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Pre-mRNA splicing, involving removal of non-coding introns 
and ligation of the coding exons, is achieved by the spliceo-
some (1–3). An intron is defined by three sequence elements: 
5′-splice site (5′SS), branch point sequence (BPS), and 3′-
splice site (3′SS) (4). Most introns conform to the U2-type 
and are removed by the major spliceosome that contains the 
U2 small nuclear RNA (snRNA) (4–7). A very small percent-
age of introns belong to the U12-type (8, 9), which were ini-
tially identified to have the dinucleotides AT at the 5′-end of 
their 5′SS and AC as their 3′SS (10, 11). Compared to the U2-
type, the U12-type introns are characterized by highly con-
served 5′SS and BPS (12–16). The U12-type genes play an es-
sential role in development and are present in all major 
eukaryotic taxa including fungi, plants and animals (17–21). 
Pre-mRNA splicing involving U12-type introns is mediated by 
the minor spliceosome (22, 23), which contain five snRNAs: 
U11, U12, U4atac, U5, and U6atac (24–27). Of these snRNAs, 
only U5 is shared between the major and minor spliceosomes. 

Due to its scarcity in cells (8, 9, 28), the minor spliceosome 
represents a challenge for biochemical studies. To date, there 
is no published protocol on the purification of the minor 
spliceosome. Our knowledge on the protein components of 
the minor spliceosome has been mostly derived from mass 
spectrometry analysis of the purified U11/U12 di-snRNP (29) 
and immunoprecipitation studies on the tri-snRNP (30). 
There is no structural information on the minor spliceosome. 
It is even unclear how many such U12-specific components 
are present in each major functional state of the minor 
spliceosome. Our lack of understanding on the minor 

spliceosome contrasts sharply with our comprehensive 
knowledge of the major spliceosome, for which the major 
functional states from S. cerevisiae and H. sapiens have been 
structurally characterized by cryo-electron microscopy (cryo-
EM) since 2015 (31–34). 

In this study, we report in vitro assembly and purification 
of the activated human minor spliceosome (minor Bact com-
plex). In the major Bact complex, the splicing active site has 
just been formed but productive docking of the BPS is yet to 
happen (35, 36). We determined the cryo-EM structure of the 
minor Bact complex at an average resolution of 2.89 Å. This 
structure reveals a wealth of information. 
 
Reconstitution and purification of the human minor Bact 
complex 
The in vitro splicing assay using HeLa nuclear extract was 
established specifically to study the minor spliceosome 25 
years ago (27). The U2-type 5′SS, BPS and 3′SS of the intron 
in the MINX pre-mRNA were replaced by those of the U12-
type, resulting in the MINX-U12 pre-mRNA. The specificity of 
MINX-U12 was confirmed in our in vitro splicing assay mod-
ified from the established protocol (27) (fig. S1A). Relying on 
endogenous RNaseH activity in the nuclear extract, two sets 
of anti-sense DNA oligonucleotides were used to digest either 
U1/U2/U6 snRNAs (groups 2 and 5) or U11/U12/U6atac snR-
NAs (groups 3 and 6). With application of the anti-U1/U2/U6 
oligos, splicing of MINX was severely diminished (fig. S1A, 
groups 1 and 2); splicing of MINX-U12 was unaffected 
(groups 4 and 5). Conversely, with application of anti-
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U11/U12/U6atac oligos, splicing of MINX was unaffected (fig. 
S1A, groups 1 and 3); splicing of MINX-U12 became undetect-
able (groups 4 and 6). 

Next, we truncated MINX-U12 18 nucleotides downstream 
of the BPS to generate the MINX-U12∆ pre-mRNA, which 
lacks the binding site for the ATPase/helicase Prp2. As previ-
ously shown for the major Bact complex (35–37), such a pre-
mRNA disables Prp2-mediated spliceosome remodeling, thus 
favoring accumulation of the minor Bact complex. To facilitate 
purification, three tandem MS2 binding sites were inserted 
between the 5′SS and BPS of MINX-U12∆. Following incuba-
tion of the HeLa nuclear extract with MINX-U12∆, the minor 
Bact complex was purified through affinity chromatography 
and glycerol gradient centrifugation (fig. S1B). Chemical 
crosslinking was used to stabilize the minor spliceosome. Re-
lying on these strategies, we were able to obtain the minor 
Bact complex as confirmed by the presence of U12, U5, and 
U6atac snRNAs (fig. S1C). The spliceosomal particles appear 
intact on the cryo-EM micrograph (fig. S1D). To facilitate pro-
tein identification in subsequent cryo-EM analysis, the puri-
fied sample was analyzed by mass spectrometry (MS) (table 
S1). 
 
Overall structure of the human minor Bact complex 
20,390 micrographs were recorded using a Gatan K3 detector 
mounted on a Titan Krios microscope, yielding 3.5 million 
auto-picked particles and good two-dimensional averages 
(fig. S1E). Through multiple cycles of multi-reference three-
dimensional (3D) classifications, 101,443 particles were se-
lected to yield a reconstruction of the minor Bact complex at 
an average resolution of 2.89 Å (Fig. 1A; fig. S2; fig. S3, A to 
D; and table S2). The core region of the spliceosome reaches 
2.6 Å (fig. S3B). Improved reconstruction for the SF3b com-
plex and the 5′-end region of U6atac snRNA was obtained 
through focused 3D classification and refinement (fig. S2). 
The quality of the EM maps allows atomic modeling of the 
human minor Bact complex and identification of many previ-
ously unrecognized features (figs. S4 to S8). 

The final atomic model contains 45 proteins, three snR-
NAs (U12, U5, U6atac) and the MINX-U12∆ pre-mRNA, 
amounting to a molecular mass of 1.7 mega-Dalton (Fig. 1A). 
All 45 proteins are detected by MS (table S1). The minor Bact 
complex comprises U12 snRNP, U5 snRNP, U6atac snRNA, 
MINX-U12∆ pre-mRNA, two components of the NTC (CDC5L 
and SYF3/CRNKL1), three components of the NTR 
(CWC15/AD002, SKIP, PLRG1/PRL1), the RES complex 
(SNIP1, RBMX2, BUD13), two candidate prolyl peptidyl iso-
merases (PPIs) (PPIL2 and CWC27/NY-CO-10), and nine splic-
ing factors (ARMC7, CRIPT, CWC22, GPKOW, PRP2, RBM48, 
RNF113A, SRm160, SRm300) (Fig. 1A). Among the splicing 
factors, GPKOW (Spp2 in S. cerevisiae) is the co-activator of 
the DEAH-box ATPase/helicase PRP2. U12 snRNP consists of 

the core (U12 snRNA and U12-Sm ring), the SF3b complex 
and a newly identified protein SCNM1. 

Compared to the major Bact complex (35, 36, 38, 39), the 
cryo-EM structure of the minor Bact complex contains four 
new proteins: SCNM1 of U12 snRNP and three splicing fac-
tors ARMC7, CRIPT, and RBM48 (Fig. 1B). All four proteins 
are clearly defined by EM density maps (figs. S6 to S8). 
U11/U12-65K is a known components of U12 snRNP (29, 40); 
but the EM density around the U11/U12-65K region is poor 
and inadequate for judgment (fig. S6A). Nonetheless, 
U11/U12-65K shows up in the MS analysis (table S1). Although 
PPIL2 is also a component of the major Bact complex (35, 41), 
it is atomically modeled only in our current structure. As will 
be detailed later, the location and putative function of these 
unique proteins in the minor spliceosome provide an expla-
nation to the departure of a number of proteins that are 
unique to the major spliceosome. 
 
RNA elements in the human minor Bact complex 
We modeled 63 nucleotides in U12 snRNA (1-51 and 73-84), 
90 nucleotides in U5 (8-71, 85-103 and 110-116), 61 nucleotides 
in U6atac (1-56 and 61-65), 12 nucleotides in 5′-exon (-12 
through -1), and nucleotides 1-19 and 192-223 in the intron of 
MINX-U12∆ (Fig. 2, A and B; figs. S4 and S5; and table S3). 
The active site center comprises the intramolecular stem loop 
(ISL) of U6atac snRNA, helix I of the U12/U6atac duplex, loop 
I of U5 snRNA, and six metal ions. Helix Ib of the U12/U6atac 
duplex forms a catalytic triplex with G19, A20 and U46 of 
U6atac (fig. S4, B to D). Notably, the 3′-end sequences of 
U6atac snRNA form an internal stem loop (named 3′-stem 
loop) that is placed in approximately the same location as 
that of U2/U6 helix II in the major Bact complex (35). The γ-
monomethyl phosphate cap at the 5′-end of U6atac snRNA 
is unambiguously defined by the EM map (Fig. 2A and fig. 
S4C). 

Overall organization of the RNA elements in the minor 
Bact complex resembles that in the major Bact complex (35), 
with important local differences (Fig. 3A). Compared to U6 
snRNA, U6atac lacks the 5′-stem loop but has a unique 3′-
stem loop. Unlike that in the major spliceosome, the 
U12/U6atac duplex lacks helix II because there are no nucle-
otides 5′ to helix Ib in U12 snRNA (Fig. 2B). Recognition of 
the highly conserved U12-type 5′SS (5′-AUAUCCUUU-3′) by 
U6atac involves six canonical Watson-Crick base pairs and 
one Hoogsteen base pair, which together offer more stringent 
sequence specificity than that in the major Bact complex (35) 
(Fig. 3B and fig. S5A). Similarly, the highly conserved U12-
type BPS (5′-UCCUUAACUC-3′) is recognized by U12 snRNA 
through nine Watson-Crick base pairs, leaving only the nu-
cleophile-containing adenine base unpaired (Fig. 3C and fig. 
S5B). In contrast, the BPS in the major Bact complex is recog-
nized by five Watson-Crick base pairs (35). 
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RNA elements in the active site adopt a nearly identical 
conformation as those in the major spliceosome (Fig. 3D). 
Unlike the major Bact complex (35, 36), both catalytic metal 
ions M1 and M2 are loaded in the active site of the minor Bact 
complex (Fig. 3E and fig. S5, C and D). M1, which stabilizes 
the leaving group during the branching reaction, is coordi-
nated by two phosphate groups from G44 and U46 of U6atac. 
M2, which activates the nucleophile, is coordinated by three 
phosphate groups from A26, G27 and U46. M1 and M2 are 
located 4.0 Å and 3.9 Å away from the phosphate group of the 
first nucleotide (A1) of 5′SS, respectively (Fig. 3E). The dis-
tance between M1 and the 3′-oxygen atom from the scissile 
phosphodiester bond is 3.3 Å. Therefore, the catalytic metals 
are poised for catalysis of the branching reaction in the minor 
Bact complex. Coordination of M2 in the minor Bact complex is 
identical to that in the major spliceosome (Fig. 3F), in which 
M2 is fixed by the phosphates from A53, G54 and U74 of U6 
snRNA. 
 
An essential role of SCNM1 in the minor spliceosome 
U12 snRNP differs from U2 snRNP in both composition and 
overall organization (Fig. 4A). U2-A′ and U2-B′′ in the U2 
core are known to be undetected in the U12 snRNP (29) and 
probably replaced by U11/U12-65K given its homology to U2-
B′′ (40). In fact, the C-terminal portion of U11/U12-65K ex-
hibits structural homology with the N-terminal portion of 
U2-B′′ (40) (fig. S6A). Consistent with previous studies (29), 
the SF3a complex, which bridges SF3b and U2 core in the 
major spliceosome, is absent in the minor spliceosome. The 
N- and C-domains of the newly identified component SCNM1 
are located on two opposing sides of U12 snRNP, spanning a 
distance of about 80 Å (Fig. 4A). A newly identified splicing 
factor CRIPT, which contains two zinc finger (ZnF) motifs, 
stabilizes U12 snRNP through simultaneous interactions with 
its three components (SF3b14b, SF3b145, SF3b155) (Fig. 4B). 
CRIPT also directly binds to the splicing factor RNF113A, an 
ortholog of the yeast splicing factor Cwc24. 

SCNM1, a modifier of the severity of sodium channelopa-
thy in mice (42, 43), functionally mimics the SF3a complex of 
the major spliceosome. SCNM1 comprises an N-domain (res-
idues 1-75), a C-domain (residues 183-226), and an interven-
ing flexible linker (residues 76-182) (Fig. 4C and fig. S6C). 
Both N- and C-domains of SCNM1 are highly conserved in 
vertebrates (fig. S9). The N-domain contains a C2H2-type ZnF 
and shares sequence homology with that of SF3a66 from the 
SF3a complex (Fig. 4D). Similar to SF3a66, the SCNM1 ZnF 
interacts with the BPS/U12 duplex and the proteins SF3b155, 
SF3b145 and CDC5L (Fig. 4E). The functional mimicry is un-
derscored by structural similarity between the ZnF of SCNM1 
and that of SF3a66, which occupy the same corresponding 
location in the minor and major Bact complexes (Fig. 4F). 

 

Just like SF3a66 (35, 36, 38), the N terminus of SCNM1 
inserts into the active site to interact with the 5′SS, U6atac 
snRNA, and RNF113A (Fig. 4G). Similar to that in the major 
spliceosome (35, 36, 38), the adenine nucleotide at the 5′-end 
of 5′SS (A1) is sandwiched by the aromatic side chains of 
Phe213 and Lys218 of RNF113A. The aromatic side chain of 
Phe3 from SCNM1 is located next to the backbone of U2 and 
between the nucleobases of A1 and A3 from 5′SS. The posi-
tively charged side chains of Lys4 and Arg5 from SCNM1 do-
nate H-bonds to the backbone phosphates of U24 and A26 
from U6atac snRNA. These interactions stabilize the recogni-
tion of 5′SS by RNF113A and help maintain the conformation 
of U6atac. Notably, all three N-terminal residues of SCNM1 
are invariable in other vertebrates (fig. S9). 

The C-domain of SCNM1 interacts with SF3b130 and 
SF3b145 (Fig. 4H). The spatial location occupied by the C-do-
main of SCNM1 overlaps with that occupied by SF3a60, a 
component of the SF3a complex. In the major Bact complex, 
SF3a60 stabilizes the SF3b complex by interacting with 
SF3b130 and SF3b145 (35, 36). Therefore, the C-domain of 
SCNM1 can be regarded as a functional mimicry of SF3a60. 
Among the three components of the SF3a complex, SF3a60 
connects SF3a66 to SF3a120, which interacts with U2-A′ and 
the Sm ring in the major Bact complex (35, 36). SF3a120 is ab-
sent in the minor spliceosome. Together, the above analysis 
explains the absence of the SF3a complex in the minor 
spliceosome. 
 
PPIL2 stabilizes loop I and U5 snRNP 
U5 snRNP is the only shared snRNP between the minor and 
major spliceosomes (16, 22, 23). In the minor Bact complex, U5 
snRNP is stabilized by the newly identified component PPIL2 
(Fig. 5A). PPIL2 is one of eight nuclear cyclophilins in human 
cells (44) and is conserved from S. pombe to human (fig. 
S10A). PPIL2 is thought to contain a U-box E3 ubiquitin lig-
ase domain at its N-terminal half and a prolyl peptidyl iso-
merase (PPIase) domain at its C-terminal half. Our EM 
reconstruction allows identification of four discrete frag-
ments in the N-terminal half of PPIL2 (Fig. 5, A and B, and 
fig. S7A). The quality of the EM density for the C-terminal half 
is insufficient for sequence assignment; but its appearance 
allows docking of the crystal structure of the PPIL2 PPIase 
domain [PDB code 1ZKC (45)]. 

The structure of PPIL2 comprises fragment I (residues 2-
26), fragment II (residues 33-163), fragment III (residues 191-
225), fragment IV (residues 239-263), and a PPIase domain 
(residues 271-457) (Fig. 5B). Each fragment appears to play a 
uniquely important role. Fragment I reaches into the cata-
lytic center and interacts with loop I of U5 snRNA, N-domain 
of PRP8, N terminus of SNU114, and the WD40 domain of the 
NTR component PLRG1 (Fig. 5C). The N terminus of PPIL2 
inserts into the groove on the back side of the duplex between 
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loop I and 5′-exon. Six contiguous polar or charged residues 
of PPIL2 (Lys3-Arg4-Gln5-His6-Gln7-Lys8) make specific in-
teractions to loop I (Fig. 5D and fig. S7B). Lys3, Arg4, Gln5 
and Gln7 may make direct H-bonds to the bases of A44, 
U33/U34, C45/C45 and U35 of loop I, respectively. His6, Lys8 
and Tyr12 may mediate H-bonds to the phosphate groups of 
U42, G37 and U34. These interactions likely stabilize the con-
formation of loop I, which may help anchor the 5′-exon. No-
tably, the N-terminal residues of PPIL2 are nearly invariable 
in other organisms except S. pombe (fig. S10A). 

Unexpectedly, fragment II of PPIL2 contains two U-box 
E3 ubiquitin-ligase domains: one as predicted (46) (U-box I, 
residues 41 to 91) and the other previously unknown (U-box 
II, residues 102 to 158) (Fig. 5B and fig. S7C). Structures of the 
two U-box domains can be superimposed with a pair-wise 
root mean squared deviation (RMSD) of 1.86 Å over 50 
aligned residues (fig. S7D). Close examination reveals conser-
vation of key residues between U-boxes I and II (fig. S10B). 
U-box I contacts Prp8 and U-box II interacts with SNU114 
(Fig. 5E). Fragments III and IV of PPIL2 adopt an extend con-
formation and interact with PRP8, SNU114, the NTC compo-
nent CDC5L and the NTR component SKIP, likely stabilizing 
association of U5 snRNP with NTC and NTR (Fig. 5F). Be-
cause NTC and NTR are required for formation of the splicing 
active site, the multi-faceted interactions by PPIL2 may con-
tribute to not just assembly of the minor spliceosome but also 
the splicing reaction itself. 
 
The RBM48-ARMC7 complex binds the 5′-end of 
U6atac snRNA 
The RNA binding motif (RRM) containing protein RBM48 is 
essential for splicing of U12-type introns in both plants and 
animals (47, 48). It interacts with the protein armadillo re-
peat containing 7 (ARMC7) (47–49). RBM48-deficient human 
cell lines and maize endosperm display aberrant splicing of 
the U12-type introns, which may lead to developmental de-
fects (47, 48). However, the role of RBM48 in U12-dependent 
splicing remains unknown. In our structure, RBM48 and 
ARMC7 form a complex, which associates with the 
U6atac/5′SS duplex and binds the characteristic γ-monome-
thyl phosphate cap of U6atac (26) (Fig. 6A and fig. S8). In 
addition, RBM48 interacts with the N-terminal α-helix in the 
N-domain of PRP8, which further binds to the top face of U5-
40K. 

The γ-monomethyl phosphate cap of the guanine nucleo-
tide (G1) at the 5′-end of U6atac snRNA is recognized by 
RBM48 (Fig. 6B). The guanine base stacks against the aro-
matic side chain of Tyr39 and are specifically recognized by 
two H-bonds from the side chains of Tyr121 and Glu44. The 
β-phosphate of the cap is recognized by two H-bonds from 
the side chains of Tyr39 and Asp108. In contrast, the α- and 
γ-phosphates are each coordinated by a single H-bond from 

the main chain amide groups of Ala35 and His15, respectively 
(Fig. 6B). All key residues involved in recognition of the 5′-
cap are invariable in all organisms examined (fig. S11). In ad-
dition, the side chain of Asn39 from ARMC7 contacts the 
phosphate group of U2 from U6atac. 

The nucleotides at the 5′-end of U6atac are also stabilized 
by additional interactions. The aromatic side chain of Tyr16 
from ARMC7 stacks against the nucleobases of G3 and U4 
from U6atac (Fig. 6C). The guanidinium group of Arg31 from 
RBM48 donates two H-bonds to the phosphate groups of U4 
and U5. As a whole, coordination of the 5′-end sequences of 
U6atac differs from that in the major spliceosome (Fig. 6D). 
In contrast to the minor spliceosome, the 5′-end sequences 
of U6 snRNA form a stem loop in the major Bact complex (35, 
36). RBM22 and BUD31 from the NTR and the splicing factor 
PRP17 stabilize the 5′-stem loop and downstream sequences 
of U6 snRNA. RBM22 also directly contacts the extended in-
tron sequences from the U6/5′SS duplex. Compared to the 
minor Bact complex, U5-40K along with the N-terminal helix 
of PRP8 in the major Bact complex are rotated by approxi-
mately 45 degrees to facilitate association of RBM22, BUD31 
and PRP17. 
 
Discussion 
In this study, we report the in vitro assembly and purification 
of the human minor Bact complex. The key here is to obtain 
active minor spliceosome. To achieve this goal, we first recon-
stituted an in vitro splicing assay using HeLa cell extract and 
demonstrated that the U12-type intron can be removed inde-
pendent of the major snRNAs (fig. S1A). To ensure enrich-
ment of the minor Bact complex, we truncated MINX-U12 18-
nt downstream of the BPS to eliminate the Prp2-binding site. 
Notably, this design disables Prp2-mediated spliceosome re-
modeling but has no impact on Prp2 binding to the spliceo-
some. These strategies proved effective, resulting in 
purification of the minor Bact complex and subsequent deter-
mination of its cryo-EM structure. Gratifyingly, the newly 
identified protein components in the cryo-EM structure are 
all detected by MS (table S1). This general approach may be 
adapted for isolation of other major functional states of the 
minor spliceosome. 

The U12-type introns were initially thought to have the 
dinucleotide AT the 5′-end of the 5′SS and AC as the 3′SS 
(10, 11), hence the name U4atac and U6atac (26). Subsequent 
studies found GT and AG to be more prevalent in 5′SS and 
3′SS, respectively (14, 15). Nonetheless, because the dinucle-
otide AT is more complementary to sequences in U11 snRNA, 
we chose to have ATATCCTTT as the 5′SS to favor the minor 
splicing pathway. Importantly, however, as was first observed 
in the yeast Bact complex (38, 39), the first three nucleotides 
at the 5′-end of the 5′SS remain unpaired because sufficient 
latitude must be given to the 5′-end nucleotide for the 
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branching reaction. This structural feature, together with the 
fact that the U12-type introns have lengthy consensus se-
quences for 5′SS and BPS, strongly favor the recognition of 
U12-type introns by the minor spliceosome (12, 15–17). 

13 proteins of the major Bact complex, including five NTC 
and NTR components, are absent in the structure of the mi-
nor Bact complex (Fig. 1, A and B). Three proteins of the SF3a 
complex are substituted by SCNM1, and U2-A′ and U2-B′′ 
could be replaced by U2-65K as previously known. For the 
NTR components RBM22 and BUD31, their function has been 
partially replaced by RBM48-ARMC7 complex, which in ad-
dition to binding the 5′-cap of U6atac may also facilitate U12-
type splicing by stabilizing the intron sequences (Fig. 7). The 
explanation for absence of the other proteins remain to be 
investigated. The absence of PRPF19 and SYF1 in the minor 
Bact complex can be explained by dynamic conformation or 
assembly. 

Five new proteins (ARMC7, CRIPT, RBM48, SCNM1, and 
PPIL2) have been structurally identified in the minor Bact 
complex (Fig. 7). Among them, PPIL2 is also present in the 
major pre-Bact complex (50). It is possible that CRIPT may 
also be a component of the major spliceosome because of its 
unblocked location. SCNM1, RBM48, and ARMC7 appear to 
be unique components of the minor spliceosome (Figs. 1 and 
7). These newly identified proteins remain poorly understood. 
Our study defines these five proteins as hallmarks of the mi-
nor Bact complex. Given its predominant interactions with the 
SF3b complex, SCNM1 likely dissociates during the Bact-to-B* 
transition. The other three proteins may stay around to other 
major functional states. 

SCNM1 was first identified as a key modifier of the sever-
ity of sodium channelopathy through modulating the propor-
tion of correctly spliced transcripts of the Scn8a (Nav1.6) 
gene in mice (42, 43). Due to a 5′SS mutation in Scn8a, two 
neighboring exons are skipped in 90 percent of the mRNA, 
leading to channelopathy in mice (51). Notably, the intron be-
tween these two exons belongs to the U12-type. A C-terminal 
truncation or an internal deletion in SCNM1 increases exon 
skipping to 95 percent of the mRNA, resulting in lethality (51, 
52). The channelopathy phenotype could be rescued by trans-
genic expression of WT SCNM1 (43). In our structure, SCNM1 
is identified as a key component of the minor spliceosome, 
with its N- and C-domains each playing a vital role. The path-
ogenic C-terminal truncation of SCNM1 results in removal of 
the residues 187-230, thus eliminating the C-domain. The in-
ternal truncation (∆133-196) compromises the integrity of the 
C-domain and no longer allows a functionally required dis-
tance between the N- and C-domains. 

RBM48 is thought to be an essential splicing factor for 
U12-type introns, as its mutations cause abnormality in ge-
nome-wide U12-type splicing (47, 48). Together with ARMC7, 
RBM48 binds the 5′-end of U6atac snRNA, which lacks the 

5′-stem loop compared to U6 snRNA in the major spliceo-
some. This interaction also stabilizes six unpaired nucleo-
tides at the 5′-end of U6atac and orients the extended 
sequences of the intron downstream the U6atac/5′SS duplex 
in the minor Bact complex. In this sense, the RBM48-ARMC7 
complex appears to serve a similar role as that by the splicing 
factor Prp17 and the NTR components RBM22 and BUD31 in 
the major Bact complex (35, 36). 

PPIL2 is thought to be enriched only in the Bact complex 
(41). This observation is consistent with the structural finding 
that, during the B-to-Bact transition, the N-domain of PRP8 
and SNU114 as a single bloc are rotated 30 degrees relative to 
the core domain of Prp8 (32), which creates a new surface 
cleft for recruitment of PPIL2. Unexpectedly, PPIL2 actually 
contains two U-boxes and both are bound in the surface cleft 
between SNU114 and the core domain of PRP8. The interface 
between U-box II and SNU114 in our structure is somewhat 
similar to that reported recently between the predicted U-box 
(U-box I) and SNU114 in the major pre-Bact complex (50). 
Docking of the PPIase domain of PPIL2 in our minor Bact com-
plex resembles that in the major pre-Bact complex (50). During 
the Bact-to-C transition of the major spliceosome, the binding 
site for the PPIase domain of PPIL2 is occupied by the NTC 
component SYF2 (53), again consistent with the reported en-
richment of PPIL2 only in the Bact complex (41). 

The U12-type introns are present in genes that play an es-
sential role in cells. These genes control DNA replication and 
repair, transcription, RNA processing and translation, cyto-
skeletal organization, vesicular transport and voltage-gated 
ion channel activity (54). Usually only one U12-type intron is 
present in each gene but is likely the rate-limiting step in 
splicing due to the scarcity of the minor spliceosome. Curi-
ously, however, although U12-type introns are present in all 
major eukaryotic taxa, they are absent in the popular model 
organisms Saccharomyces cerevisiae and Caenorhabditis ele-
gans (17, 55). In this regard, investigation of regulators that 
are unique to minor spliceosome, such as SCNM1, RBM48 
and ARMC7, may hold key to understanding the evolution, 
function, and disease relevance of the U12-type genes. 

Although the minor spliceosome has been known for dec-
ades, relatively little is known about its composition, func-
tional states, catalysis and regulation, especially when 
compared to the major spliceosome. Similarly, little is known 
about its remodeling and the associated ATPase/helicases. 
The fact that Prp2 and Spp2 are bound to the minor Bact com-
plex may constitute unequivocal evidence that the Prp2/Spp2 
complex in the minor spliceosome functions similarly as in 
the major spliceosome. Identical to that observed in the ma-
jor Bact complex (56), Prp2 directly interacts with Rse1 and 
Hsh155 of the minor spliceosome, and this interaction is 
strengthened by Spp2. Scrutiny of the structural features of 
the human minor Bact complex – the first of its kind – may 
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reveal additional findings about the minor spliceosome. This 
study provides a framework for mechanistic understanding 
of the function of the minor spliceosome. 
 
Materials and Methods 

Preparation of the pre-mRNA 
The U12-type pre-mRNA for the in vitro splicing assay was 
modified from the MINX gene, in which the 5′SS, BPS and 
3′SS are replaced by consensus sequences of the U12-type in-
tron. The 5′SS, BPS and 3′SS have sequences 5′-
AUAUCCUUU-3′, 5′-UCCUUAACUC-3′ and 5′-CAC-3′, re-
spectively. The altered MINX pre-mRNA (referred to as 
MINX-U12) comprises a 57-nucleotide (nt) 5′-exon, a 228-nt 
intron, a 51-nt 3′-exon, and three tandem MS2-binding RNA 
aptamers at the 3′-end of the 3′-exon. To enrich the minor 
Bact complex in our in vitro assembly assay (37), we further 
modified MINX-U12 by deleting all sequences beyond nucle-
otide 18 counting from the 3′-end of the BPS. We then in-
serted three tandem MS2-binding RNA aptamers between 
the 5′SS and the BPS. The resulting pre-mRNA, referred to 
as MINX-U12∆, was used for spliceosome assembly and puri-
fication. The DNA templates for in vitro transcription were 
generated using PCR, and the RNA substrates were synthe-
sized using the method of T7 runoff transcription. 
 
In vitro splicing assay and RT-PCR 
Nuclear extract from HeLa S3 cell lines was prepared for in 
vitro splicing as described (57). The in vitro splicing reaction, 
assembled in a 20-μl volume, was performed in the presence 
of 1 nM pre-mRNA substrate and 50% nuclear extract, in the 
buffer containing 20 mM HEPES-KOH, pH 7.9, 65 mM KCl, 2 
mM ATP, 20 mM creatine phosphate, and 3 mM MgCl2. To 
examine the specificity and activity of MINX-U12, we de-
pleted U1, U2 and U6 snRNAs (so as to examine the impact 
on U2-type splicing), or U11, U12 and U6atac snRNAs (so as 
to examine the impact on U12-type splicing) in the nuclear 
extract using endogenous RNaseH at 30°C for 30 min prior 
to the splicing reaction (fig. S1A). This was accomplished by 
incubating the reaction with 1 μM antisense DNA oligonucle-
otides for each of the U1, U2 and U6 snRNAs (anti-U1 DNA 
oligo: 5′-CAGGTAAGTAT-3′; anti-U2 DNA oligo: 5′- 
GAACAGATACTACACTTGA-3′; anti-U6 DNA oligo: 5′- 
CTTCTCTGTATCGTTCCAATTTTAGTAT-3′), or for each of 
the U11, U12 and U6atac snRNAs (anti-U11 DNA oligo: 5′-
CACGACAGAAGCCCTTTT-3′, 5′- 
TTCCGCACGCAGAGCAATCG-3′, 5′-
GCTTCCGAAATCTCTTGATG-3′, and 5′-
GGGCGCCGGGACCAACGATC-3′; anti-U12 DNA oligo: 5′-
CCTTACTCATAAGTTTAAGGCA-3′, 5′-
GTGAGGATTCGGGCGTCACCCC-3′, 5′-
AGGCATCCCGCAAAGTAGGCGGG-3′, and 5′-

CCTTGAGGGCGACCTTTACCCGC-3′; anti-U6 DNA oligo: 
5′-CTAACCTTCTCTCCTTTCATACAAC-3′, 5′-
CGATGGTTAGATGCCACG AAG-3′, 5′-
GAGGGCCTCTTCCATCCTTGTC-3′, and 5′-
CAATGCCTTAACCG TATGCGTG-3′). The splicing reaction 
mixture was incubated at 30°C for varying time points of 0 
min, 30 min, 60 min and 120 min, followed by proteinase K 
digestion. RNA from the in vitro splicing assay was extracted 
using phenol:chloroform:isopentanol at a volume ratio of 
25:24:1 (Coolaber Science & Technology). Reverse transcrip-
tion was performed using High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems) and random hexamers. 
The RT-PCR products were resolved on 2% (w/v) agarose gel 
and stained by GoldView (Beijing SBS Genetech Co Ltd.) (fig. 
S1A). 
 
Assembly and purification of the human minor Bact 
complex 
The protocol for assembly and purification of the minor Bact 
complex was modified from that for the major Bact complex 
(35, 36) (fig. S1B). Briefly, the splicing reaction was performed 
in a volume of 40 mL or multiples thereof, containing 20 mM 
HEPES-KOH, pH 7.9, 65 mM KCl, 2 mM ATP, 20 mM creatine 
phosphate, and 3 mM MgCl2, in the presence of 10 nM pre-
mRNA, 450 nM MS2-MBP and 50% splicing extract. The pre-
mRNA was pre-bound to MS2-MBP for 30 min on ice. The 
reaction mixture was incubated for 4 hours at 30°C, and then 
centrifuged at 3,000 g for 15 min to remove aggregates. The 
supernatant was loaded onto amylose resin (NEB), allowed to 
flow through the resin 3 times, and washed using the G50K 
buffer (10 mM HEPES-KOH, pH 7.9, 50 mM KCl, 1.5 mM 
MgCl2, 0.01% NP40 and 5% (v/v) glycerol). The spliceosomal 
complexes were eluted using 30 mM maltose. The eluent was 
loaded onto a 10~30% glycerol gradient with 0%–0.01% glu-
taraldehyde (Sigma), and centrifuged at 23,000 rpm for 10 
hours at 4°C in a SW41Ti rotor (fig. S1B). Fractions of 1-mL 
aliquot each were quenched by 50 mM Tris (pH 7.6), and then 
examined on denaturing RNA gels (fig. S1C). The fractions 
that contained the minor Bact complex were pooled and dia-
lyzed against Buffer D (20 mM HEPES-KOH, pH 7.9, 50 mM 
KCl, 1.5 mM MgCl2, 0.01% NP40) to remove glycerol prior to 
sample preparation for electron microscopy (EM). The dia-
lyzed sample was concentrated for cryo-EM studies. 
 
Northern blot 
Samples of the purified minor Bact complex were heated at 
95°C for 10 min, separated on 10% polyacrylamide gels con-
taining 8M urea. RNAs were transferred onto Hybond-N+ 
membranes (Amersham) in 1xTBE (Coolaber Science & Tech-
nology) for 1 hour at 400 mA. Membranes were fixed by UV 
irradiation and hybridized to 32P-end-labeled DNA oligonu-
cleotide probes. The U12 snRNA specific probes are derived 
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from a published study (24) and include: 5′-
CCTTACTCATAAGTTTAAGGCA-3′, 5′-
GTGAGGATTCGGGCGTCACCCC-3′, 5′-
AGGCATCCCGCAAAGTAGGCGGG-3′, and 5′-
CCTTGAGGGCGACCTTTACCCGC-3′. The specific probes of 
U6atac snRNA include: 5′-
CTAACCTTCTCTCCTTTCATACAAC-3′, 5′-
CGATGGTTAGATGCCACGAAG-3′, 5′-
GAGGGCCTCTTCCATCCTTGTC-3′, and 5′-
CAATGCCTTAACCGTATGCGTG-3′. The specific probes of 
U5 snRNA include: 5′-GCGATCTGAAGAGAAACCAGAG-3′, 
5′- CTTGCCAAAGCAAGGCCTC-3′, 5′-
GGGTTAAGACTCAGAGTTGTTC-3′, and 5′-
CTCCACGGAAATCTTTAGTAAAAGGC-3′. Membranes were 
exposed to phosphorimager screens (Amersham Biosciences) 
(fig. S1C). The exposure time is approximately 48 hours for 
the DNA probes targeting U12, U6atac and U5 snRNAs. The 
phosphorimager screen was scanned by Personal Molecular 
Imager (BioRad). 
 
Mass spectrometry analysis 
About 40 μl of the minor spliceosome sample was mixed with 
10 μl of 5×SDS sample loading buffer (GenScript Biotech, 
China) supplemented with 150 mM dithiothreitol. The sam-
ple was incubated at 95°C for 5 min, and resolved using a 4%–
12% gradient SDS-PAGE gel. The proteins were subjected to 
in-gel proteolytic digestion as described (58). Peptides were 
purified using Pierce C18 Spin Tips (Thermo Fisher, USA) 
prior to LC-MS/MS analysis using Ultimate 3000 nanoLC sys-
tem coupled with Q Exactive HF-X Hybrid Quadrupole-Or-
bitrap (Thermo Fisher Scientific, San Jose, USA). About 500 
ng peptides were separated over 90 min using a linear LC 
gradient of 3-28% (buffer A: 2% acetonitrile, 0.1% formic acid; 
buffer B: 98% acetonitrile, 0.1% formic acid) at a flow rate of 
300 nL/min. The top 20 peptides were subjected to MS2 anal-
ysis. MS2 spectra were acquired at the resolution of 30,000 
(at m/z 200) in the orbitrap using an AGC target of 1e5, and 
max IT of 80 ms. Dynamic exclusion was applied with a re-
peat count of 1 and an exclusion time of 25 s. The resultant 
mass spectrometric data were analyzed using pFind (59) (Ver-
sion 3.1.5) against the Homo sapiens FASTA database down-
loaded from UniProtKB (version on 27-Apr-2020), which 
contains 20,365 reviewed protein sequences. Cysteine car-
bamidomethyl was set as fixed modification and methionine 
oxidation was set as variable modification. A summary of 
mass spectrometric analysis for the human minor Bact com-
plex is listed in table S1. 
 
EM data acquisition and processing of the minor Bact 
complex 
Grids for cryo-EM data collection were carried out essentially 
as described (60). Briefly, the Quantifoil R1.2/1.3 grids coated 

with homemade continuous carbon film of ~4 nm thickness 
were used for cryo-EM specimen preparation. Cryo-EM grids 
were prepared using Vitrobot Mark IV (FEI Company) at 8°C 
and 100% humidity. 4-μl aliquots of the sample at a concen-
tration of ~0.2 mg/mL were applied to glow-discharged grids, 
blotted for 1.5 s using the standard vitrobot filter paper 
(Ø55/20mm, Ted Pella), and plunged into liquid ethane 
cooled by liquid nitrogen. The glow-discharged grids were 
prepared for 30 s using the “Low” setting of the Plasma 
Cleaner (Harrick, Plasma Cleaner PDC-32G). 

The grids were loaded onto a FEI Titan Krios electron mi-
croscope equipped with a GIF Quantum energy filter (slit 
width 20 eV) and operating at 300 kV with a nominal magni-
fication of 81,000x. Images were recorded using a Gatan K3 
detector (Gatan Company) in the super-resolution mode, 
with a pixel size of 0.5371 Å (fig. S1D). Each image was dose-
fractionated to 32 frames with a dose rate of 22.54 counts/sec 
per physical pixel (~19.531 e-/sec per Å2) and a total exposure 
time of 2.56 s. Total electron dose for each image is about 50 
e–/Å2. AutoEMation2 (written by Jianlin Lei) was used for all 
data collection (61). All 32 frames in each stack were aligned 
and summed using the whole-image motion correction pro-
gram MotionCor2 (62) and binned to a pixel size of 1.0742 Å. 
The defocus value of each image was set from 1.3 to 2.5 μm 
and was determined by Gctf (63). 
 
EM data processing for the human minor Bact complex 
3,500,973 particles were automatically picked by DeepPicker 
(64) from 20,390 micrographs (fig. S2). These particles were 
extracted using a pixel size of 4.2968 Å and subjected to three 
parallel guided multi-reference global search 3D classifica-
tion using RELION3.0 (65). The volumes representing the hu-
man Bact complex [EMDB: EMD-6891 (36)], 17S U2 snRNP 
[EMDB: EMD-10689 (66)], tri-snRNP [EMDB:EMD-6581 
(67)], B complex [EMDB: EMD-9624 (68)], C complex 
[EMDB: EMD-6864 (53)], and four bad classes were low-pass 
filtered to 35 Å and used as the initial references (fig. S2). The 
particles from the best classes were merged and the dupli-
cated particles were removed as described (69). Another sub-
sequent three parallel local search 3D classification (30 
iterations, T=4, local angular search range=15°) was per-
formed to further identify good particles, using the same ref-
erences above (Round 1). The resulting 1,217,469 particles 
were re-centered and re-extracted with a pixel size of 2.1484 
Å. After one round of refinement, the resulting map is low-
pass filtered to 15 Å, 25 Å, 35 Å, 60 Å. Together with the re-
finement map, we obtained five references with a resolution 
gradient. Three parallel guided multi-reference local 3D clas-
sifications (30 iterations, T=4, local angular search 
range=15°) using the five references above were performed, 
yielding 101,443 good particles. These particles were further 
re-centered and re-extracted using a pixel size of 1.0742 Å, 
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yielded a reconstruction at an average resolution of 3.2 Å for 
the entire human minor Bact complex. After CTF refinement 
by RELION3.0 and Bayesian polishing by RELION3.1, the res-
olution was further improved to 2.89 Å (figs. S2 and S3A). To 
improve the map quality for the SF3B region, focused refine-
ment with a soft mask on the SF3b complex was performed 
(fig. S2). Another round of focused 3D refinement with the 
mask for one of the WD40 domains from SF3b130 further im-
proved the map quality for this region. For the 5′-end of 
U6atac snRNA (RBM48/ARMC7 region), focused 3D classifi-
cation (30 iterations, T=4, local angular search range=15°) 
was performed with a soft mask around this region. 66,297 
particles were selected and subjected to focused 3D refine-
ment using the same mask as 3D classification. 

In the final EM map of the human minor Bact complex, the 
local resolution reaches 2.6 Å in the core region (fig. S3B). 
The angular distribution of the particles used for the final re-
construction of the human minor Bact complex is reasonable 
(fig. S3C). The refinement of the atomic coordinates did not 
suffer from severe over-fitting (fig. S3D). The EM maps show 
fine features for individual component of the human minor 
Bact complex (figs. S4 to S8) and allow atomic modeling of five 
previously unidentified proteins (PPIL2, SCNM1, CRIPT, 
RBM48 and ARMC7) (figs. S6 to S8). 

Reported resolutions were calculated on the basis of the 
FSC 0.143 criterion, and the FSC curves were corrected using 
high-resolution noise substitution methods (70). Prior to vis-
ualization, all density maps were corrected for the modula-
tion transfer function (MTF) of the detector and sharpened 
by applying a negative B-factor that was estimated using au-
tomated procedures (71). Local resolution variations were es-
timated using RELION. 
 
Model building and refinement of the human minor Bact 
complex 
We combined homology modeling, rigid docking of known 
structures, de novo modeling and manual adjustment with 
an AI-guided deep natural network method (table S3). The 
majority of individual protein components were identified 
using the atomic coordinates of the human Bact complex [PDB 
code: 5Z56, 5Z58 (36), 6FF7 (35)]. Structures of most compo-
nents (which include U5 snRNP, U6atac snRNA, U12 snRNA 
and U12 Sm ring of U12 snRNP, SF3b complex of U12 snRNP, 
RES complex, two components of NTC, three components of 
NTR and CWC27, PRP2, RNF113A, SRm160, CWC22, 
SRm300) were docked into the density map and manually 
adjusted using COOT (72). Position of the C terminus of 
U11/U12-65K, which shares homology with U2-B′′, was pre-
dicted according to the location of U2-B′′ using the crystal 
structure 3EGN (73). However, the EM density for this region 
is inadequate for identification of U11/U12-65K. The location 
of the N terminus of GPKOW (Spp2 in S. cerevisiae) was 

identified according to the 2.5 Å cryo-EM structure of the S. 
cerevisiae Bact complex (PDB code 7DCO) (56). 

After these steps, a number of EM density patches still re-
mained unaccounted for, including the regions around loop 
I of U5 snRNA, SF3b155, SF3b130, and the 5′-end of U6atac. 
The N-terminal zinc finger region of SF3a66 (homolog of S. 
cerevisiae Prp11) clearly did not fit into the well-resolved den-
sity map. To identify the unknown protein, we used an im-
proved version of the A2-Net deep neural network method 
(74) to recognize the side chains of amino acids from EM den-
sity maps and to connect adjacent amino acids to generate 
protein fragments. Together with mass spectrometry data, 
this practice revealed protein candidates. The sequences of 
the selected protein candidates and the density map were 
then fed into the deep neural network to generate the atomic 
model. Models of PPIL2, SCNM1, CRIPT and RBM48 were 
generated using this approach. Human RBM48 was reported 
to interact with the armadillo repeat-containing protein 7 
(ARMC7) (47, 49). Next to RBM48, there was indeed an EM 
density lobe that closely resembles the overall shape of the 
armadillo repeat helices. An initial model for ARMC7 was 
generated using the protein structure prediction web server 
trRosetta (75). The predicted structure of ARMC7 was docked 
into the density map and manually adjusted using COOT (72). 

The entire model of the human minor Bact complex was 
refined against the 2.89-Å map using PHENIX (76) in real 
space with secondary structure and geometry restraints. 
Model overfitting was monitored by refining the model in one 
of the two independent maps and testing the refined model 
against the other map (77) (fig. S3D). Model quality was as-
sessed using the Molprobity scores and the Ramachandran 
plots (table S2). Molprobity scores were calculated as de-
scribed (78). All EM map images were created using UCSF 
Chimera (79). 
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  Fig. 1. Cryo-EM structure of the activated human minor spliceosome (Bact complex). (A) Overall 

structure of the human minor Bact complex. Two surface views are shown. Spliceosomal components 
are tabulated below the images. Proteins that are found only in the structure of the major, but not 
minor, Bact complex are indicated by dashed gray boxes. Compared to the major Bact complex (35, 36), 
the minor spliceosome contains four new proteins ARMC7, CRIPT, RBM48, and SCNM1. Although 
PPIL2 (colored deep purple) is also a component of the major Bact complex (35), its atomic model is 
reported here for the first time. (B) Overall structural comparison between the minor and major Bact 
complexes. The orientation and scale are the same for the two complexes. Identical protein 
components are shown in the background with faded colors. RNA elements and protein components 
that differ in the two complexes are color-coded. Structural images in this figure were prepared using 
ChimeraX (80). 
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Fig. 2. Organization and structure of the RNA elements in the human 
minor Bact complex. (A) Overall structure of the RNA elements. U12, U5 and 
U6atac snRNAs are colored marine, orange and green, respectively. The 5′-
exon and intron of MINX-U12∆ are colored red and violet, respectively. The 
γ-monomethyl phosphate cap of U6atac snRNA is shown in stick. The 
catalytic center comprises the ISL of U6atac snRNA, helix I of the 
U12/U6atac duplex and loop I of U5 snRNA. (B) Summary of the base-
pairing interactions among the RNA elements. Helix Ib of the U12/U6atac 
duplex forms a catalytic triplex with three nucleotides of U6atac. Canonical 
Watson-Crick and noncanonical base-pairing interactions are identified by 
solid lines and dots, respectively. Structural images in this and following 
figures were prepared using PyMol (81). 
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Fig. 3. Conservation and variation of the RNA structures between the minor and major Bact complexes. 
(A) Overall structural comparison of the RNA elements between the minor and major Bact complexes. The 
RNA elements from the minor spliceosome are color-coded, whereas those from the major spliceosome are 
shown in gray. Compared to U6 snRNA (35), U6atac lacks the 5′-stem loop, cannot form helix II with U12, but 
forms a unique 3′-stem loop. (B) Recognition of 5′SS by U6atac (left panel) involves more base-pairing 
interactions than that by U6 (35) (right panel). (C) Recognition of BPS by U12 (left panel) involves more base-
pairing interactions than that by U2 (35) (right panel). (D) The active site conformation in the minor Bact 
complex is nearly identical to that in the major Bact complex (35). Shown here is an overlay of the active site 
RNA elements from both complexes. (E) Coordination of the catalytic metals in the minor Bact complex. 
Unlike the major Bact complex (35), both catalytic metals M1 and M2 are loaded in the minor Bact complex. (F) 
Coordination of the catalytic metals in the major Bact complex [PDB code 6FF7 (35)]. The orientation is the 
same as that in panel (E). M1 is yet to be loaded. 
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Fig. 4. Structure of U12 snRNP in the human minor Bact complex. (A) Overall structure of U12 snRNP. U12 
snRNP consists of the core (U12 snRNA and Sm ring), the SF3b complex, and the newly identified component 
SCNM1 (82). A newly identified splicing factor CRIPT is also shown. (B) A close-up view on the cysteine-rich 
PDZ-binding protein CRIPT and its surrounding proteins. CRIPT interacts with SF3b155, SF3b145, SF3b14b 
and the splicing factor RNF113A. (C) A schematic diagram of the sequence features of SCNM1. The 
interacting proteins and RNA elements are tabulated below the sequences. (D) Sequence alignment between 
the N-domains of SCNM1 and SF3a66. Conserved sequences are boxed and identical residues are shaded 
red. (E) The N-domain of SCNM1 interacts with the BPS/U12 duplex and the proteins SF3b145, SF3b155 and 
CDC5L. (F) The C2H2-type zinc finger of SCNM1 closely resembles that of SF3a66. Shown here is a 
structural overlay. The RNA and protein components are color-coded in the minor spliceosome and gray in 
the major spliceosome (36). (G) A close-up view on the N terminus of SCNM1 and its interactions with 
surrounding proteins and RNA elements. The N terminus of SCNM1 is inserted between RNF113A and 
U6atac. (H) The C-domain of SCNM1 interacts with SF3b130 and SF3b145 in the minor Bact complex. The 
spatial location of the SCNM1 C-domain overlaps with that of SF3a60 in the major Bact complex (36). 
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  Fig. 5. Multi-faceted roles of PPIL2 in the human minor Bact complex. (A) PPIL2 forms at least five 
distinct interfaces with the minor Bact complex and spans a distance of over 100 Å. The quality of the 
EM density allows unambiguous identification of four discrete fragments I through IV in the N-
terminal half of PPIL2, but not for the C-terminal half. (B) A schematic diagram of the sequence 
features of PPIL2. PPIL2 comprises four fragments and a PPIase domain. The interacting proteins 
and RNA elements are tabulated below the sequences. (C) A close-up view on fragment I of PPIL2 
and its surrounding environment. This fragment interacts with loop I of U5 snRNA, the N-domain of 
PRP8, the WD40 domain of PLRG1 and the N terminus of SNU114. (D) A close-up view on the 
interface between the N terminus of fragment I and loop I of U5 snRNA. The N terminus of PPIL2 is 
inserted into the groove on the back side of the duplex between loop I and 5′-exon. (E) A close-up 
view on fragment II of PPIL2 and its surrounding environment. Unexpectedly, this fragment contains 
two U-box E3 ubiquitin-ligase domains: one as predicted (46) (U-box I, light purple), and the other 
previously unknown (U-box II, deep purple). U-box I contacts Prp8 and U-box II interacts with 
SNU114. (F) A close-up view on fragments III and IV of PPIL2. These two fragments adopt an extend 
conformation and interact with SKIP, PRP8, CDC5L and SNU114. 
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Fig. 6. The RBM48-ARMC7 complex binds the 5′-end of U6atac snRNA in 
the minor Bact complex. (A) The RBM48-ARMC7 complex binds the 5′-end 
of U6atac snRNA. The γ-monomethyl phosphate cap at the 5′-end of U6atac 
is shown in stick. (B) A close-up view on the recognition of the guanine 
nucleotide (G1) at the 5′-end of U6atac. G1 is recognized by RBM48. (C) A 
close-up view on the stacking interactions among the aromatic side chain of 
Tyr17 from ARMC7 and the bases of G3 and U4 from U6atac. (D) Variations 
in the coordination of the 5′-end sequences from U6 and U6atac. In the 
major Bact complex [PDB code 5Z56 (36)] (right panel), the 5′-end 
sequences of U6 form a stem loop. RBM22, BUD13 and PRP17 recognize the 
5′-stem loop and its downstream sequences. U6atac lacks the 5′-stem loop 
and its 5′-end is bound by the RBM48-ARMC7 complex (left panel). 
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Fig. 7. Structural differences between the human minor and major Bact 
complexes. Shown here are cartoon diagrams of the structures around the 
active site of minor and major Bact complexes. In the minor spliceosome (left 
panel), the last five nucleotides UCCUU of 5′SS are recognized by the 
AAGGA box of U6atac snRNA. The first adenine nucleobase in 5′SS is 
sandwiched by Phe213 and Lys218 from RNF113A. The N terminus of 
SCNM1 inserts into the active site, stabilizing 5′SS recognition by RNF113A. 
In the major Bact complex (right panel), 5′SS recognition by U6 snRNA 
involves much fewer base pairs, and recognition of the first guanine 
nucleotide by RNF113A is stabilized by SF3a66. In addition, SF3a60 in the 
major spliceosome is replaced by the C terminus of SCNM1 in the minor Bact 
complex. In these regards, SCNM1 in the minor spliceosome mimics the 
SF3a complex in the major spliceosome. This is likely true not only in the 
minor Bact complex but also during spliceosome assembly. In the minor 
spliceosome, the RBM48-ARMC7 complex binds the 5′-end of U6atac 
snRNA, which lacks the 5′-stem loop compared to U6 snRNA in the major 
spliceosome. The N terminus of PPIL2 binds loop I of U5 snRNA, interacts 
with several components from U5 snRNP, NTC and NTR in the minor Bact 
complex. In contrast, the role of PPIL2 in the major Bact complex is yet to be 
defined. Structural features of the minor spliceosome that are similar to 
those of the major spliceosome are not discussed here. For example, in both 
cases, the HEAT repeat protein SF3b155 serves as the central scaffold of U2 
snRNP and wraps around the U2/BPS duplex. 
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