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Abstract

Eukaryotes harbor both Sm-type and Lsm-type heteroheptameric rings, which are essential in RNA metabolism. Despite their similar subunits
and evolutionary ties, they interact with RNA in distinct ways, functioning as scaffolds and chaperones, respectively. However, the mechanistic
basis of their evolutionary divergence remains unclear. Using the Sm ring (D1-D2-FE-G-D3-B) and the Lsm2-8 ring, both of which form the cores
of distinct spliceosomal snRNPs, as model systems, we investigated the feasibility and mechanisms of their interconversion. We found that the
interactions among subcomplexes (SCs) 1-3 in the Sm ring (D1/D2, F/E/G, and D3/B) differ from those in Lsm2-8 (Lsm2/3, Lsm6/5/7, and
Lsm8/4), implying the formation of distinct assembly intermediates. By strengthening the SC1-SC3 interaction, we achieved the conversion of
the Sm ring into an Lsm-type ring. Conversely, increasing the SC2-SC3 affinity did not yield a successful conversion. Furthermore, by weakening
the SC1-SC3 interaction and introducing mutations in the RNA-binding regions of SC1 and SC2, we converted Lsm2-8 into a Sm-type ring.
These findings provide mechanistic insights into how similar protein components can assemble into functionally distinct heteroheptameric
rings, a principle likely applicable to Lsm1-7 and the U7 snRNP core, and offer deep insights into spliceosome and eukaryotic evolution.
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Introduction ancestral proteins through gene duplication and mutation is

Investigating the formation of intricate protein complexes  pivotal in understanding molecular evolution. Hemoglobin,
from homologous proteins that have diverged from common microtubules, and the 20S core proteasome (CP) [1] are
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representative examples of globular, fibrous, and hollow cylin-
drical complexes, respectively. Protein complexes formed from
Sm or like-Sm (Lsm) proteins are also remarkable examples
[2-4].

These proteins share an evolutionarily conserved Sm fold,
characterized by an N-terminal «-helix and five highly bent
antiparallel B-strands. Adjacent 34 and B35 strands from dif-
ferent (L)Sm proteins interact, constructing homo- or hetero-
polymeric ring complexes that play a vital role in RNA
metabolism across all domains of life [5-13]. These (L)Sm
rings bind to the U-rich sequence of RNA within their central
channel on one face, with each protomer specifically interact-
ing with each uridine nucleotide. Each (L)Sm protein employs
two conserved motifs—the DX®XN (& refers to an aromatic
residue) motif in loop 3 and the RG motif in loop 5—to rec-
ognize uracil. Residues ® and R sandwich uracil through -7t
and cation—7 interactions, respectively; the invariant residue
N provides specificity by forming hydrogen bonds with the
uracil [7, 8, 11, 14-18].

Bacteria possess a single Lsm protein, Hfq, forming homo-
hexameric rings [12]. In archaea, typically one or two Lsm
proteins assemble into homohexameric or homoheptameric
rings [13]. Eukaryotes exhibit much more complexity, with at
least 14 distinct (L)Sm proteins arranging into two different
heteroheptameric rings. The canonical Sm ring (Fig. 1A), com-
posed of D1-D2-F-E-G-D3-B, is integral to the structure of U1,
U2, U4, and U5-snRNPs in the spliceosome, while the Lsm2-8
ring (Fig. 1A) associates with the 3" end of U6 snRNA. Signif-
icant in spliceosome function, these rings contribute to pre-
mRNA processing. Many eukaryotes, especially metazoans,
possess two additional heteroheptameric rings: the Lsm1-7
(Fig. 1A), which is involved in cytoplasmic RNA degradation
[19, 20], and the U7 snRNP core (Fig. 1A), which is crucial
for histone pre-mRNA 3’ processing [21, 22]. Additionally,
Sm/Lsm rings contribute to telomere maintenance [23, 24].

These rings can be categorized into two types based on their
RNA-binding properties and assembly requirements: Lsm-
type (flexible) and Sm-type (fixed) rings [2]. Lsm-type rings
engage in a dynamic association with RNA containing U-rich
sequences at the 3’ end, with the 3’ U-rich segment being encir-
cled by one face of the ring’s central channel [8, 15]. They can
readily dissociate and function as RNA chaperones (Fig. 1B).
Notably, Lsm-type rings assemble independently of RNA and
other factors, and they include Lsm2-8, Lsm1-7, and all Lsm
homomeric rings in bacteria and archaea. In contrast, Sm-type
rings bind RNA containing the snRNP code—a conserved U-
rich segment termed the Sm site (typically PuAUUUNUGPu,
where Pu is purine) followed by a stem-loop structure [7]—
and the bound RNA passes through the central channel [6, 7,
16-18]. They maintain this interaction and serve as a scaffold
for RNA (Fig. 1C). The assembly of Sm-type rings is RNA-
dependent and requires the assistance of chaperones such as
the PRMTS and SMN-Gemins complexes in almost all eu-
karyotes [21, 25-31]. Sm-type rings include the canonical
spliceosomal Sm ring and the U7-snRNP core.

Phylogenetic analyses indicate that all (L)Sm rings share a
common ancestor, and it is hypothesized that eukaryotic di-
versification involved two principal “duplication and muta-
tion” events among (L)Sm proteins [2—4]. The initial event
spawned a flexible heteroheptameric ring (Lsm2-8) from a
homooligomeric Lsm ring, followed by a subsequent event
transforming this into a fixed ring—forming the canonical Sm
spliceosomal ring. These rings form the core of spliceosomal

snRNPs, playing a pivotal role in early spliceosome assem-
bly and function during eukaryotic evolution [32]. While the
Lsm2-8 ring still retains the chaperone activity as do the ho-
mooligomeric Lsm rings in bacteria and archaea, the emer-
gence of the Sm core is significantly distinct from Lsm rings,
for it acts as a scaffold for snRNAs, stabilizing snRNAs [33],
facilitating the recruitment of additional proteins (i.e. U1-70K
and U1-C in U1-snRNP) [6, 17], and shaping the modern
spliceosome’s architecture.

Remarkably, flexible and fixed heteroheptameric rings
share similar components yet possess divergent assemblies and
functionalities. Comparative phylogenetic and structural anal-
yses have shown that the seven Lsm proteins correspond pre-
cisely to the seven Sm proteins, in the order of Lsm 2-3-6-5-7-
4-8 matching Sm D1-D2-F-E-G-D3-B [2-4, 6-8]. Moreover,
each set of these proteins forms three distinct subcomplexes
(SCs) (Fig. 1A), which exhibit greater stability than individ-
ual subunits [34, 35]. The assembly of the Sm ring can occur
spontaneously iz vitro and follows a specific pathway, even
in vivo, where assembly is generally chaperone-dependent:
first, SmD1/D2 and SmF/E/G form a metastable pentamer,
then snRNA incorporation leads to a stable subcore, and ul-
timately SmD3/B joins to complete assembly (Fig. 1C) [28,
34, 36]. Although similar pathways (Lsm2/3 and Lsmé6/5/7
form an intermediate complex first) are proposed for Lsm2-8
and Lsm1-7 complexes [37, 38], this raises questions about
how such structurally similar proteins can produce distinct
functional complexes upon assembly. Therefore, the assem-
bly mechanisms of these heteroheptameric rings remained ob-
scure. Moreover, experimental conversions between Lsm-type
and Sm-type rings have not been demonstrated previously.

In this study, we investigated SC interactions and postulated
alternate assembly intermediates for Lsm2-8 and the Sm ring.
Successful interconversion of the Sm ring to an Lsm-type and
Lsm2-8 to a Sm-type ring was achieved, unveiling underlying
principles guiding the formation of these rings. These findings
suggest a model for the evolutionary transition from an Lsm-
type to a Sm-type ring, contributing to our understanding of
spliceosome evolution and eukaryogenesis. Moreover, they of-
fer insights into the evolution of other heteromeric complexes
and the potential design of protein complexes.

Materials and methods

Plasmid constructions for protein expression in
E. coli

All of the plasmids used in this study contain human comple-
mentary DNAs (cDNAs). (L)Sm proteins in the same dimeric
SC were constructed in a single pCDFDuet (or pETDuet or
pRSFDuet) vector (Novagen), while in the cases of trimeric
SC (SmF/E/G and Lsmé6/5/7), two (L)Sm proteins (in the
middle and at one side) were constructed in a single pCDF-
Duet vector and the third one in a separate vector. Expression
plasmids containing full-length SmD1 and a N-terminal
Hisg tag followed by a TEV cleavage site fused to SmD2
(pCDFDuet-HT-D2-D1, HT: His¢-TEV tag), and the Sm
fold portions of SmD3 (residues 1-75) and SmB (residues
1-91) [pCDFDuet-HT-B(1-91)-D3(1-75)] were constructed
before [27]. The full-length SmF, SmE, and HT-tagged SmG
were constructed in the single pRSF vector (pRSF-F-E-HT-G).
Expression plasmids containing full-length Lsm2 and Lsm3
(pETDuet-HT-Lsm3-Lsm2), full-length Lsm4 and Lsm8
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Figure 1. Two types of (L)Sm heteroheptameric rings exhibit distinct interactions between SCs. (A) Four (L)Sm rings can be grouped into two types:
Lsm-type (three SCs are colored in orange, pink, and red) and Sm-type (three SCs are colored in cyan, green, and purple). Binding energies between
SCs are labeled (with standard deviations in brackets) (see more in Supplementary Table S1). (B) Assembly of Lsm2-8 and its interaction with
UB-snRNA. (C) Assembly pathway of spliceosomal Sm core with U4-snRNA. (D-F) Interactions between each pair of the 3 SCs in the Sm ring were
tested using pull-down assay, in which a His-tagged SC, a tag-removed SC or their mixture was incubated with Ni-beads, washed, and analyzed by
SDS-PAGE staining. (G-) Interactions between each pair of the 3 SCs in Lsm2-8 were tested using the same pull-down assay as described above.
Lsm4/8 was replaced by Lsm4-link-Lsm8 for better expression and purification (Supplementary Fig. S1). For each in (D-I), one representative result of at
least two independent experiments is shown. The results of the inverse pull-down order of (D-I) are in Supplementary Fig. S2. FT: Flow-through.

(pETDuet-HT-Lsm8-Lsm4), full-length Lsm7 and Lsm5
(pETDuet-HT-Lsm7-Lsm35), and full-length Lsmé6 (pCDF-
HT-Lsm6) were constructed in the way similar to the above
Sm proteins. Because the initial expression and purification
trial of pETDuet-HT-Lsm8-Lsm4 generated very unbalanced
ratio of Lsm8:Lsm4, a new set of four plasmids containing
Lsm4 and Lsm8 fused in a tail-to-head way [pCDFDuet-HT-
Lsm4(1-87)-link-Lsm8(1-96), pCDFDuet-HT-Lsm4(1-96)-
link-Lsm8(1-96), pCDFDuet-HT-Lsm4(1-87)-link-Lsm8(1-
80), and pCDFDuet-HT-Lsm4(1-96)-link-Lsm8(1-80)] were
constructed and tested. The first of the four plasmids was
finally used to express the fused form of Lsm4-link-LsmS8.
All the (L)Sm mutants described in the manuscript, in-
cluding SmD1y/D2, SmD3/By;, SmD3/By,, SmF/E/Gy,
SmD3y/B, Lsm2p/Lsm3, Lsm4/Lsm8y, SmD3y/B,
SmF/E/Gy,  Lsm2/Lsm3y,  Lsmé6y,  LsmSyg/Lsm7,

and LsmSyp/Lsm7y, were constructed similar to their
corresponding ~ wild-types.  Gemin2AN39  (pCDF-HT-
Gemin2AN39) were constructed before [27]. SMNgGesp,
containing SMN residues 26-62 (pET21-HMT-SMNgGe28p),
was fused with an N-terminal His¢-tag followed by maltose-
binding protein (MBP) tag and TEV cleavage site in pET21
vector (Novagen). All the constructs were verified by DNA
sequencing.

Protein expression and purification

All the proteins and protein complexes were expressed using
BL21(DE3) competent cells under the induction of isopropyl
B-p-thiogalactoside (IPTG). For SmF/E/G and Lsmé6/5/7 and
their mutants, SmF/E and SmG (or Lsm5/7 and Lsmé, or
their mutants) were co-expressed. The purification procedure
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followed a very similar way to our previous methods [28].
Briefly, in general, proteins or protein complexes were purified
by Ni-column first, ion-exchange chromatography second and
gel filtration chromatography (GFC) at last. If the Hisg-TEV-
tag needed to remove, TEV protease cleavage was performed
after Ni-column purification, and the tag-removed proteins
were collected by passing Ni-column again at low concentra-
tion of imidazole in the buffer. Throughout the purification
process, the quality and quantity of the proteins were mon-
itored by sodium dodecyl sulfate (SDS)—polyacrylamide gel
electrophoresis (PAGE) and Coomassie brilliant blue (CBB)
staining. Finally, the purified proteins and protein complexes
were either directly used or snap-frozen in liquid nitrogen and
stored at -80°C for future use.

Protein—protein interaction by pull-down assay

In some cases such as for the interactions between each pair
of Sm SCs, Ni-NTA agarose beads were washed by ultrapure
water and equilibrated with Buffer A (50 mM Tris—=HCI, pH
8.0,250 mM NaCl, 20 mM imidazole, and 5% glycerol). The
above beads were aliquoted 150 ul each into Eppendorf tubes,
and each tube was incubated with 9 nmol of His-tagged Sm
SC, tag-removed Sm SC or both in Buffer A for 1 h at 4°C.
The supernatants were collected after centrifugation (500 x g,
3 min), and the beads were then washed with 300 ul Buffer A,
five times. After washing, the proteins bound on beads were
resolved by SDS-PAGE and CBB staining. For the interaction
between each pair of Lsm SCs, the procedure was similar to
Sm SCs except that Lsm SCs were pre-incubated with Buffer
A plus 5 M urea at 16°C overnight before incubation with
Ni-beads to break the potential stable high-order oligomeric
state of each SC formed by self-interaction as described before
[35]. In other cases in which one protein complex was tested
to interact with several other protein complexes, such as for
interactions between HT-tagged Gemin2/MBP-SMN(26-62)
with SmF/E/G, SmD1/D2 and SmF/E/G, Sm core, and so on,
the first step took a variation while the remaining steps kept
the same. The variation is, Ni-NTA agarose beads were incu-
bated with HT-tagged protein first, and then aliquoted into
different tubes, in which different tag-removed protein com-
plexes were added for interaction.

Protein complexation by GFC

To estimate the oligomeric state of a protein complex, ana-
lytical GFC was used. The purified proteins or protein com-
plexes were mixed together at an equimolar ratio and incu-
bated at 4°C for a minimum of 1 h to allow complex for-
mation. After the incubation, the mixture was centrifuged at
13000 x gat 4°C for 15 min to remove any debris and collect
the supernatant. The supernatant was then passed through a
GFC column called Superdex 200 Increase 10/300 GL (GE
Healthcare, USA) with the running buffer (25 mM Tris—=HClI,
250 mM NaCl, and 1 mM EDTA, pH 7.5). The eluted frac-
tions were collected at intervals of 0.5 ml and analyzed by
SDS-PAGE and CBB or silver staining. The apparent molecu-
lar weights (aMWs) of the protein complexes were calculated
on the basis of the GFC protein standards (Bio-Rad, USA)
as a control using the equation: aMW = 10(-0-1976"Vol +4.7009)
[R? =0.999,aMW/(kDa), Vol (ml)]. The theoretical MWs and
aMWs of the proteins and complexes in this study can be
found in Supplementary Table S2.

In vitro RNA production and purification

The 30-nt RNAs (U4-5'A and U4-5'A-ASm) were chemi-
cally synthesized by Takara. The long RNAs, including U1,
U2, U4, US, and U6 snRNAs, were produced using in vitro
transcription with the T7 High Yield RNA Transcription Kit
(Vazyme, China). The process was similar to that described
before [28]. The DNA templates were made by polymerase
chain reaction (PCR). Transcribed RNAs were purified by
GFC (Superdex 200 Increase 10/300 GL) in the running
buffer containing 20 mM TrisvHCI, 250 mM NaCl, 2 mM
MgCl,, and 1 mM EDTA, pH 8.0. The qualities of these
RNAs were further checked on agarose gel electrophoresis.
The sequences of the RNAs used in this study can be found in
Supplementary Table S3.

In vitro RNA-protein complex assembly assay

RNA-protein complex assembly assays were performed by in-
cubating protein complexes with RNA in final volume of 400
pl in assembly buffer containing 20 mM Tris—=HCI (pH 7.5),
250 mM NaCl, 2 mM MgCl,, 1 mM EDTA, and 1 mM DTT,
with equal molar ratio. RNAs were pre-incubated at 65°C for
10 min followed by cool-down at room temperature before
mixing with proteins. After incubation at 37°C for 40 min,
the samples were collected at 15 000 rpm for 5 min in a table
centrifuge and applied into Superdex 200 Increase 10/300 GL
(GE Healthcare, USA) GFC via a 500 ul of sample loop. The
elution was monitored by OD;gonm and ODgonm- The eluted
fractions were collected each 0.5 ml, resolved by SDS-PAGE,
and visualized by silver staining. In certain situations, SDS—
PAGE was also stained by nucleic acids dye, Super GelRed (US
Everbrigh), and visualized under UV to identify the positions
of RNAs.

Electron microscopy analysis

For electron microscopy (EM) analysis of GFC-purified pro-
tein complex 7Sm-LLH or RNA-Lsm complex, negative stain-
ing with uranyl formate was performed according to a previ-
ous protocol [39]. Preparations were examined with a JEM-
1400Flash electron microscope operating with 120 kV. Elec-
tron micrographs were taken at a magnification of 150 000.
See more details in the Supplementary File.

Results

Distinct subcomplex interactions in Sm and Lsm
rings

To elucidate the unique assembly of seven structurally sim-
ilar components into two distinct ring formations, we in-
vestigated the binding affinities and assembly sequences of
the SCs, which have not been systematically studied before.
We took two different approaches. Initially, we utilized the
PISA server (http://www.ebi.ac.uk/msd-srv/prot_int/) to assess
binding energies at the interfaces of SCs, mapped from crys-
tallographic data. The interfaces of the Sm core, denoted as
A-C (I-A, I-B, and I-C) between SCs, exhibited binding ener-
gies of —9.4 + 0.2, —6.8 &+ 1.4, and —2.9 + 0.9 kcal/mol,
respectively, suggesting an affinity hierarchy of I-A > I-B > I-
C (Fig. 1A and Supplementary Table S1). Conversely, the
Lsm2-8 interfaces demonstrated a different affinity order of
I-C > I-A > I-B, with energies of —5.9 + 1.2, —3.9 + 0.6,
and —9.4 & 2.2 kcal/mol, respectively. This suggests the exis-
tence of distinct assembly intermediates, specifically SC1/SC2
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(comprising SmD1/D2/F/E/G) during Sm core formation
and SC1/SC3 (consisting of Lsm4/8/2/3) during Lsm2-8 as-
sembly (Fig. 1A and Supplementary Table S1). The affinity or-
der in Lsm1—7 (I-C > I-A > I-B) is similar to that in Lsm2-8
(Fig. 1A and Supplementary Table S1).

Next, considering the potential inaccuracy of theoretical
computations, we expressed and purified the six SCs from
both the human Sm core and Lsm2-8 for binding testing. The
formation of these six individual SCs has been demonstrated
in previous studies 5, 26,27, 35]. However, in our initial trial,
we encountered a significant imbalance in the co-expression
of Lsm4 and Lsm8. To improve expression and facilitate bio-
chemical testing, we therefore used a linked Lsm4 /8 construct,
a strategy similar to a previous study of Lsm4/1, Lsm2/3, and
Lsm6/5 [37]. As demonstrated in Supplementary Fig. S1, this
construct had no adverse effect on Lsm2-8 assembly. There
are two reasons for choosing human versions: (i) individ-
ual Sm and Lsm proteins are highly conserved across vari-
ous species (i.e. seven Sm proteins share 48%-79% identity
and 70%-88% similarity between humans and Schizosaccha-
romyces pombe, and Lsm2-Lsm8 share 46%-66% identity
and 73%-90% similarity between humans and S. pombe); (ii)
human Sm and Lsm proteins have been successfully expressed
in Escherichia coli and biochemically characterized to be func-
tional [5, 26, 27, 35].

Using pull-down assays, we detected a tight interaction be-
tween SmD1/D2 and SmF/E/G (Fig. 1D), but little interac-
tion between SmF/E/G and SmD3/B (Fig. 1E) or between
SmD1/D2 and SmD3/B (Fig. 1F). This is consistent with the
above affinity analysis of Sm core and the assembly order
studied previously in humans and other eukaryotes [28, 34,
36]. We detected a strong interaction between Lsm 2/3 and
Lsmé6/5/7 (Fig. 1G), which was not well predicted by the
above affinity analysis but is consistent with the experimen-
tal results obtained with yeast homologs [37, 38]. We ob-
served little interaction between Lsm4/8 and Lsmé6/5/7 (Fig.
1H), and a strong interaction between Lsm2/3 and Lsm4/8
(Fig. 11), as predicted by the above affinity analysis. However,
the strong interaction between Lsm2/3 and Lsm4/8 had not
been studied biochemically before. Moreover, pull-down as-
says conducted in a reversed order resulted in the same con-
clusions (Supplementary Fig. S2). These results indicate that
the assembly orders of Sm and Lsm rings differ.

Sm core converts into an Lsm-type ring by
enhancing the SC1-SC3 interaction

Considering that Lsm-type rings may form due to high-affinity
interactions at two of the three interfaces, we postulated that
enhancing either interface B or C could convert the Sm ring
to an Lsm-type ring. We first attempted to increase the affin-
ity of interface C by engineering SmB and SmD1. We made
two SmB mutants, SmBy; and SmBy, (chimeras with Lsm8
by replacing the N- and C-termini, the subscript H means high
affinity) and a SmD1 mutant, SmD1y (a chimera with Lsm2
by replacing the middle segment) (Fig. 2A and Supplementary
Fig. S3). All three mutant SCs, SmD1y/D2, SmD3/By, and
SmD3 /By, were expressed and behaved well (Fig. 2B). As ex-
pected, in pull-down assays, His-tagged SmD1y;/D2 retained
both SmD3/Byy; and SmD3/By, whereas His-tagged wild-
type SmD1/D2 did not retain SmD3/B (Fig. 2B).

To assess if an Lsm-type ring forms, we used several ap-
proaches, including pull-down assays, GFC, dynamic light
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scattering (DLS), and mass spectrometry (MS). His-tagged
SmD1y/D2 pulled down SmF/E/G and SmD3/By; together,
or SmF/E/G and SmD3/By; together (Fig. 2C); however, it
only pulled down SmF/E/G and not wild-type SmD3/B in
the control (Fig. 2C). The mixture of SmD3 /By, SmD 1y /D2,
and Sm F/E/G eluted from GFC as a single peak at 14.47
ml (Fig. 2D), corresponding to an aMW of 69.4 kDa, which
is close to the MW of 74.6 kDa calculated from a Sm het-
eroheptamer (named 7Sm-LLH, where LLH means “like-
Lsm2-8 heptamer”) (Supplementary Table S2). Reconstitu-
tion of 7Sm-LLH under different conditions (either incu-
bated in regular buffer or regular buffer containing 5 M
urea before GFC analysis) exhibited comparable GFC profiles
(Supplementary Fig. S4). SDS-PAGE analysis of peak frac-
tions revealed stoichiometric ratios of all Sm proteins (Fig. 2D
and Supplementary Fig. S4). DLS characterization of recon-
stituted 7Sm-LLH at 4 and 20°C yielded diameters of 7.8-8.1
nm (Supplementary Fig. $5), matching the ~80 A dimensions
of Sm/Lsm rings. DLS-estimated MWs were 80.2 & 20.1 kDa
(4°C) and 89 + 18.8 kDa (20°C) (Supplementary Fig. S5),
consistent with the calculated MW of 7Sm-LLH. Liquid chro-
matography (LC)-MS/MS analysis confirmed the presence of
all seven Sm proteins, with identification scores, unique se-
quence coverage, and intensities significantly exceeding other
candidates (Supplementary Table S4).

To detect if the reconstituted 7Sm-LLH is a ring-shaped
complex, we employed negative staining EM. Indeed, we ob-
served that most particles exhibited a doughnut-like shape
with a diameter of ~80 A and central holes with a diame-
ter of ~20 A (Fig. 2E and Supplementary Fig. $6). These di-
mensions are consistent with the diameters calculated from
the Sm rings of Ul and U4 crystal structures [6, 7] and
Lsm2-8 [8]. Additionally, we adopted a biochemical approach
to probe the shape of 7Sm-LLH. As Gemin2 and snRNA
exhibit negative cooperativity in binding to the horseshoe-
shaped SmD1/D2/F/E/G (5Sm), snRNA binding to the in-
terior of 5Sm causes it to splay open and reduce its cur-
vature. This allows SmD3/B to join and subsequently re-
duces the affinity of Gemin2 for binding to 5Sm, leading to
Gemin2’s release [27]. Therefore, the mature Sm core cannot
bind Gemin2, and neither can 7Sm-LLH, which is expected
to adopt the same splayed conformation in its 5Sm com-
ponent. To test if 7Sm-LLH binds to Gemin2/SMN(26-62),
we conducted a pull-down assay. Similarly to pulling down
wild-type SmD1/D2/F/E/G, His-tagged Gemin2/SMN(26—
62) successfully pulled down SmD1y/D2 and SmF/E/G to-
gether. However, it did not pull down either 7Sm-LLH or
the mature Sm core (Fig. 2F, Sm core assembly on U4-
snRNA is shown in Supplementary Fig. S7). These results
further confirm the ring conformation of the assembled
7Sm-LLH.

As mentioned earlier, there is a significant difference in
RNA interactions between the Lsm-type and Sm-type rings.
The Lsm2-8 complex binds specifically to the 3’-Lsm site
(AUAUUUU) of U6 snRNA but not to the snRNP code, a
sequence motif comprising the Sm site and an adjacent 3’
stem-loop shared by other spliceosomal snRNAs. We next ex-
amined whether 7Sm-LLH could function in a similar way.
First, we used GFC to test the binding of 7Sm-LLH to ei-
ther U6 snRNA or a control U6ALsm snRNA (in which
AUAUUUU was replaced with AUCCCCC). Although both
experiments yielded similar OD traces with two peaks (~11.5
and ~14.5 ml, corresponding to RNA and 7Sm-LLH alone,
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Figure 2. Increasing affinity between SC1 and SC3 in the Sm ring converts it into an Lsm-type ring. (A) The strategy to increase affinity between SC1
and SC3. The interface of SmD1 is replaced by that of Lsm2 (SmD1y) and the interface of SmB by that of Lsm8 (SmBy; and SmByy,). (B) Increased
affinity between SC1 (SmD1y/D2) and SC3 (SmD3/By; or SmD3/B,) was tested by pull-down assay. Wild-type SmD1/D2 and SmD3/B served as
controls. (C) SC1 (SmD1/D2) pulled down SC3 (SmD3/By; or SmD3/By,) and SC2 (SmF/E/G) together but could not pull down wild-type SmD3/B and
SmF/E/G together. (D) Mixture of SmD1y/D2, SmD3/Bys, and SmF/E/G formed a heptameric complex in GFC (Superdex 200 10/300GL). (E) The
heptameric complex (named as 7Sm-LLH) showed a doughnut-shaped conformation in negative staining EM. The diameters of the outside and inner
rings are ~80 and ~20 A, respectively. A representative region is shown. Several particles are shown in magnification. See more details in
Supplementary Fig. S6 for additional EM images and analysis. (F) The reconstituted 7Sm-LLH could not bind to Gemin2/SMN(26-62). His-tagged
Gemin2/MBP-SMN(26-62) bound to Ni-beads was tested to pull down 7Sm-LLH, SmF/E/G, SmD1/D2 + SmF/E/G, Sm core (see its reconstitution
details in Supplementary Fig. S7), and SmD1y/D2 + SmF/E/G served as controls. (G-I) Testing RNA-binding ability of 7Sm-LLH using GFC. (G)
7Sm-LLH was able to bind UB-snRNA. (H) 7Sm-LLH was unable to bind UBASm-snRNA. (I) 7Sm-LLH was unable to bind U4-snRNA. For panels (G-1),
the reconstituted 7Sm-LLH was incubated with RNAs (top, in cartoon) and the mixture were subject to GFC (middle, GFC trace of RNA alone is also
shown for comparison). The elution fractions (marked by red and black bars) were analyzed by SDS—-PAGE plus silver staining and GelRed staining
(bottom). For each, one representative result of at least two independent experiments is shown.
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respectively), SDS-PAGE followed by silver staining showed a
key difference: the first peak in the U6 snRNA experiment con-
tained both RNA and Sm proteins, whereas the corresponding
peak in the U6ALsm control contained only the mutant RNA
(Fig. 2G and H). This demonstrates that 7Sm-LLH specifically
binds U6 snRNA, mirroring the behavior of Lsm2-8. Second,
we used GFC to test the interaction between the 7Sm-LLH
ring and U4 snRNA, a representative spliceosomal snRNA
that typically assembles with Sm proteins into an Sm ring. The
peak containing RNA eluted at 12.25 ml, similar to the elution
volume of snRNA alone (Fig. 2I). However, SDS-PAGE/Silver
staining detected minimal Sm proteins in these fractions, while
7Sm-LLH eluted separately at 14.5 ml (Fig. 2I). In contrast,
a reconstituted Sm core comprising wild-type 7Sm and U4
snRNA showed co-elution of RNA and Sm proteins at 11.9
ml (Supplementary Fig. S8). These results confirm that 7Sm-
LLH cannot bind U4 snRNA. Furthermore, electrophoresis
mobility shift assays (EMSAs) revealed that 7Sm-LLH failed
to bind U1, U2 or US snRNAs, whereas wild-type 7Sm ex-
hibited strong binding (Supplementary Fig. S9). This indicates
that 7Sm-LLH has lost the ability to recognize RNAs contain-
ing the snRNP code. In summary, the above results demon-
strate that increasing the binding affinity of I-C can convert
Sm proteins from an Sm-type ring into an Lsm-type ring, both
structurally and functionally.

7Sm cannot convert into an Lsm-type ring by
enhancing the SC2-SC3 interaction

Next, we evaluated whether increasing affinity at interface
B of the Sm core could yield an Lsm-type ring. Initially, we

attempted the same approach as described above to replace
I-B (between SmG and SmD3) with I-C between Lsm8 and
Lsm2. However, we were unable to obtain a good expres-
sion of the mutant SC2 (data not shown). Then, we tried a
different way. We replaced I-B in the Sm core with I-B in
Lsm2-8 (between Lsm7 and Lsm4) and fused a1l of Lsm2
at the N-terminus of SmG mutant, creating SmG and SmD3
mutants, designed as SmGy and SmD3y, respectively (Fig.
3A and Supplementary Fig. S10). To enhance expression and
facilitate size distinction, we also used a linked SmD3y/B
(SmD3y-link-B). Both SmF/E/Gy and SmD3y-link-B were
expressed and behaved well (Fig. 3B and C). As anticipated,
His-tagged SmF/E/Gy was able to pull down SmD3y-link-B,
whereas His-tagged SmF/E/G could not pull down SmD3/B
(Fig. 3C). Moreover, His-tagged SmD3-link-B pulled down
SmF/E/Gy (Fig. 3B). These data indicate that the affinity be-
tween the mutant SC2 and SC3 increased, as expected. Sur-
prisingly, however, His-tagged SmD3y-link-B could not pull
down SmF/E/Gy and SmD1/D2 together (Fig. 3D, lane 6). In
contrast, when U4-snRNA was incubated with the three SCs,
all the proteins and RNA were retained on the beads (Fig. 3D,
lane 7), suggesting that both SmF/E/Gy and SmD3y-link-B
have normal conformations similar to their wild-types. These
results indicate that high affinity at both interfaces A and B
does not enable the seven Sm proteins to form an Lsm-type
ring. This finding is surprising, as it is against our initial hy-
pothesis, suggesting that assembly dynamics and intermediate
structures may inhibit the coalescence into a complete ring
(Fig. 3A-D). This implies that the structures of the intermedi-
ates may prevent the integration of the final SC, which war-
rants further discussion.
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Figure 4. Reducing affinity between SC1 and SC3 in Lsm2-8 cannot form a Sm-type ring. (A) The strategy to reduce affinity between SC1 and SC3. The
initial strategy was to replace the interface of Lsm2 with that of SmD1 (Lsm2,) and the interface of Lsm8 with that of SmB (Lsm8y) (upper left).
However, this strategy was unsuccessful (data not shown). An alternative strategy was attempted, in which SmD3/B with the SmD3 interface replaced
by that of Lsm4 (SmD3),) was used to maintain the original interface for interaction with Lsm7 (upper right) (see more in Supplementary Fig. S12). (B)
Reduced affinity between SC1 (Lsm2,/3) and SC3 (SmD3),/B) was tested by pull-down assay with Ni-beads. Wild-type Lsm2/3 and Lsm4/8 (in the
form of Lsm4-link-Lsm8) served as controls. For better comparison, a linked version of SmD3y/B (SmB-link-SmD3, ) was used. (C) SmD3y/B (in the
form of SmB-link-SmD3)) could not pull-down Lsm2, /3 and Lsm6/5/7, whereas Lsm4/8 (in the form of Lsm4-link-Lsm8) pulled down Lsm2/3 and
Lsm6/5/7 together. (D-H) Binding test of various (L)Sm SCs to U4-5'A RNA through GFC. (D) U4-5"A RNA alone. (E) SmD3y/B was able to bind to
SmD1/D2 and SmF/E/Gy and U4-5'A to form Sm core. (F) Lsm2/3, Lsm6/5/7, and Lsm4/8 (in the form of Lsm4-link-Lsm8) could not bind U4-5'A. (G)
Lsm2, /3, Lsm6/5/7 and SmD3),/B could not bind U4-5'A. (H) Lsm2, /3 and Lsm6/5/7 could not bind U4-5'A to form a subcore. For each, one

representative result of at least two independent experiments is shown.

Weakening the SC1-SC3 interaction of Lsm2-8
does not yield a Sm-type ring

Upon successful conversion of the Sm core into an Lsm-type
ring by enhancing I-C affinity, we investigated whether reduc-
ing [-C affinity could convert Lsm2-8 into a Sm-type ring. We
engineered a low-affinity interface to replace the high-affinity
contact between Lsm2 and Lsm8 with the less stable interac-
tion observed between SmD1 and SmB. The resulting Lsm2
mutant, denoted Lsm2;, was created by fusing it with SmD1
segments (Fig. 4A and Supplementary Fig. S11). However, at-
tempts to produce similar Lsm8 mutants resulted in either mis-
folded inclusion bodies or mutants that retained unwanted
affinity with Lsm2p (Fig. 4A, upper left). Consequently, for
SC3, we adopted SmB in its entirety combined with a modi-
fied SmD3 (SmD3y), in which the 314 strands were replaced
with those from Lsm4 to maintain the interface with Lsm7
(Fig. 4A, upper right, and Supplementary Figs S11 and S12).
The resulting SC1 (Lsm2; /3) and SC3 (SmD3y;/B) showed
the anticipated reduced affinity, as evidenced by the absence

of stable binding in pull-down analysis (Fig. 4B). Moreover, as
anticipated, mixing SmD3y;/B with Lsmé6/5/7 and Lsm2; /3
resulted in the loss of heptameric complex formation, in con-
trast to the native Lsm2-8 (Fig. 4C, compare lanes 8 and 6).
To ensure accurate folding of SmD3y,, we tested its ability
to integrate into the Sm core using the truncated U4-snRNA
variant U4-5'A [27], which solely contains the Sm site and
adjacent stem-loop (Fig. 4D). GFC confirmed the proper as-
sembly of SmD3),/B into the Sm core (Fig. 4E). As a negative
control, the native Lsm2-8 could not bind U4-5'A (Fig. 4F).
At this stage, the engineered Lsm SCs, like their Sm counter-
parts, had lost spontaneous ring assembly capacity (Fig. 4C).
However, unlike their Sm counterparts, these three Lsm SCs
failed to form a stable RNA-dependent Sm-type ring when
mixed with U4-5'A and analyzed by GFC (Fig. 4G). We fur-
ther found that, unlike the formation of the Sm subcore from
SmD1/D2, SmF/E/G and U-snRNA [27, 34], the intermedi-
ate Lsm2y /3/6/5/7 complex displayed no binding to snRNA
(Fig. 4H).
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Converting an Lsm ring into Sm-type configuration

To adapt the Lsm2;/3/6/5/7 complex for snRNA binding,
we investigated structural differences between Lsm proteins
and their Sm counterparts. We identified that, in addition to
the signature loops 3 and §, loop 2 in Sm proteins also in-
teracts with RNA within the central channel (Supplementary
Fig. S13). Based on this finding, we mutated the loop 2 se-
quences in Lsm3, Lsm6, and Lsm5 to match those of their
Sm counterparts (Fig. SA). Initial attempts to assemble the
modified Lsm complex (Lsm2; /3y and Lsmé6y; /5y /7) with
U4-5'A were unsuccessful, as the complex failed to form a
stable RNA-protein complex efficiently (Supplementary Fig.
S14). Subsequently, we introduced mutations F46Y/N75K in
loops 3 and 5 of Lsm3 (generating LsmSy) and L43F in
loop 3 of Lsm7 (generating Lsm7);) to enhance RNA bind-
ing (Fig. SA). These modified Lsm proteins (Lsm2; /3y and
Lsm6y/Snv2/7m) successfully co-eluted with U4-5'A in GFC
analysis, indicating RNA binding (Fig. 5B). Notably, the in-
corporation of SmD3y;/B with these components yielded a
co-eluted RNA-protein complex, suggesting the assembly of a
RNA-Lsm complex resembling a fixed Sm-type ring (Fig. 5C).
The specificity of RNA recognition was confirmed through
control experiments with U4-5"A-ASm, a variant in which the
5Us in the Sm site were changed into 5Cs, where no RNA-
protein complex was detected (Fig. 5D and E). Negative stain-
ing EM corroborated the doughnut-shaped structure of the
RNA-Lsm complex with a diameter of ~80 A (Fig. SF and
Supplementary Fig. S6), matching previously characterized
fixed rings [6, 7, 39]. Finally, pull-down assays demonstrated
that SmD3),/B could bind Lsm2; /3y and Lsmé6yi /Sy /70 in
the presence of U4 snRNA, but not in the presence of U4ASm
or U6 snRNA (Supplementary Fig. S15). This confirmed that
the newly formed complex represents a Sm-type ring rather
than an Lsm-type one.

Discussion

In most eukaryotic organisms, two distinct classes of (L)Sm
heteroheptameric rings are discerned: the fixed Sm-type forms,
as seen in spliceosomal snRNPs and the U7 snRNP, and the
flexible Lsm-type forms, exemplified by Lsm2-8 and Lsm1-
7. These rings are essential for various RNA metabolic pro-
cesses. Of note, conversion of the Lsm heteroheptameric ring
into the Sm ring is considered a key event in the evolution
of spliceosome and eukaryogenesis [32]. However, the mech-
anistic rationale behind the formation of two disparate ring
structures from a similar set of Sm/Lsm proteins remains an
enigma. While phylogenetic studies have hinted at their evolu-
tionary connection, the precise molecular mechanisms driving
their divergence and the potential for interconversion remain
unexplored.

In this study, we focused on the spliceosomal Sm ring and
Lsm2-8, both ubiquitous to eukaryotic spliceosomes, to ex-
amine the possibility and biophysical principles of intercon-
version between Sm-type and Lsm-type ring architectures. By
employing computational and biochemical analyses, we dis-
cerned contrasting affinity patterns across the three interfaces
of the corresponding SCs in the Sm ring and Lsm2-8: the Sm
core possesses a singular high-affinity interface, I-A, whereas
the Lsm2-8 features two such sites, with a stronger likelihood
of I-C > I-A (Fig. 1). This discrepancy implies divergent as-
sembly pathways: the Sm core likely forms through an SC1-
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SC2 intermediate, while the Lsm ring’s assembly could involve
mostly SC1-SC3 (and possibly SC1-SC2 intermediates)—a
stark divergence from previous models suggesting Lsm ring
assembly mirrored Sm core processes [37, 38]. Our findings
reveal that in Sm proteins, the presence of two high-affinity
interfaces between SC1-SC2 and SC1-SC3 enables the forma-
tion of an Lsm-type ring resembling Lsm2-8 in both structure
and function (Fig. 2). Contrary to expectations, enhancing the
affinity of SC1-SC2 and SC2-SC3 interfaces in Sm proteins
does not result in an Lsm-type ring (Fig. 3). Notably, an inter-
mediate consisting of a pair of 2-subunit SCs (SC1 and SC3)
leads to an Lsm-type ring; in contrast, an intermediate with
a single 2-subunit SC and a 3-subunit SC (SC2) fails to do
so, exemplified by the principle (2 + 2) + 3 # (2 + 3) + 2.
This principle also appears consistent with the assembly pat-
terns of Lsm1-7 and the U7 snRNP core (Fig. 1A). Interest-
ingly, the formation of a Sm-type ring is not guaranteed by this
(2 + 3) intermediate configuration alone (Fig. 4). To achieve a
Sm-type ring, the (2 + 3) intermediate must incorporate ad-
ditional RNA-binding residues within loops 2, 3, and 35, as
illustrated by our successful conversion of the Lsm2/3/6/5/7
intermediate to be capable of snRNA binding (Fig. 5).

The question arises: why does the presence of a tetramer
(2 + 2) intermediate facilitate the formation of an Lsm-type
ring, while a pentamer (2 + 3) intermediate does not? The
most plausible explanation posits that the horseshoe-shaped
(2 + 3) intermediate formed by either SC1-SC2 or SC2-SC3
is burdened by a restricted entryway between edge subunits,
thereby precluding the incorporation of the last SC. However,
when SC1 and SC3 form a tetramer (2 + 2) intermediate first,
the space between the side subunits is quite open, allowing
the access of the third SC and adjustment of its conforma-
tion for binding. Although further investigation is required,
a narrower opening in the pentamer is supported by several
pieces of evidence: (i) The conformation of the horseshoe-
shaped SmD1/D2/F/E/G (5Sm) in the crystal structure of the
heteroheptameric complex 5Sm/Gemin2/SMN(26-62) (PDB:
5XJL) has a larger curvature than the counterpart in the ma-
ture Sm core [26, 27]. (ii) The calculated binding energy for
assembling D3/B into SmD1/D2/F/E/G (the sum of binding
energies of I-B and I-C, -9.4 kcal/mol) is in favor of Lsm-
type ring formation if there is no spatial restriction (Fig. 1A).
(iii) In our pull-down results, high-affinity interfaces A and B
in Sm SCs failed to form an Lsm-type ring (Fig. 3). The ma-
jor contributor to the narrow opening of the (2 + 3) inter-
mediate is most likely SC2 (SmF/E/G or Lsmé6/5/7), which
may have a larger curvature than the other SCs. Several lines
of evidence support it: (i) in their solution and crystal struc-
ture, both SmF/E/G and Lsmé6/5/7 form hexameric rings, in
which their curvatures are larger than those in the Sm core and
Lsm2-8 ring [38, 40, 41]. (ii) In contrast, the crystal structure
of Lsm2/3 shows that it forms a heptamer with an additional
Lsm3 filling the gap (PDB: 4NOA) [42], rather than a hexam-
eric ring.

Since eukaryotes possess at least fourteen (L)Sm proteins,
including the Sm core and Lsm2-8, both of which are piv-
otal components of spliceosome, while prokaryotes harbor
only 1-2 Lsm proteins, the evolution of these two sets of
(L)Sm proteins must have occurred within the eukaryoge-
nesis process, estimated to have taken place between ~1.8
and 2.7 billion years ago [43]. A key event in eukaryogen-
esis was the symbiosis of an archaeal ancestor and a bac-
terial (proto-mitochondrial) partner [32, 43]. It is believed
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Figure 5. Converting Lsm2-8 ring into a Sm-type ring by additional mutations in SC1 and SC2. (A) The strategy to make mutations in SC1 and SC2. The
initial step is replacing the RNA-interacting loop2s of Lsm3, Lsm6, and Lsmb5 by those of SmD2, SmF, and SmE, respectively (see details in
Supplementary Fig. S13). However, the combination (upper left) was still unable to efficiently bind U4-5’A (Supplementary Fig. S14). Then, in the second
round of mutation, point mutations were further made in loops 3 and 5 of Lsm5y; and Loop 5 of Lsm7 to be the same as in SmE/G (upper right). (B-E)
The bindings of Lsm2 /3y and Lsm6y/5m2/7m to U4-5"A (B) and to U4-5"A-ASm (D), and the bindings of Lsm2 /3y, Lsm6y/5m2/7m and SmD3 /B to
U4-5'A (C) and to U4-5"A-ASm (E) were tested with GFC. The input components are showed in cartoon (left), the mixtures were subjected to GFC
(middle) followed by SDS-PAGE plus silver staining (right). For each in panels (B—E), one representative result of at least two independent experiments is
shown. (F) The Lsm-U4-5'A complex showed a doughnut-shaped conformation in negative staining EM, with the diameters of the outside and inner
rings being ~80 and ~20 A, respectively. A representative region is shown. Several particles are shown in magnification. See more details in

Supplementary Fig. S6.

that spliceosomal introns and many core spliceosome com-
ponents originated from self-splicing group II introns present
in the proto-mitochondria [32, 44, 45]. Specifically, snRNAs,
including at least U2, US, and U6, likely descended from frag-
mented group II introns, while the largest and key protein,
Prp8, likely evolved from an intron-encoded protein (IEP),
which possesses both maturase and reverse transcriptase func-
tions [44-46]. Supporting this model, studies have identified
intermediate forms of self-splicing group Il introns in plant cy-
toplasmic organelles, consisting of 2-3 separate RNA pieces
that form a trans-splicing complex structurally similar to an-
cestral group Il introns [46, 47]. These findings provide evolu-
tionary evidence for fragmentation events that likely preceded
or coincided with the emergence of the heteroheptameric Lsm
ring. The Lsm2-8 and the Sm ring likely emerged in the early
stages of eukaryotic evolution, given their essential role in
snRNP core formation, snRNA stabilization, and protein re-
cruitment. Phylogenetic analyses indicate that Lsm2-8 and
the Sm ring sequentially derived from prokaryotic Lsm pro-
teins through two rapid waves of duplications followed by
divergences [2-4]. The first wave involved the transforma-
tion of a homoheptameric ring into a heteroheptameric ring.
Such conversions from homomeric to heteromeric ring-shaped
complexes have occurred frequently in eukaryotic evolution,
exemplified by the 20S CP [1] and exosome [48]. Typically,
these derived heteromeric rings retain highly similar struc-

tures, functions and even assembly mechanisms compared to
their homomeric counterparts, while offering enhanced spa-
tial specificity through their rotational sweep. In the case
of Lsm2-8, it assembles independently of RNA and func-
tions as an RNA chaperone, akin to homomeric Lsm rings.
The second wave involved the conversion of one heterohep-
tameric ring into another, exhibiting distinct functional and
assembly characteristics. This type of conversion is relatively
rare.

Based on the results of our protein engineering and recon-
stitution experiments, we propose a mechanistic model for the
divergence between flexible Lsm-type rings and fixed Sm-type
rings (Fig. 6). The model involves four key evolutionary steps
(steps I-IV), driven by gene duplication and affinity modu-
lation at subunit interfaces. During early eukaryogenesis, the
ancestral Lsm2-8 ring (Ring 1) likely assembled via RNA-
independent interactions, primarily through the high-affinity
SC1-SC3 interface (pathway a). It prefers reversible binding to
U6 snRNA (step a3) but disfavors binding to U1/U2/U4/U5
snRNAs (step a3’). Although an SC1-SC2 intermediate (path-
way b) could form transiently, its inability to stably bind U-
snRNA (step b2) or incorporate SC3 (step b2’) would fa-
vor dissociation and redirect assembly through the SC1-SC3
pathway. Notably, despite theoretical potential, no natural
SC2-SC3 interaction (pathway c) has been observed. Gene
duplication of Lsm2-8 enabled mutational divergence in one
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copy, with two critical steps driving Sm-type ring emergence:
(i) Reduced SC1-SC3 affinity (Step I) abolished Lsm-type ring
formation, leaving only the SC1-SC2 pentamer (pathway b)
with poor RNA-binding capacity; (ii) Enhanced RNA-binding
residues in loops 2/3/5 of the SC1-SC2 complex (Step II) en-
abled stable U1/U2/U4/U5 snRNA interactions (step b2) and
subsequent SC3 incorporation (step b3) to form the Sm-type
ring (Ring 2). These primordial (L)Sm rings likely supported
a rudimentary protospliceosome, facilitating the evolution of
the spliceosome and the emergence of the Last Eukaryotic
Common Ancestor (LECA) [32]. Subsequent gene duplica-
tions further diversified the system. Lsm8’s duplication pro-
duced Lsm1 (Step III), which retained high affinity for SC1
but formed the cytoplasmic Lsm1-7 (Ring 3) involved RNA
decay. Like its ancestor, Lsm1-7 preferentially binds poly(U)
tracts at the 3’ end of RNAs [15]. The emergence of Lsm10/11
in metazoans replaced SmD1/D2, preserving high affinity for
SC2 but low affinity for SC3 (Step IV), to specialize in U7
snRNA binding (Ring 4) for histone mRNA processing [11,
21, 49]. Notably, U7 snRNA contains a slightly different Sm
site (AAUUUGUCUAG, with key differences underlined) and
a 3’ stem-loop—both of which are essential for U7 snRNP
assembly [21, 49]. These four ring types (Lsm2-8, canoni-
cal Sm core, Lsm1-7, and U7 snRNP core) now dominate in
metazoans, though minimal sets persist in some lineages (e.g.
7 Lsm + 7 Sm proteins) [50].

By integrating previous structural studies of individual Sm
and Lsm rings [6-8, 11, 15-18], our studies further eluci-
date the mechanistic link between the assembly mechanisms
and RNA-binding preferences of Lsm-type and Sm-type rings,
revealing a tight coupling between the RNA-binding modes
and assembly pathways. Lsm-type rings (homo- or hetero-
heptameric) assemble spontaneously without RNA and pref-
erentially bind RNAs with a 3’-terminal poly(U) tract, as the
poly(U) stretch encircles the central channel, positioning the
3’ end deeper within it [15]. Additional nucleotides down-
stream of poly(U) are disfavored because they either cannot
thread through the central channel or, if retained on the 5'-
side, introduce steric strain that counteracts the binding en-
ergy from poly(U). In this study, despite retaining all canon-
ical RNA-binding residues, our engineered 7Sm-LLH com-
plex spontaneously assembles into a heteroheptameric ring,
shifting its binding preference from U1/U2/U4/U5 snRNAs
to U6 snRNA (Fig. 2 and Supplementary Fig. S9). In con-
trast, Sm-type rings require RNA for stepwise assembly. They
initially form a 5Sm intermediate, which presumably has a
narrow opening to block complete heptameric ring forma-
tion. This 5Sm complex selectively binds RNAs containing
poly(U) followed by a stem-loop structure: the horseshoe-
shaped 5Sm permits unhindered RNA access, while loop 4 of
specific Sm proteins interacts with downstream nucleotides,
providing additional binding energy [18]. RNA binding in-
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duces conformational opening, enabling incorporation of the
final Sm heterodimer to complete the Sm core assembly. In
this study, we show that blocking spontaneous assembly of
Lsm proteins (allowing only the Lsm2/3/6/5/7 intermediate)
and optimizing a few RNA-binding residues converts them
into an RNA-dependent heteroheptameric ring that preferen-
tially binds to RNAs containing the snRNP code (Fig. 5). This
establishes an assembly-driven selectivity rule: constitutively
assembled Lsm-type rings reversibly bind minimal 3’-poly(U),
while RNA-dependent Sm-type ring assembly enables stable
recruitment of substrates containing poly(U) followed by a
stem-loop through cooperative RNA-protein interactions.

In this study, we investigated how the interaction affinity
between SCs influences their assembly pathways and RNA-
binding preferences. To modulate binding affinities, we pri-
marily employed chimeric (L)Sm proteins. However, even
single-residue mutations at the interface could alter SC bind-
ing affinities, particularly to weaken them. The interface be-
tween neighboring (L)Sm proteins is primarily stabilized by
two types of interactions (using SmB-SmD1 as an example,
Supplementary Fig. S3): (i) anti-parallel B-sheet interactions
between 35 (SmB) and 4 (SmD1); (ii) hydrophobic and elec-
trostatic contacts between o1 (SmB) and the B2-B3-f4 sur-
face (SmD1). Focusing on the P-sheet interaction (i), since
the main-chain hydrogen bonds between 5 (one subunit)
and B4 (its neighbor) are conserved, the side-chain proper-
ties become crucial. Hydrophobic residues (e.g. Val and Phe)
enhance binding affinity, whereas small or polar residues (e.g.
Ser) tend to weaken it. Notably, the conserved Ser79 (5, SmB)
and Ser59 (B4, SmD1) likely contribute to the relatively low
affinity of SmB-SmD1, in contrast to the stable Lsm8-Lsm2
interaction mediated by Val69 and Phe61 at equivalent posi-
tions. Such residue-based affinity differences await experimen-
tal confirmation.

A small number of single-residue mutations may suffice
to interconvert Lsm- and Sm-type rings. However, the ac-
cumulation of additional mutations likely facilitated further
functional specialization in (L)Sm rings. Three key exam-
ples illustrate this divergence: (i) the sequence divergence be-
tween Lsm1 and Lsm8 contributes to cytoplasmic retention
of the Lsm1-7 complex for specialized RNA decay functions
[19]. (ii) Distinct surface residues in SmD1/D2/F/E/G (versus
Lsm2/3/6/5/7) prevent Pat1 binding while enabling selective
Gemin2 interaction [10, 26]. (iii) Progressive interface mu-
tations converted ancestral chaperone-independent Sm core
assembly (observed in budding yeast via strong SmD1/D2-
SmF/E/G interactions) into the chaperone-dependent path-
way essential for metazoans [36].

Our studies of the interconversions between Lsm-type and
Sm-type rings also enrich understanding of the divergence of
oligomeric complexes, especially ring-shaped ones. Unlike the
archetypal 20S core particle, which maintains a consistent hol-
low cylinder structure and function as a protein degradation
machinery despite subunit differentiations from archaea to eu-
karyotes [1], the (L)Sm rings demonstrate variability among
SC interfaces, underlining the complexity and plasticity of
their assembly mechanisms. These insights may inform the
design of novel self-assembling heteromeric structures for a
range of applications.

In summary, our study reveals how distinct assembly
pathways—driven by differential subunit affinities and RNA
interactions—govern the functional divergence between Lsm-
type and Sm-type rings. These findings provide mechanistic

insights into (L)Sm ring evolution and a framework for engi-
neering self-assembling oligomeric complexes.
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