Orbitrap mass spectrometer in profile mode, in the 300-1500 m/z mass range, full mass
scans were acquired with a resolution of 120000. The filling time was set to a maximum of 250
ms with a limit of 2e5 ions. The instrument was operated in data-dependent acquisition (DDA)
mode, and MSMS scans were acquired in the lontrap with the scan rate set to rapid and normal
mass range, with a fill time of up to 35 ms. A normalised collision energy of 30 was applied. MS2
data was acquired in centroid mode.

To analyse the data, IsobarQuant5(60) and Mascot v2.2.07 (Matrix Science) were used. Data were
searched against the UniProt Homo sapiens proteome database (UP000005640), which also
contained common contaminants and reversed sequences. The following modifications were
included in the search parameters: Carbamidomethylation (C) (fixed modification), Acetylation
(Protein N-term) and Oxidation (M) (variable modifications). For the full scan (MS1) a mass error
tolerance of 10 ppm, and for MS/MS (MS2), spectra of 0.02 Da were set. Trypsin was set as a
protease with a maximum of two missed cleavages, the minimum peptide length was seven
amino acids, and at least two unique peptides were required for protein identification. The false
discovery rate on peptide and protein levels was set to 0.01.

Negative-staining EM

Negative-stain EM was used to check fractions of the GraFix gradient. For the preparation of
negative-stain grids, CF300-Cu (Electron Microscopy Sciences) were glow-discharged for 90 s at
30 s ccm, 100% power with a mixture of 90% argon and 10% oxygen using the Fischione 1070
Nanoclean plasma cleaner. 3.5 ul of each sample was applied and incubated for 60 s, then washed
twice in a drop of water and incubated for 60 s in uranyl acetate solution. All liquid was blotted
away, and the grids were air-dried. The grids were imaged using a Tecnai G2 Spirit BT microscope
(Thermo Fisher Scientific) operated at 120 kV.

Cryo-EM sample preparation

Concentrated and dialysed Grafix gradient fractions were used for cryo-EM analysis. UltrAufoil
Au 200 mesh R2/2 grids (Quantifoil) EM grids were glow-discharged on each side for 90 s at 30
sccm, with 100% power with a mixture of 90% argon and 10% oxygen using the Fischione 1070
Nanoclean plasma cleaner. 3.5 pl of the sample was applied to glow-discharged grids, blotted for
5 s at -7 blot force, 4°C, 90% humidity and plunge-frozen into liquid ethane using Vitrobot Mark
IV (Thermo Fisher Scientific).

Cryo-EM data collection and analysis

Grids were initially screened using a Glacios Cryo-TEM equipped with a Falcon 4i Direct Electron
Detector and SelectrisX energy filter (Thermo Fisher Scientific). Final data collection was
performed on a Titan Krios TEM (Thermo Fisher Scientific) operated at 300 kV, equipped with a
SelectrisX energy filter (Thermo Fisher Scientific) and a Falcon 4i Direct Electron Detector
(Thermo Fisher Scientific) at the EMBL Heidelberg cryo-EM service platform(61). A magnification
of 165,000x was used, corresponding to a pixel size of 0.73 A/pixel. Automated data acquisition
was performed using SerialEM(62). 13,809 movies (dataset 1) were recorded with 41.73 e/A2
total dose, with defocus values from -0.7 to -1.7 um (0.1 um steps). Another 17,992 movies
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(dataset 2) were recorded with 42.61 e/A? total dose, with defocus values from -0.7 to -1.6 pm
(0.1 um steps).

All image processing was performed within cryoSPARC v4.3.1(63). Both datasets were motion
corrected using cryoSPARC’s implementation of Patch Motion Correction(63) with default
settings followed by CTF estimation with Patch CTF. Particles were picked by Topaz(64) using a
custom-trained model. 7,144,222 particles were extracted with four-fold binning (440 pixel
original box size, 110 pixel binned box size, 2.92 A/pixel) from 2 datasets. 50,000 particles were
selected from 2D classification (from dataset 1) and used for ab initio reconstruction to generate
5 classes. These were heterogeneously refined to generate two good classes (class 1 with 268,233
particles, and class 2 with 248,833 particles). These good particles were re-extracted with a box
size of 440 pixels and a pixel size of 0.73 A/pixel. The class 1 was refined with Non-uniform
Refinement(65) and then Local Refinement to a resolution of 3.1 A (U11 snRNP core map, M1).
The signal subtraction approach was used to obtain a better-defined peripheral region of PDCD7.
After particle subtraction, the reconstruction, which contains only PDCD7 region was low-pass
filtered to 60 A and used as a reference for 3D classification of 268,233 subtracted particles. 3D
classification led to one good class, which contains 48,988 particles. This class was refined to 4.0
A (map M4) and used to interpret the C-terminal leg (residues 388-485) of PDCD7¢ domain.

For the overall U11 snRNP, particles from class1 and class2 were merged together and refined
with Non-uniform Refinement. This reconstruction was used as a reference to perform
Heterogeneous refinement, which generated one good class. This class was refined with Non-
uniform Refinement and then Local Refinement to a resolution of 3.4 A (Overall U11 snRNP map,
M2). Another Local Refinement was performed with a mask covering the Sm-region lobe of U11
snRNP, generating the U11 snRNP 3’-domain map 3 (M3) with a resolution of 3.0 A. Particle
subtraction was performed on these particles, and the reconstruction which contains only U11
snRNA SL4 region was low-pass filtered to 60 A and used as a reference for 3D classification of
222,666 subtracted particles. 3D classification led to one good class, which contains 79,134
particles. This class was refined with Non-uniform Refinement and then Local Refinement to 3.7
A (M5) and used to interpret the interaction between PDCD7(residues 171-255) and SNRNP48
(residues 7-32).

Model building and validation

Templates for model building were generated by AlphaFold2(41). The templates were rigid-body
fitted into the maps in ChimeraX(66). The models were then refined into the maps using
ISOLDE(67). Subsequently, Coot was used manually adjust and build proteins and RNA(68). The
stem-loop regions of U1l snRNA were generated in Coot and refined in ISOLDE, and the
remaining nucleotides were added and real-space refined in Coot. Other components with poorly
resolved densities (i.e. PDCD7171-24¢, SNRNP48) were docked into the map as rigid bodies and left
in their original form. ZMAT5 and SNRNP48**™ binding sites were initially identified by an
exhaustive in silico AlphaFold2-based search(41, 42) for all possible interactions with Sm proteins
using a previously described approach(69). A summary of the modelling is listed in the table S3.

Final atomic models were refined to the high-resolution maps using Real-space Refinement in
PHENIX(70) and validated using the wwPDB OneDep System(71). Additional validation statistics
were obtained using MolProbity(72). Atomic models were visualized with ChimeraX or PyMol
(Schrodinger).
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Figure S1. Isolation of U11 snRNP from HEK293F cells. (A) Experimental workflow used in sample
purification. (B) UREA-PAGE analysis of the RNA extracted from native (no cross-linker) glycerol
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gradient ultracentrifugation. RNAs were stained with SYBR Gold and detected using Bio-Rad
Chemidoc. (C) SDS-PAGE analysis of the fractions from the Grafix gradient. Proteins were stained
with Coomassie blue. (D) List of proteins present in the U11 snRNP preparation. (E) A typical
negative staining EM micrograph of the sample after Grafix gradient. (F) A representative cryo-
EM micrograph of U11 snRNP sample collected on a 200kV Glacios/Falcon 4i microscope. (G)
Selected 2D classes derived from cryo-EM data processing.
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Figure S2. Cryo-EM data processing workflow.
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Figure S3. Global and local resolution analysis of the cryo-EM reconstructions. (A) Gold standard
Fourier Shell Correlation (FSC) curves of masked maps determined in cryoSPARC v4.3.1. Red:
Overall U11 snRNP; blue: U11 snRNP 3’-domain; green: U11 snRNP core. The local minima in the
FSC curves are likely caused by the tight mask for local refinement. (B, C, D) Local resolution
plotted on the isosurface of the locally filtered overall U11 snRNP map, U1l snRNP 3’-domain
map and U11 snRNP core map, respectively. (E) Overview of the proteins modelled in the U11
SnRNP structure. Filled-in rectangles denote the sequences that were modelled. Empty
rectangles are parts of the proteins and RNA that could not be assigned to the reconstructed
maps. Sm proteins are not shown here.
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Figure S4. Low-resolution modelling of U11 snRNP. (A) Fitting of U11 snRNA into the U11 snRNP
overall map M2. (B) Modelling of the SNRNP48 Znic finger domain, which binds to the minor
groove of the U11%4, (C) Fitting of three-helix bundle formed between PDCD7"8 and SNRNP48P8H,
(D, E) Fitting of the SNRNP48 C-terminal helix (SNRNP48“™) and Sm binding domain
(SNRNP48%8) into the U11 snRNP 3’-domain map (M3), respectively. (F) The ZnC finger domain
of ZMATS interacting with SmD3. (G) ZMATS is located directly next to 5’SS binding region of the
U11 snRNA. PBH - PDCD7-Binding Helix; HB - Helix bundle; ZNF - Zinc Finger domain; SBD - Sm
Binding Domain.Cterm - C-termianl helix.
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Figure S5. High-resolution modelling of U11 snRNP. (A) U11 snRNA Sm site (5’-AAUUUUU-3’)
recognition at the central hole of the Sm ring (U11 snRNP 3’-domain map M3). (B) The atomic
model of the bases located in the loops of SL1 and SL3 fitted into the U11 snRNP core map M1.
(C) The atomic model of the SL3 loop fits into the U11 snRNP core map M1. (D) The atomic model
of the loop extruding from the canonical SNRNP35f*M domain.
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Figure S6: Structural comparison between U11 snRNA and U1 snRNA. (A) Secondary structure
of U11 snRNA. The SL3 is coordinated by SNRNP35. (B) Secondary structure of the U1 snRNA.
Based on the U1 snRNP structure (PDB: 4PJO), U1-70K and U1-A bind to SL1 and SL2 through their
RRM domain, respectively. (C) Side view of the U11 snRNA showing the relative orientation of
the stem-lops 1-4 with respect to the Sm ring (D) Side view of the U1 snRNA shown in the same
orientation as U11 in (C), indicating the relative orientation of the stem-lops 1-4 with respect to
the Sm ring. (E, F) Top view of the structures from (C) and (D), respectively, showing a relative
rotation of the co-axially stacked stem loops SL1-SL2 with respect to the Sm ring. SmD2 (marked
in grey) was used to align two models. Stem loops and Sm site are highlighted as shown in Figure
2.
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Figure S7. The AlphaFold2-based interaction screen between ZMAT5 and Sm proteins (A-G)
Predicted Aligned Error (PAE) plots of the ZMAT5:Sm proteins pairs. Cross-peaks with low PAE
values indicated high confidence for the relative orientation of the regions corresponding to
these cross-peaks. SmD3 was identified as the most likely interacting partner. (H) pLDDT score of
the ZMAT5:SmD3 complex shown in (G) plotted against their sequences used for modelling. High
pLDDT scores indicate high-confidence modelling as assessed by AlphaFold2 algorithm (41, 42).
(1) Fitting of the ZMAT5/SmD3 AlphaFold2 model into the U11 snRNP 3’-domain map (M3).
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Figure S8. The AlphaFold2-based interaction screen between SNRNP48 and Sm proteins. (A-G)
Predicted Aligned Error (PAE) plots of the complex formed by Sm proteins and SNRNP48. Cross-
peaks with low PAE values indicated high confidence for the relative orientation of the regions
corresponding to these cross-peaks. SmE was identified as the most likely interacting partner. (H)
A cartoon representation of the SNRNP48/SmE AlphaFold2 model. Per-residue model confidence
is assessed by AlphaFold2 algorithm (41, 42) and coloured accordingly. (I) Close view of the
SNRNP48/SmE AlphaFold2 model fitting to U11 snRNP 3’-domain map (M3). The first half of the
helix (236-258) fits well into the map, and the second half (258-281) needs to be adjusted
accordingly. Cterm - C-termianl helix.
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Figure S9. 5’SS binding region of human U11 snRNA and yeast U1 snRNA. (A) 5’SS binding region
of human U11 snRNA is positioned between ZMAT5?NF and SNRNP48“™ domains, suggesting
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their possible involvement in the stabilisation of the 5’SS binding. (B) An equivalent view of the
yeast U1 snRNP bound to the model 5’SS (37). The a-helix of Luc7 interacts with 5’SS/U1 duplex,
which is similar to the role of SNRNP48‘¢™ domain in human U1l snRNP. (C) Domain
architectures of yeast Luc7 protein, three human LUC7 like proteins and SNRNP48; PBH - PDCD7-
Binding Helix; CC - coiled coil; ZNF - Zinc Finger domain; SBD - Sm Binding Domain.Cterm - C-
termianl helix. (D) Sequence alignment of the proteins shown in (C). The C-terminal helix of
SNRNP48 is used to align with the first a-helix of Luc7 and LUC7-like proteins. Three conserved
residues, as indicated in (E, F), are coloured in brown. (E) Close view of the interactions between
SNRNP48™ and SmE based on AF2 modelling and fitting to the low-resolution cryo-EM map.
(F) Close view of the interactions between the a-helix of Luc7 and SmE. Structurally conserved
residues are indicated in (D).
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Figure S10. AlphaFold2-based modelling of the interaction between PDCD7, ZMATS5 and RNPC3.
(A) Predicted Aligned Error (PAE) plot of the complex PDCD7/ZMAT5/RNPC3. Cross-peaks with
low PAE values indicated high confidence for the relative orientation of the regions
corresponding to these cross-peaks. (B) pLDDT score of the complex plotted against the
sequences used for modelling. High pLDDT scores indicate high-confidence modelling as assessed
by the AlphaFold2 algorithm(41, 42). (C) Cartoon representation of the PDCD7/ZMAT5/RNPC3
AF2 model. (D) A clear view of the interaction among PDCD7172-4°3, ZMAT5136-156 gnd RNPC3143
192 (E) A low-pass filtered map of the U11 snRNP (M4) with the U11 snRNP structure fitted in.
The fuzzy density marked by a magenta square, overlaps with the AlphaFold2 model of these
three proteins superimposed on the experimental structure.
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Table S1. Solution mass spectrometry analysis of the purified U11 snRNP

No? Protein Unique peptides Total spectral count  Total Intensity
2 RNPC3 43 67 3,41E+09
3 PDCD7 28 38 1,27E+09
4 SNRNP48 23 29 1,06E+09
5 SNRNP25 6 6 6,46E+08
6 SNRNP35 22 24 4,81E+08
15 SNRPD2 13 20 2,64E+08
24 SNRPD3 4 4 1,44E+08
28 ZMATS 9 11 9,79E+07
32 SNRPG 1 7 7,73E+07
33 SNRPB 0 6 6,61E+07
34 SF3B3 20 24 6,41E+07
37 SF3B1 31 36 5,63E+07
52 SNRPD1 5 5 3,05E+07
59 SNRPE 2 3 2,52E+07
74 SF3B2 19 27 1,15E+07

position on the hits list, when sorted by Total intensity in descending order.
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Table S2. Cryo-EM data collection, refinement and validation statistics.

U11 snRNP core Overall U11 snRNP U11 snRNP 3’-domain
Data collection and processing
Microscope TFS Krios
Voltage (keV) 300
Camera Falcon 4i
Magnification 165kx
Pixel size at detector (A/pixel) 0.73
Total electron exposure (e//A?) 41.73/42.61
(datasetl/dataset2)
Defocus range (um) -0.8t0-1.8/-0.7 to -
(datasetl/dataset2) 1.7
Automation software SerialEM
Energy filter slit width 20 eV
Micrographs collected (no.) 31801
Micrographs used (no.) 30164
Total extracted particles (no.) 7,144,222
For each reconstruction: M1 M2 M3
Final particles (no.) 268,233 222,666 222,666
Point-group Cc1 Cc1 Cc1
Resolution (global, A)
FSC 0.5 (unmasked/masked) 3.40/3.50 4.02/4.14 3.44/3.36
FSC 0.143 (unmasked/masked) 3.09/3.14 3.38/3.46 2.96/2.93
Map sharpening B factor (A?) -75.9 -71.2 -55.4
(main maps are unsharpened)
Model composition
Protein (aa) 377 1324 784
RNA (bases) 66 109 43
Model refinement
Refinement package Phenix Phenix Phenix
real or reciprocal space real real real
resolution cutoff (A) 3.1 3.4 3.0
CC (mask) 0.78 0.68 0.70
B factors (A2)
Protein residues 142.82 167.72 100.41
RNA 123.19 178.38 153.40
R.m.s d from ideal values
Bond lengths (A) 0.005 0.004 0.004
Bond angles (°) 0.818 0.859 0.914
Validation
MolProbity score 2.02 2.23 2.41
CaBLAM outliers 1.37 3.23 3.38
Clashscore 18.54 18.60 15.39
Rotamers outliers (%) 0.93 3.23 2.10
C-beta outliers (%) 0.00 0.00 0.00
EMRinger score 2.49 1.22 1.92
Ramachandran plot
Favored (%) 96.23 92.67 92.26
Outliers (%) 0.54 0.15 0.00
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Table S3. Summary of the protein and RNA modelling.

Overall U11 snRNP

Molecule ChainID UniprotID Total Res. Modelled Res. Template used Modelling approach
U11 snRNA A 135 5-38,44-112, 126-131 De novo & docked
SNRNP25 B Q9BV90 132 1-128 AlphaFold Docked & adjusted
SNRNP35 C Q16560 246 10-164 AlphaFold Docked & adjusted
PDCD7 D Q8N8D1 485 171-391 AlphaFold Docked & adjusted
ZMAT5 E Q9UDW3 170 2-43 AlphaFold Docked
SNRNP48 F Q6IEGO 339 1-178, 235-268 AlphaFold Docked & adjusted
SmB k P14678 240 6-91 4PJO Docked & adjusted
SmD1 h P62314 119 2-82 4PJO Docked & adjusted
SmD2 i P62316 118 11-114 4PJO Docked & adjusted
SmD3 i P62318 126 3-83 4PJO Docked & adjusted
SmE | P62304 92 14-90 4PJO Docked & adjusted
SmF m P62306 86 2-75 4PJO Docked & adjusted
SmG n P62308 76 4-76 4PJO Docked & adjusted
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