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The spliceosomal gene SF3B1 is frequentlymutated in cancer. While it is known that SF3B1 hotspot mutations lead
to loss of splicing factor SUGP1 from spliceosomes, the cancer-relevant SF3B1–SUGP1 interaction has not been
characterized. To address this issue, we show by structural modeling that two regions flanking the SUGP1 G-patch
make numerous contacts with the region of SF3B1 harboring hotspotmutations. Experiments confirmed that all the
cancer-associated mutations in these regions, as well as mutations affecting other residues in the SF3B1–SUGP1
interface, not only weaken or disrupt the interaction but also alter splicing similarly to SF3B1 cancer mutations.
Finally, structural modeling of a trimeric protein complex reveals that the SF3B1–SUGP1 interaction “loops out”
theG-patch for interactionwith the helicaseDHX15. Our study thus provides an unprecedentedmolecular view of a
protein complex essential for accurate splicing and also reveals that numerous cancer-associated mutations disrupt
the critical SF3B1–SUGP1 interaction.
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SF3B1 (splicing factor 3b subunit 1) is the most frequently
mutated spliceosomal gene in hematological malignan-
cies and some solid tumors (Yoshida et al. 2011; Yoshida
and Ogawa 2014; Seiler et al. 2018). Recurrent mutations
are found in a wide variety of cancers, including myelo-
dysplastic syndromes (Papaemmanuil et al. 2011; Yoshida
et al. 2011; Haferlach et al. 2014), chronic lymphocytic
leukemia (Wang et al. 2011; Quesada et al. 2012), uveal
and mucosal melanomas (Harbour et al. 2013; Hintzsche
et al. 2017), and other solid tumors (Biankin et al. 2012; El-
lis et al. 2012; Seiler et al. 2018). Despite the important
role of mutant SF3B1 in tumorigenesis, the molecular
basis by which the numerous SF3B1 cancer mutations
lead to RNA missplicing remains unclear.

SF3B1 is a major component of the spliceosome, a large
ribonucleoprotein complex that carries out precursor
mRNA (pre-mRNA) splicing. The spliceosome is com-
posed of five small nuclear RNAs (snRNAs) (namely,

U1, U2, U4, U5, and U6) and >100 associated proteins
(Wahl et al. 2009). Assembly of the spliceosome is highly
dynamic and is initiated by binding of U1 and U2 small
nuclear ribonucleoproteins (snRNPs) to the splicing sig-
nals in the intron: 5′ splice site (ss), 3′ss, polypyrimidine
tract, and branch site. After recruitment of the U4/
U6.U5 tri-snRNP and structural rearrangements, the fully
assembled spliceosome is activated and carries out two
sequential transesterification reactions to remove the in-
tron and join together the flanking exons (Wahl et al.
2009). During each splicing cycle, the spliceosome rapidly
changes its composition and conformation to carry out its
function and is now thought to progress through numer-
ous distinct conformational states, including E, A, pre-B,
B, Bact, B∗, C, C∗, P, and intron lariat spliceosome (ILS)
complexes (Wahl et al. 2009; Rodrigues et al. 2023).

Almost all the multiple cancer mutations in SF3B1 are
located in sequences encoding its C-terminal HEAT (hun-
tingtin, elongation factor 3, A subunit of protein phospha-
tase 2A, and target of rapamycin 1) domain, which is
composed of 20 HEAT repeats (Cretu et al. 2016). The5These authors contributed equally to this work.
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great majority of the mutations, including the most com-
mon mutation (K700E), are located in HEAT repeats H4–
H7 (Cretu et al. 2016). Hotspotmutations in SF3B1 induce
use of cryptic 3′ splice sites typically located ∼10–30 nt
upstream of the associated canonical 3′ splice sites by pro-
moting recognition of alternative branch sites (Darman
et al. 2015; DeBoever et al. 2015; Alsafadi et al. 2016;
Zhang et al. 2019a), and some of the resulting splicing er-
rors contribute to severe cancer phenotypes (Inoue et al.
2019; Lieu et al. 2022). We previously showed that several
common SF3B1 mutations, including K700E, lead to loss
of the splicing factor SUGP1 (SURP and G-patch domain-
containing 1) from themutant spliceosome due to a defec-
tive interaction between mutant SF3B1 and SUGP1
(Zhang et al. 2019a). Pan-cancer analyses of >10,000 sam-
ples in TCGA also revealed a number of SUGP1 cancer-
associated mutations flanking the SUGP1 G-patch motif
(G-patch) that partially recapitulate mutant SF3B1 mis-
splicing, suggesting a mechanistic link between SF3B1
and SUGP1 (Liu et al. 2020; Alsafadi et al. 2021). The G-
patch is especially important inmediating SUGP1 function
in accurate 3′ss selection (Zhang et al. 2019a) and functions
via an activating interaction with DEAH-box helicase 15
(DHX15) (Zhang et al. 2022a; Beusch et al. 2023; Feng
et al. 2023). However, how SF3B1 and SUGP1 interact is
not known, leaving gaps in our understanding of both
how branch sites and 3′ splice sites are correctly selected
and how cancer mutations disrupt this process.
There are nowmultiple cryo-electronmicroscopy (cryo-

EM) structures of human spliceosomal complexes: pre-A,
pre-B, B, Bact, C, C∗, P, and ILS, as well as the 17S U2
snRNP (the major subunit of E and A complexes) (Agafo-
nov et al. 2016; Bertram et al. 2017a,b; Zhang et al.
2017, 2018, 2019b, 2020, 2022b; Haselbach et al. 2018;
Zhan et al. 2018; Tholen et al. 2022). However, SUGP1
was not observed in any of these stage-specific complexes,
suggesting that SUGP1 likely participates in an uncharac-
terized intermediate complex during branch site recogni-
tion and that its interactions are expected to be transient.
This fact poses a great challenge to study the SF3B1–
SUGP1 interaction in the spliceosome. Predicting the
3D structures of proteins using advanced deep-learning al-
gorithms offers an alternative opportunity to tackle this
issue. Specifically, theAlphaFold2 algorithmhas achieved
unprecedented accuracy of structure prediction for single
proteins (Jumper et al. 2021). Its new module, AlphaFold-
Multimer, has been specifically refined to predict struc-
tures of protein–protein complexes and has achieved
70% and 72% accuracy for predicting heteromeric and
homomeric interfaces, respectively (Evans et al. 2022).
In this study, we used computational structural model-

ing together with experimental analyses to characterize
the nature of the SF3B1–SUGP1 interaction and to eluci-
date the role of cancer-relevant mutations in both SF3B1
and SUGP1 in RNA missplicing. AlphaFold-Multimer
modeling of the SF3B1–SUGP1 heterodimer structure
revealed that two separate regions flanking the SUGP1 G-
patch make numerous direct contacts with the region of
SF3B1 harboring multiple hotspot cancer mutations. We
experimentally confirmed that all the cancer-associated

missensemutations in these two regions of SUGP1weaken
or abolish its interaction with SF3B1. We also confirmed
that other specific SUGP1 residues located in the SF3B1–
SUGP1 interface, including, remarkably, the very last two
residues (both tyrosines) at the C terminus, are critical for
interaction. Importantly, expression of SUGP1 derivatives
containingmutations or deletions of these residues partial-
ly recapitulated the RNA splicing defects of mutant SF3B1.
The two SF3B1-interacting regions in SUGP1 closely sur-
round, but do not overlap, the SUGP1 G-patch, thereby
“looping out” this region for interaction with its target,
the helicase DHX15. Our study thus provides a detailed
view of a protein complex essential for accurate splicing
and also reveals that numerous cancer-associated muta-
tions in both SF3B1 and SUGP1 all have the effect of dis-
rupting this single protein–protein interaction, illustrating
the critical nature of the SF3B1–SUGP1 interaction.

Results

The C-terminal region of SUGP1 is responsible
for interaction with SF3B1

An important prerequisite in understanding how SF3B1mu-
tations that disrupt interaction with SUGP1 cause cancer is
elucidating the molecular basis underlying how these two
proteins interact with each other. To this end, we first set
out to narrow down the region of SUGP1 that interacts
with SF3B1 by using affinity purification of proteins associ-
ated with deletion variants of SUGP1. To do so, we made
plasmid constructs encoding SUGP1 derivatives consisting
of various truncations of SUGP1, each fused to tandemaffin-
ity tags FLAG (alsoknownasDYKDDDDK) and glutathione
S-transferase (GST) (Fig. 1A). We then transiently transfect-
ed each of these plasmids intoHEK293T cells, harvested the
cells, andused thewhole-cell extracts to performtwo rounds
of affinity purificationwith anti-DYKDDDDKantibody and
Glutathione Sepharose beads sequentially. By resolving the
SUGP1-associated proteins by SDS-PAGE followed by silver
staining orWestern blotting,we found that SF3B1 copurified
with full-length SUGP1 as expected (Fig. 1B,C). We also
found that SF3B1 associates with the C-terminal region of
SUGP1 (amino acids 476–645) but not with either of the
N-terminal regions (amino acids 1–475 and 1–495) (Fig. 1B,
C). A further truncatedC-terminal fragment of SUGP1 (ami-
no acids 496–645) didnot copurify SF3B1 (Fig. 1B,C), suggest-
ing that residues 476–495 are necessary for SF3B1
association. However, SUGP1 (amino acids 476–495) alone
also did not copurify SF3B1 (Fig. 1B,C), suggesting that resi-
dues 476–495 are not sufficient for SF3B1 association and
that sequences within the remaining part of SUGP1 (amino
acids 476–645) are also required. This result prompted us to
investigate the detailed molecular basis of the interaction
between SF3B1 and the C-terminal region of SUGP1.

Structural modeling independently identifies SUGP1
as a top SF3B1 interactor

Given the difficulty of experimentally obtaining struc-
tures of complexes containing both SF3B1 and SUGP1

Characterization of the SF3B1–SUGP1 interaction

GENES & DEVELOPMENT 969



(as mentioned above), we decided to use computational
modeling to gain structural insights into the SF3B1–
SUGP1 contact interface to guide biochemical character-
ization of this critical interaction. To this end, we first set
out to obtain a computationally derived baseline of bind-
ing free energy of SF3B1 with its interacting proteins. By
manually searching all crystal/cryo-EM structures of
complexes containing SF3B1 in the Protein Data Bank
(PDB) (Berman et al. 2000), we obtained 43 complexes,
fromwhich we identified 26 proteins that have direct con-
tacts with SF3B1 (Fig. 2A). As expected, SUGP1was not in
any of these complexes. To obtain other potential SF3B1-
interacting proteins, we focused on proteins in affinity-pu-
rified spliceosomal complexes associated with SF3B1
(Zhang et al. 2019a). Among the 606 proteins identified
by mass spectrometry that were associated with wild-
type (WT) or K700E mutant SF3B1 (Zhang et al. 2019a),
we selected protein candidates with sufficient abundance
(at least 10 unique peptides recovered in the affinity puri-
fication–mass spectrometry) to minimize false positives
and then manually excluded proteins that were never re-
ported to be involved in splicing. We obtained a total of
48 candidate proteins (Fig. 2A), nine of which were also
among the above-mentioned 26 proteins known to inter-
act directly with SF3B1 in crystal/cryo-EM structures

(e.g., other SF3B subunits: SF3B3, SF3B5, and PHF5A).
The remaining 39 candidate proteins (including SUGP1)
do not have crystal/cryo-EM structures to show their
potential interactions with SF3B1. Therefore, we compu-
tationally modeled the structure of a potential heterodi-
meric complex for each of these candidate proteins with
the SF3B1 HEAT domain (amino aicds 453–1304) using
AlphaFold-Multimer (Evans et al. 2022). We chose Alpha-
Fold-Multimer because it has remarkably high accuracies
for structural predictions (see above). Furthermore, our
own evaluation of this method on three known hetero-
dimers (without using their known structures for training
or as templates for predictions) also showed that the pre-
dicted structures have a high accuracy of only ∼0.4–1.2
Å Cα root-mean-square deviation (RMSD) when com-
pared with the known structures (Supplemental Fig.
S1A–C). These high-accuracy results suggest that the
SF3B1 complex structures predicted by AlphaFold-Multi-
mer are worthy of further investigation.

To evaluate the protein–protein interactions in the
above-mentioned 65 SF3B1-containing heterodimer com-
plexes (26 with known structures and 39 with predicted
structures), we predicted the binding free energy for each
of them using PRODIGY (Xue et al. 2016). The results are
shown in Figure 2B and Supplemental Table S1. We found
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that 16 proteins interact with SF3B1 with predicted high
binding affinity (Fig. 2B,C), eight of which have at least
one direct interaction with SF3B1 HEAT repeats H4–H7,
the hotspot area for cancer mutations (Cretu et al. 2016).
Significantly, SUGP1 was identified as the top interactor
among proteins with direct interactions with repeats H4–
H7 (Fig. 2B,C; Supplemental Fig. S2A). By comparing sub-
portions of the modeled SF3B1–SUGP1 heterodimer with

the cryo-EM structure of SF3B1 in the PDB (ID 6AHD)
(Zhan et al. 2018), we found that the predicted structure
of SF3B1 HEAT repeats H4–H7 aligns extremely well
with the known structure (0.64 Å RMSD) (Supplemental
Fig. S2B). This was also the case for SF3B1 HEAT domain
residues 590–1304 (a continuous region without missing
residues in the cryo-EM structure), with only 1.7 Å
RMSD (Supplemental Fig. S2C). We reasoned that this
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modeled SF3B1–SUGP1heterodimeric structure is ideal for
experimental validation.

Two separate regions of SUGP1 flanking the G-patch
directly interact with SF3B1

Apowerful approach to validate the predicted interactions
in the modeled SF3B1–SUGP1 complex is to substitute
and/or delete the interacting residues and determine
whether the interaction is disrupted. To this end, we first
identified the interacting residues by analyzing the pre-
dicted interface between SF3B1 and SUGP1 in the mod-
eled heterodimer and found that two separate regions of
SUGP1 (amino acids 482–534 and 606–645) have exten-
sive interactions with SF3B1 (Fig. 3A,B). Importantly,
both of these regions are located in the C-terminal quarter
of SUGP1,which is highly consistentwith our experimen-
tal data showing that SUGP1 (amino acids 476–645) is re-
sponsible for SF3B1 association in our deletion analyses
above.

Strikingly, we found that these two SF3B1-interacting
regions are located both upstream of and downstream
from the SUGP1 G-patch but not within it (Fig. 3A,B). In
our previous study, we identified five naturally occurring
SUGP1 missense mutations (L515P, G519V, R625T,
P636L, and R642W) flanking the G-patch in cancers that
partially recapitulate mutant SF3B1 splicing dysregula-
tion (Liu et al. 2020). Remarkably, all five of these
SUGP1 mutations are located in the two SF3B1-interact-
ing regions, and we thus wanted to investigate whether
these cancer-associated mutations disrupt the interaction
of SUGP1 with SF3B1. To test this, wemade plasmid con-
structs encoding the five SUGP1 mutants, each fused to
tandem affinity tags (FLAG andGST), and then performed
two rounds of affinity purification using the samemethod
as described above. We found that all five SUGP1 muta-
tions weakened interaction with SF3B1 (Fig. 3C,D). Nota-
bly, the R642W mutation, which is located near the very
C terminus of the 645-residue protein, almost completely
disrupted the interaction (Fig. 3C,D). This result suggests
that the cancer-associated SUGP1 mutations in the two
SF3B1-interacting regions function by weakening the
SUGP1 interaction with SF3B1 rather than by affecting
the function of the G-patch, as we had previously suggest-
ed (Liu et al. 2020).

SF3B1 hotspot residues interact with the very C terminus
of SUGP1

Based on the predicted SF3B1–SUGP1 heterodimer struc-
ture, the two SF3B1-interacting regions are extensive, not
only including residues near the G-patch but also extend-
ing further upstream to SUGP1 Gly482 and downstream
to the C terminus (Fig. 3A,B). Surprisingly, the SUGP1 C
terminus is located near a “pocket” encompassing the
SF3B1 hotspot mutations (Fig. 4A). Specifically, the last
residue (Y645) of SUGP1 is predicted to make multiple
contacts (including one salt bridge interaction, one Pi in-
teraction, and two hydrogen bonds) with SF3B1 K700
and also to form a hydrogen bond with hotspot residue

SF3B1 H662 (Fig. 4B). The second to last SUGP1 residue
(Y644) makes two Pi interactions with hotspot residue
SF3B1 K741, and both SUGP1 Y645 and Y644 are located
closer than 6 Å (“neighboring”) to hotspot residue SF3B1
E622 (Fig. 4B).

To validate the critical role of these two highly con-
served C-terminal SUGP1 residues, we mutated each of
them individually or deleted one or both to examine
whether the interaction of SUGP1 with SF3B1 would be
disrupted. Specifically, we made plasmid constructs that
encoded tandem affinity tags (FLAG and GST) fused to
each of the different SUGP1mutant derivatives. These in-
cluded missense mutants of the last residue (Y645K), the
second to last residue (Y644A), and the third to last resi-
due (P643A; note that P643 is not predicted to interact
with SF3B1), as well as deletion of the last residue (amino
acids 1–644) and deletion of the last two residues (amino
acids 1–643). By performing two rounds of affinity purifi-
cation using the same method as described above (except
with 300 mM NaCl instead of 150 mM), we found that
both the Y645K andY644Amutations disrupted the inter-
action of SUGP1 with SF3B1, whereas P643A did not (Fig.
4C,D). Likewise, deletion of either the last residue or the
last two residues disrupted the interaction (Fig. 4C,D).

We next wished to investigate whether these SUGP1
mutants recapitulate the splicing defects (i.e., cryptic
3′ss usage) of K700E mutant SF3B1. To this end, we
cotransfected each of the plasmids expressing the above-
mentioned SUGP1 mutants (as well as WT and K700E
mutant SF3B1) into HEK293T cells together with mini-
genes of four of the mutant SF3B1 target transcripts that
we used in our previous study (Zhang et al. 2019a). We
then purified RNAs from the transfected cells and per-
formed 32P RT-PCR to detect cryptic 3′ss usage in pre-
mRNAs produced from the minigenes. Consistent with
the results of our previous study (Zhang et al. 2019a),
K700E mutant SF3B1 induced robust use of cryptic
3′ splice sites in all the minigenes (Fig. 4E–G). Signifi-
cantly, both the missense mutants (Y645K and Y644A)
and the deletion mutants (amino acids 1–644 and 1–643)
of SUGP1 induced use of the cryptic 3′ splice sites, where-
as the P643A mutant did not (Fig. 4E–G).

Together, the above results not only confirmed that the
very C-terminal Tyr residues of SUGP1 are necessary for
both SUGP1 interaction with SF3B1 and accurate splicing
but also provided strong support for the accuracy of the
predicted SF3B1–SUGP1 heterodimer structure.

Characterization of the region upstream of the SUGP1
G-patch for SF3B1 interaction

After characterizing interactions involving the region
downstream from the SUGP1 G-patch, we next wanted
to validate critical interactions in the upstream region.
Our deletion analyses above showed that residues 476–
495 of SUGP1 are necessary for SF3B1 association (Fig.
1B,C). Consistent with that result, the predicted SF3B1–
SUGP1 interface extends further upstream to SUGP1
Gly482 (Fig. 3A,B). We manually examined this region
and found a highly negatively charged amino acid
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sequence, DSDEEVDSE (amino acids 484–492), where
Ser485 is phosphorylated and therefore also negatively
charged (UniProt Consortium 2023). To test whether
this sequence is important for SF3B1 interaction, we first
made SUGP1 mutant plasmid constructs (fused with
FLAG and GST affinity tags) that changed either all of
the negatively charged residues of this sequence to alanine
(i.e., AAAAAVASA) or only Ser485 to alanine (S485A) (Fig.
5A) and then performed two rounds of affinity purification
using the standard method above. We found that the
AAAAAVASA mutant SUGP1 almost completely lost in-
teraction with SF3B1, whereas S485A did not (Fig. 5B,C).
To examine the contribution of each of these negatively
charged residues,wemademutant plasmids that eachmu-
tated onlyoneof the sevennegatively charged residues and
performed two rounds of affinity purification as above.We
found that only E487K and D490K noticeably weakened
the interaction of SUGP1 with SF3B1 (Supplemental Fig.
S3A,B). This result is consistent with the modeled
SF3B1–SUGP1 heterodimer structure, which shows that
SUGP1 E487 has strong bonding with both Arg775 (a hot-
spot residue) and Arg739 of SF3B1 (each with two salt
bridge interactions) and that SUGP1 D490 forms a hydro-
gen bond with SF3B1 Gln778 (Fig. 3B).
We next asked whether the above-mentioned SUGP1

mutations that disrupted SUGP1–SF3B1 interaction could
also recapitulate the splicing defects of mutant SF3B1. To
this end, we cotransfected each of the three SUGP1 mu-
tants (AAAAAVASA, E487K, and D490K) into HEK293T
cells together with the four minigenes harboring mutant
SF3B1 target cryptic 3′ splice sites. We then analyzed
splicing of the minigenes by 32P RT-PCR as above. Impor-
tantly, we found that all three SUGP1 mutants partially
recapitulated the splicing defects of mutant SF3B1 (e.g.,
in the TTI1 minigene) (Fig. 5D–F).

The SF3B1–SUGP1 interaction facilitates formation of
a larger complex required for accurate splicing

Given that SF3B1 functions in the context of the complex
spliceosome, we next wanted to know whether the mod-
eled SF3B1–SUGP1 heterodimer structure is compatible
with formation of a larger complex required for RNA
splicing; i.e., accurate 3′ss selection. Specifically, our re-
cent study showed that the RNA helicase DHX15 is in-
volved in SUGP1-mediated RNA splicing by binding to
the SUGP1 G-patch (Zhang et al. 2022a). Our modeled
SF3B1–SUGP1 heterodimer structure showed that the
two SF3B1-interacting regions in SUGP1 closely sur-
round, but do not overlap, the G-patch (Fig. 3A,B). We
therefore asked whether DHX15 is able to fit into this
structure. By again using AlphaFold-Multimer, we were
able to successfully model the structure of the SF3B1–
SUGP1–DHX15 trimer (Fig. 6A; Supplemental Movie
S1). Strikingly, as shown in Figure 6B, the predicted
DHX15–SUGP1 G-patch interface in this trimeric struc-
ture aligns nearly perfectly (0.58 Å RMSD) with that in
the crystal structure of the DHX15–SUGP1 G-patch com-
plex (PDB ID 8EJM) that we experimentally determined in
our recent study (Zhang et al. 2022a). Concurrently, the

SF3B1–SUGP1 interface in the predicted trimer remains
almost the same (0.73 Å RMSD) as in the predicted
SF3B1–SUGP1 heterodimer that we biochemically char-
acterized above (Fig. 6B). These findings suggest not only
that the SF3B1–SUGP1 heterodimer structure that we
modeled (and experimentally validated) is indeed compat-
ible with DHX15 binding to form a larger complex but
also that the binding of SF3B1 to SUGP1 in two separate
regions (both subject to multiple cancer-associated muta-
tions) functions to “loop out” the SUGP1 G-patch for in-
teraction with DHX15.
To examine experimentally whether SF3B1, SUGP1,

and DHX15 can indeed form a larger complex, we first
coexpressed DHX15 (amino acids 113–795), which lacks
the N-terminal unstructured region (Murakami et al.
2017; Studer et al. 2020), with SUGP1 (amino acids 433–
645, which include the G-patch) in insect cells and then
purified the DHX15–SUGP1 heterodimer as described
(Zhang et al. 2022a). We also purified the SF3B core com-
plex (Cretu et al. 2016) by coexpressing the C-terminal
HEAT domain of SF3B1 (amino acids 453–1304), SF3B3
(amino acids 1–1217), SF3B5 (amino acids 1–86), and
PHF5A (amino acids 1–98) in insect cells, followed by pu-
rification as described in the Materials and Methods. By
mixing the purified SF3B core complex with the purified
DHX15–SUGP1 heterodimer, we found that a larger com-
plex (containing at least SUGP1, DHX15, the SF3B1
HEAT domain, and SF3B3) was formed, based on gel filtra-
tion chromatography (Fig. 6C). Because amain function of
SF3B3 is to interact with both ends of the SF3B1 HEAT
domain to stabilize its superhelical structure (Cretu
et al. 2016), it is likely that the formation of the larger
complex is solely mediated by the direct interaction be-
tween SUGP1 and SF3B1 that we have characterized.

Discussion

We have used structural modeling with AlphaFold-Multi-
mer and experimental analyses to characterize the SF3B1–
SUGP1 interaction. Our study has provided a remarkable
molecular and mechanistic understanding of this critical
interaction and of how numerous mutations in both pro-
teins disrupt it and thereby cause cancer-relevant RNA
missplicing. Two separate regions of SUGP1, including
two tyrosines at the very C terminus, are essential for in-
teractionwith the region of SF3B1 that harbors cancer hot-
spot mutations. Moreover, the direct residue–residue
contacts between SF3B1 and SUGP1 all flank the SUGP1
G-patchbut arenotwithin it, allowing theSUGP1G-patch
to “loop out” to interact with DHX15. The predicted
SF3B1–SUGP1–DHX15 trimer forms a sandwich-like
structure with SUGP1 in the middle, such that SUGP1
forms a bridge to couple SF3B1withDHX15 during branch
site recognition in the early stage of spliceosome assem-
bly. The loss of interaction between SF3B1 and SUGP1
due to cancer mutations in either SF3B1 or SUGP1 pro-
vides an explanation for why themutant spliceosome fails
to activate DHX15 for ATP hydrolysis required for canon-
ical branch site selection.
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To our knowledge, our study is the first to use Alpha-
Fold-Multimer modeling to accurately predict the struc-
ture of a splicing-related multiprotein complex. Given

that this reflects a new approach to structure prediction,
it is important to validate its accuracy, which we did
in several ways. First, subportions of the predicted
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complexes alignwell with the experimentally determined
cryo-EM/crystal structures. Second, we experimentally
validated the critical interactions of specific SUGP1 resi-
dues with residues in SF3B1, as substitutions or deletions
of these residues all disrupted SUGP1 interaction with
SF3B1. Third, substitutions/deletions of the critical resi-
dues in SUGP1, including naturally occurring cancer mu-
tations, recapitulated the RNA missplicing induced by
SF3B1 cancer mutations that were previously shown to
disrupt SF3B1 interaction with SUGP1 (Zhang et al.
2019a). Our success thus encourages an alternative way
of studying interactions, including transient ones, within
spliceosomal complexes and indeed other multisubunit
complexes whose structures are challenging to capture
experimentally.

We have shown that numerous SUGP1 mutations af-
fecting residues critical for binding SF3B1 recapitulate
the splicing defects of hotspot SF3B1 cancer mutations,
confirming the cooperative role of these two proteins in
3′ss selection. However, this finding raises somewhat of
a conundrum: If these mutations disrupt interaction
with SF3B1, and hence SUGP1 mutants do not associate
with the spliceosome, how, then, do they affect splicing?
Unlike SUGP1 knockdown cells, which lack the protein,
the mutant SUGP1 transfected cells maintain essentially
WT levels of endogenous SUGP1, which should continue
to provide function if themutant proteins are simply inac-
tive. A likely explanation stems from the fact that SUGP1
has a binding site for U2AF2 (U2 small nuclear RNA aux-
iliary factor 2) and two SURP domains (Sampson and
Hewitt 2003; Zhang et al. 2019a). Because SURP domains
are known to interactwith the branch site-binding protein
splicing factor 1 (SF1) (Crisci et al. 2015), the SUGP1 mu-
tants would still localize to the branch site via interac-
tions with SF1 and U2AF2 at the earliest stage in branch
site recognition and in the absence of interaction with
SF3B1. The SUGP1 mutants would then be defective in
stably recruiting SF3B1-containing U2 snRNP, thereby
preventing—or at least slowing—utilization of the canon-
ical branch site. U2 snRNP will then recognize an un-
blocked alternative branch site, if available, and the
spliceosome will ultimately use a cryptic 3′ss—again, if
present. This model not only explains the apparent para-
dox suggested by our data but also suggests that SUGP1,
together with DHX15 (Zhang et al. 2022a), functions at
the earliest stage of branch site selection, as we discuss
further below.

Our data showing that the SF3B1 binding-defective
SUGP1 mutants nonetheless affect splicing are difficult
to reconcile with models suggesting that SUGP1 func-
tions later in splicing; i.e., in quality control (QC) by acti-
vating DHX15-dependent dissociation of defectively
assembled spliceosomes (Beusch et al. 2023; Feng et al.
2023). Such a model would require direct interaction of
SUGP1 with U2 snRNP/SF3B1, which the mutants can-
not do. Additionally, as levels of endogenous SUGP1 are
essentially unchanged in the mutant-expressing cells,
the WT protein should still be able to function in QC,
thereby preventing the cryptic splicing that we observed
in these cells. Thus, we believe that SUGP1–DHX15 func-

tions during the earliest step in branch site recognition
rather than later in QC. Besides, no purified 17S U2
snRNPs have been found to contain SUGP1 (Zhang
et al. 2020, 2022b; Tholen et al. 2022), consistent with
the idea that SUGP1 functions in an earlier step in splic-
ing. However, we do not rule out the possibility that
DHX15 (although not SUGP1) may be involved in QC at
a later step. This possibility is consistent with suggestions
from previous studies (Fourmann et al. 2016; Maul-
Newby et al. 2022), with our findings that DHX15 associ-
ates with spliceosomes independently of SUGP1 (Zhang
et al. 2019a, 2022a), and with the fact that DHX15 can in-
teract with multiple other G-patch-containing proteins
(Hegele et al. 2012).

Our study provides important insights into a critical
early step in branch site recognition, which is the “hand-
over” of the branch site from SF1 to the branchpoint-in-
teracting stem–loop (BSL) of U2 snRNA. It is believed
that at least two steps are involved in this process, with
the first step bringing U2 snRNP to the vicinity of the
branch site and the second step opening up the BSL for
base-pairing with the branch site (Zhang et al. 2020,
2022b; Tholen et al. 2022). For the second step, recent
studies of U2 snRNP structures suggested that the
RNA helicase DDX46 (also known as PRP5) likely un-
winds the double-stranded BSL and consequently dis-
places the BSL-interacting protein HTATSF1 (Zhang
et al. 2020, 2022b; Tholen et al. 2022). For the first
step, it was suggested that one or more of several SURP
domain-containing proteins localize U2 snRNP to the vi-
cinity of the branch site by binding to SF1 (Crisci et al.
2015). Our results strongly suggest that SUGP1 is the
SURP-containing protein that brings U2 snRNP to the
canonical branch site, for the reasons mentioned above.
All of the U2 snRNPs with known structures are of late
stage and contain DDX46 but not SUGP1 (Zhang et al.
2020, 2022b; Tholen et al. 2022), suggesting that
SUGP1 is discharged before DDX46 is recruited to U2
snRNP. In fact, DDX46 has an acidic loop region that
binds SF3B1 also in the hotspot area (including residue
K700) (Zhang et al. 2022b), and therefore the recruitment
of DDX46 will only be possible after dissociation of
SUGP1 from the SF3B1 hotspot region.

How, then, does SUGP1–DHX15 function in branch
site recognition? We envision a two-step scenario in
which in the first step SUGP1 recruits U2 snRNP to the
branch site and then activates DHX15, which “pulls”
the pre-mRNA into the RNA path of SF3B1 until the
branch site is close to the BSL. Following dissociation of
SUGP1 from the complex, DDX46 is recruited to U2
snRNP, likely by its direct interaction with SF3B1 (Zhang
et al. 2022b), where it opens up the BSL to allow formation
of theU2 snRNA/branch site duplex. In thisway, SUGP1–
DHX15 works on the pre-mRNA during the first step of
branch site recognition, and DDX46 rearranges U2
snRNA during the second step. It is the first step that
mainly determines the selection of correct branch sites,
consistent with the fact that all SUGP1 cancer-associated
mutations (as well as additional mutations described in
this study) partially recapitulate the mutant SF3B1
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missplicing pattern (Liu et al. 2020; Alsafadi et al. 2021).
Furthermore, SUGP1 knockdown strongly phenocopies
mutant SF3B1 (Zhang et al. 2019a; Alsafadi et al. 2021), in-
cluding robust usage of cryptic 3′ splice sites in all of the
top mutant SF3B1 targets tested (Zhang et al. 2019a).
While it has been suggested that loss of DDX46may affect
some aberrantly spliced transcripts found in hematologi-
cal malignancies (Zhang et al. 2022b), knockdown of
DDX46, unlike of SUGP1, did not induce cryptic 3′ss us-
age in any of the aforementioned top targets of mutant
SF3B1 (Supplemental Fig. S4). Additionally, unlike both
SUGP1 and DHX15 (Liu et al. 2020; Alsafadi et al. 2021;
Zhang et al. 2022a), DDX46 is not known to harbor any
cancer-associated mutations that recapitulate mutant
SF3B1 missplicing.
It is remarkable that numerous different cancer-asso-

ciated mutations in SUGP1 as well as in SF3B1 function
by the samemechanism; i.e., by disrupting or weakening
the interaction between the two proteins. Previous anal-
ysis of SF3B1 cancer-associated mutations showed that
the majority of the >40 mutated residues are located in
SF3B1 HEAT repeats H4–H7 (Cretu et al. 2016). Some
of these SF3B1 hotspot residues (e.g., K700, H662, and
K741) were predicted by AlphaFold-Multimer to have di-
rect contacts with SUGP1, while others were not. We as-
sume that at least some of these other mutations (e.g.,
E622D, R625C, and K666N, which we showed previous-
ly disrupt interaction with SUGP1) (Zhang et al. 2019a)
may perturb the local structure of SF3B1 H4–H7 and
thereby dislodge SUGP1 due to the proximities of these
residues to the mutational “pocket.” For example,
SF3B1 E622 is predicted to be close (“neighboring”) to
Y644 and Y645 of SUGP1. Likewise, among the five
SUGP1 cancer-associated residues, only R625 and P636
were predicted to have direct interactions with SF3B1,
while the other three (L515, G519, and R642) were not
(although embedded in the interface). Cancer mutations
at these three residues may also disrupt the SUGP1–
SF3B1 interaction by perturbing the local structure of
the interface. For example, R642 is located extremely
close to the very C terminus of SUGP1, and therefore
its mutation (R642W) may alter the positions of the
two C-terminal tyrosines. Last, hotspot mutations locat-
ed in other SF3B1 HEAT repeats (e.g., E592K and E902K)
are likely to disrupt splicing by different mechanisms
(Seiler et al. 2018; Choi et al. 2023). An important goal
for future studies will be to elucidate these specific
mechanisms. This will be valuable not only from the
cancer perspective but also because of the insights they
will likely provide into the earliest steps in splicing, sim-
ilar to our studies on the SF3B1–SUGP1 interaction.
In summary, we have characterized a multiprotein

complex essential for accurate 3′ss selection. Our work
exemplifies the use of AlphaFold-Multimer to accurately
model multisubunit protein complexes, provides impor-
tant new insights into how the complex mediating accu-
rate branch site selection assembles and functions, and
has shown that numerous cancer-associated mutations
in both SF3B1 and SUGP1 misregulate RNA splicing by
disrupting a single protein–protein interaction.

Materials and methods

Cell lines

HEK293T cells were cultured in Dulbecco’s modified Eagle’s me-
dium supplementedwith 10% fetal bovine serum at 37°C in a 5%
CO2 incubator.

Computational identification of SF3B1-interacting protein candidates
and structural modeling of protein complexes

SF3B1-interacting protein candidates were selected from the fol-
lowing two sources: proteins shown to directly interact with
SF3B1 in crystal/cryo-EM structures of multiprotein complexes
in the PDB (Berman et al. 2000) and proteins associated with
SF3B1 identified by affinity purification–mass spectrometry
(Zhang et al. 2019a). From the former source, we obtained heter-
odimeric structures of SF3B1 and each of its interacting proteins
(n=26) by extracting their atomic coordinates directly from the
structures of the larger complexes deposited in the PDB (in cases
where the SF3B1-interacting proteins [e.g., SF3B core proteins] are
present in multiple complexes, we extracted their atomic coordi-
nates from a representative structure). From the latter source, we
first selected proteins with at least 10 unique peptides recovered
in affinity purification–mass spectrometry and thenmanually ex-
cluded those without a known function in splicing based on the
functional annotation by UniProt (https://www.uniprot.org).
Next, structural modeling of heterodimer complexes between
the SF3B1 HEAT domain (amino acids 453–1304) and each of
these SF3B1-interacting protein candidates (n =39) was per-
formed using AlphaFold-Multimer v2.1.0 (Evans et al. 2022)
with default settings (as well as the needed databases specific to
this version), except that the -t (max_template_date) parameter
was set to 2021-11-01 and the -m (model_preset) parameter was
set tomultimer. For each complex, AlphaFold-Multimer generat-
ed 25 predicted structures, from which the best one by ranking
was selected for downstream analyses. Finally, binding free ener-
gies of the above-mentioned 65 SF3B1-containing heterodimer
complexes (i.e., 26 extracted from the PDB and 39 predicted by
AlphaFold-Multimer) were predicted using PRODIGY (Xue
et al. 2016) with the temperature set to 25°C. Structuralmodeling
of the three known heterodimer complexes in Supplemental Fig-
ure S1, as well as the heterotrimer complex of SF3B1 HEAT
domain–SUGP1–DHX15, was performed using AlphaFold-Multi-
mer (Evans et al. 2022), with the same parameters as above.

Structure alignment and RMSD calculations

Structure alignment of protein complexes and RMSD calcula-
tions were performed using PyMOL (http://www.pymol.org/
pymol) with the following parameters: cutoff = 2.0, cycles = 5,ma-
trix =“BLOSUM62,” quiet = 0, and transform=1. In cases where
the crystal/cryo-EM structures have missing residues, the corre-
sponding unpaired residues in the predicted structures were re-
moved prior to alignment.

Protein interface analysis and visualization

Interactions in protein–protein interfaces were analyzed using
the Discovery Studio 2018 software package (BIOVIA). The fol-
lowing parameters were used: maximum hydrogen bond dis-
tance= 3.4, maximum weak hydrogen bond distance = 3.8,
maximum salt bridge distance = 4.0, interface definition =“con-
tact area,” surface area probe radius = 0.6, and percent contact
area threshold = 0. Visualization of protein–protein interactions
was performed using PyMOL (http://www.pymol.org/pymol).
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Expression plasmid constructs

HA-tagged SF3B1WT andmutant K700E, HA-tagged SUGP1WT
and mutants (L515P, G519V, R625T, P636L, and R642W), and
FLAG-GST tandem tags were cloned in our previous studies
(Zhang et al. 2019a, 2022a; Liu et al. 2020). FLAG-GST-tagged
SUGP1 and its missense mutants (P643A, Y644A, and Y645K)
and deletion mutants (amino acids 1–475, 1–495, 476–645, 496–
645, 476–495, 1–643, and 1–644), as well as HA-tagged SUGP1
missense mutants (P643A, Y644A, and Y645K) and deletion mu-
tants (amino acids 1–643 and 1–644), were cloned in p3xFLAG-
CMV-14 (Sigma-Aldrich). FLAG-GST-tagged SUGP1 mutants
(S485A, S485K, and AAAAAVASA) and HA-tagged SUGP1 mu-
tants (D484K, D486K, E487K, E488K, D490K, and E492K) were
generated by overlap extension PCR (Ho et al. 1989). FLAG-
GST-tagged SUGP1 missense mutants (L515P, G519V, R625T,
P636L, R642W, D484K, D486K, E487K, E488K, D490K, and
E492K) were generated by replacing the WT fragment between
the EcoRI and BamHI sites with the mutant fragment double-
digested fromeachof the correspondingHA-tagged SUGP1mutant
constructs. HA-tagged SUGP1mutant AAAAAVASAwas generat-
ed by replacing the WT fragment between the EcoRI and BamHI
sites with the mutant fragment double-digested from the FLAG-
GST-tagged SUGP1 mutant AAAAAVASA. In all the constructs
above, tags were added to the N terminus, and two stop codons
were added immediately following the last codon of each protein.

Western blotting

Western blotting was performed as described (Zhang et al. 2019a)
with the following primary antibodies: anti-SF3B1 (1:1000; Bethyl
Laboratories A300-996A), anti-GST (1:1500; Invitrogen A5800),
anti-SUGP1 (1:1000; Bethyl Laboratories A304-675A-M), anti-
DDX46 (1:1000; Bethyl Laboratories A301-052A-T) used with
Immuno Shot reagent 1 (Cosmo Bio), anti-HA rabbit (1:1000;
Abm G166), anti-HA mouse (1:1000; Sigma-Aldrich H3663),
and anti-ACTIN (1:2000; Sigma-Aldrich A2066).

Minigene assays

The ORAI2, ZNF91, MAP3K7, and TTI1 minigenes were cloned
in our previous study (Zhang et al. 2019a). Minigene assays were
performed as described (Zhang et al. 2022a). Briefly, HEK293T
cells were transfected with 2 μg of expression plasmid DNA and
a mixture of the four minigenes mentioned above (100 ng each)
using Lipofectamine 2000 (Thermo Fisher Scientific). After 48
h, total RNA was extracted, treated with DNase I, and then re-
verse-transcribed using Maxima reverse transcriptase (Thermo
Fisher Scientific) with oligo-dT primer and vector-specific reverse
primer. PCR containing [α-32P] dCTPwas performed with vector-
specific forward primer and each of the minigene-specific reverse
primers. PCR products were then resolved by 6% nondenaturing
PAGE, and radioactive signals were detected by phosphorimaging
(GE Healthcare). The primer sequences were listed in our previ-
ous study (Zhang et al. 2019a).

Affinity purification using FLAG and GST tags

The small-scale affinity purification using FLAG and GST tags
was performed as described (Zhang et al. 2022a), except with
modifications to the NaCl concentrations in the buffers (see be-
low). Briefly, HEK293T cells were transfected with 4 µg of expres-
sion plasmid DNA and split 1:4 on the next day, followed by 48 h
of growth. Cells were lysed by incubation for 20 min at 4°C with
lysis buffer (30 mM Tris-Cl at pH 7.4, 150 mMNaCl [except that
300 mM NaCl was used for Fig. 4], 1 mM EDTA, 0.5% Triton X-

100, 10mM sodium orthovanadate, 10mM sodium fluoride) sup-
plemented with protease inhibitor cocktail (Roche), PhosSTOP
(Roche), and 200 µg of RNase A. After centrifugation, the cell ex-
tract (supernatant) was immunoprecipitated by incubation for 30
min at 4°C with 5 µg of anti-DYKDDDDK antibody (GenScript
A00187) and then for 3 h with 50 µL of Pierce Protein A/G mag-
netic beads (Thermo Fisher Scientific). After four washes, pro-
teins were eluted from the beads with elution buffer (30 mM
Tris-Cl at pH 7.4, 150 mM NaCl [except that 300 mM NaCl
was used for Fig. 4], 0.5% Triton X-100, 150 ng/μL 3× FLAG pep-
tide) and then incubated with 40 µL of Glutathione Sepharose 4B
beads (GE Healthcare) overnight at 4°C. After four washes, pro-
teins were eluted using 1× SDS loading buffer.

Knockdown experiments

Knockdown experiments were performed as described (Zhang
et al. 2019a). Briefly, HEK293T cells were initially transfected
with a final concentration of 10 nM siRNA and, after 24 h, trans-
fected a second time with 10 nM siRNA using DharmaFECT 1 re-
agent (Dharmacon). After 24 h, total RNA and proteins were
extracted from the transfected cells using TRIzol (Thermo Fisher
Scientific). The sequences of the two siRNAs targeting DDX46
were siDDX46-1 sense strand (5′-GAGGUAAAUGUGUUUCGA
UdTdT-3′), siDDX46-1 antisense strand (5′-AUCGAAACACAUU
UACCUCdTdT-3′), siDDX46-2 sense strand (5′-GCAGCUCUUG
GUCUACAAGdTdT-3′), and siDDX46-2 antisense strand (5′-CU
UGUAGACCAAGAGCUGCdTdT-3′). The sequences of the
sense and antisense strands of the negative control siRNA (siC)
were listed in our previous study (Zhang et al. 2019a). RT-PCR
was performed as described (Zhang et al. 2019a). Briefly, total
RNA was reverse-transcribed using oligo-dT primer and Maxima
reverse transcriptase (Thermo Fisher Scientific), followed by PCR
containing [α-32P] dCTP using the primers listed in our previous
study (Zhang et al. 2019a). PCRproductswere resolved by 6%non-
denaturing PAGE, and their radioactive signals were detected by a
phosphor screen, which was then scanned using a Typhoon FLA
7000 imager (GE Healthcare).

Protein expression, purification, and complex formation

Human SF3B complex and DHX15–SUGP1 were expressed indi-
vidually in insect cells. SF3B1 (residues 453–1304), SF3B3 (resi-
dues 1–1217), SF3B5 (residues 1–86), and PHF5A (residues 1–98)
were cloned into a pFastBac Serious-438 MacroBac vector.
SF3B3 was fused with an N-terminal His6 and TEV protease
cleavage site. DHX15 (residues 113–795) and SUGP1 (residues
433–645) were cloned into another pFastBac Serious-438 Macro-
Bac vector. DHX15 was fused with an N-terminal His6, MBP,
and TEV protease cleavage site. Two separate baculoviruses
were generated by infecting Sf9 insect cells (Spodoptera frugi-
perda; Expression Systems). Protein complexes were expressed
in Tni insect cells (Trichoplusia ni; Expression Systems) for 2 d
at 27°C.
For protein purification, the DHX15–SUGP1 complex was ob-

tained by following the previous protocol (Zhang et al. 2022a).
The SF3B complex cell pellets were resuspended in lysis buffer
containing 20mMHEPES (pH 7.9), 600mMKCl, 20mM imidaz-
ole, 10% (v/v) glycerol, and 10 mM β-mercaptoethanol supple-
mented with SigmaFast EDTA-free protease inhibitor cocktail
(Sigma-Aldrich). After sonication, the cell-free lysate was ob-
tained by centrifugation and then mixed with pre-equilibrated
Ni-NTA beads (Qiagen) for 1 h at 4°C. The nickel beads were
washed with at least five column volumes of lysis buffer, and
then the target proteins were eluted with a buffer containing 20
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mMHEPES (pH 7.9), 600mMKCl, 250mM imidazole, 10% (v/v)
glycerol, and 10 mM β-mercaptoethanol. The fractions contain-
ing high absorbance at 280 nm were pooled and injected onto a
HiLoad 16/600 Superdex 200 preparation-grade gel filtration col-
umn (Cytiva) that was equilibrated with 20 mMHEPES (pH 7.9),
300 mM KCl, 5% (v/v) glycerol, and 5 mM DTT. Fractions with
the target proteins were pooled and concentrated. Both protein
complexes were flash-frozen in liquid nitrogen and stored at
−80°C.
Purified SF3B complex and DHX15 (113–795)–SUGP1 (433–

645) heterodimer were mixed at a molar ratio of 1:5, incubated
overnight at 4°C, and injected onto the Superose 6 Increase 10/
300 gel filtration column (Cytiva) pre-equilibrated with 20 mM
HEPES (pH 7.9), 300 mM KCl, 5% (v/v) glycerol, and 5 mM
DTT. Fractions containing the complex were pooled, concentrat-
ed, and rerun on the Superose 6 column. Fractions with high ab-
sorbance at 280 nm were collected, concentrated, and run on an
SDS-PAGE gel to verify the existence of the complex.

Quantification and statistical analysis

Radioactive signals of 32P RT-PCR products in minigene assays
were detected by phosphorimaging and then quantified using
ImageQuant (Molecular Dynamics). Statistical differences in
PSI values were determined by the unpaired, two-tailed, and un-
equal variance t-tests using Excel (Microsoft).

Data availability

Predicted structures reported in this study were deposited in
ModelArchive (https://www.modelarchive.org) with the acces-
sion codes ma-cojyq (heterodimer of SF3B1 HEAT domain and
SUGP1) and ma-s75h3 (heterotrimer of SF3B1 HEAT domain,
SUGP1, and DHX15).
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