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ABSTRACT

During splicing of pre-mRNA, 5′′′′′ and 3′′′′′ splice sites are brought within proximity by interactions between the pre-mRNA
bound U1 and U2 snRNPs, followed by recruitment of the tri-snRNP for assembly of the mature spliceosome.
Previously, we identified an interaction between the U2 snRNP-specific protein SF3A1 and the stem–loop 4 (SL4) of the
U1 snRNA that occurs during the early steps of spliceosome assembly. Although harboring many annotated domains,
SF3A1 lacks a canonical RNA binding domain. To identify the U1-SL4 binding region in SF3A1, we expressed amino-
and carboxy-terminal deletion constructs using a HeLa cell-based cell free expression system. UV-crosslinking of the
truncated proteins with 32P-U1-SL4 RNA identified the carboxy-terminal ubiquitin-like (UBL) domain of SF3A1 as the
RNA binding region. Characterization of the interaction between SF3A1-UBL and U1-SL4 by electrophoretic mobility shift
assay and surface plasmon resonance determined high binding affinity (KD=∼97 nM), and revealed the double-stranded
G-C rich stem of U1-SL4 as an important feature for binding to the UBL domain. Further, mutations of two conserved ty-
rosine residues, Y772 and Y773,were found to cause a two- and fivefold decrease in the binding affinity for U1-SL4, respec-
tively. Finally, we found that SF3A1-UBL can specifically pull down the U1 snRNP fromHeLa nuclear extract, demonstrating
its capacity to bind U1-SL4 in the context of the intact snRNP. Thus, the data show that the UBL domain of SF3A1 can func-
tion as an RNA binding domain and that mutations in this region may interfere with U1-SL4 binding.
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INTRODUCTION

Removal of introns and ligation of exons in pre-mRNAs is
catalyzed by the spliceosome, a dynamic complex com-
prising five small nuclear ribonucleoproteins (snRNPs)
(U1, U2, U4, U5, and U6) and many auxiliary proteins
(Will and Lührmann 2011). Spliceosome assembly occurs
de novo onto each intron and proceeds through a series
of intermediate complexes. Stable binding of the U1
snRNP to the 5′ splice site and of the U2 snRNP to the
branch point sequence forms the prespliceosomal A com-
plex that interacts with the preformed U4/U6.U5 tri-snRNP
to generate the spliceosomal pre-B complex. Subsequent
to this, extensive structural and conformational remodel-
ing leads to formation of at least six distinct complexes
that are referred to as B, Bact, B∗, C, C∗, and P (Boesler
et al. 2016; Galej et al. 2016; Bertram et al. 2017; Fica
et al. 2017; Plaschka et al. 2017; Haselbach et al. 2018;
Zhan et al. 2018; Zhang et al. 2018). The catalytic steps

of splicing occur during the B∗ →C and C∗ →P transitions.
Cryo-EM analyses have revealed in great detail the com-
positional and structural changes that occur in spliceoso-
mal complexes after binding of the tri-snRNP and during
the transitions that accompany the catalytic steps.
However, interactions that occur during the very early
steps of spliceosome assembly, prior to binding of the
tri-snRNP, remain to be elucidated.
Spliceosome assembly begins with binding of the U1

snRNP to the 5′ splice site, splicing factor 1 (SF1) to the
branch-point, and the U2 auxiliary factor 65 (U2AF65 or
U2AF2) and U2AF35 (U2AF1) to the polypyrimidine tract
and the 3′ splice site, respectively (Will and Lührmann
2011). The U2 snRNP has been reported to associate
with this early (E) complex via interactions between
SF3B1 and U2AF65 (Gozani et al. 1998; Das et al. 2000).
Stable binding of the U2 snRNP to the branchpoint forms
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the prespliceosomal A complex. Cryo-EM analysis of the
yeast prespliceosome has provided some insight into the
U1–U2 interface and identified two regions of contact be-
tween components of pre-mRNA bound U1 and U2
snRNPs (Plaschka et al. 2018). The first interface forms after
a stable interaction occurs between yeast U1 specific pro-
tein Prp39 and the core U2 protein U2A′ (Lea1 in yeast).
The second interface involves interactions of yeast U1
snRNA stem–loop 3 (SL3) with the SF3B complex protein
SF3B3 (SF3B130; Rse1 in yeast) and with the SF3A com-
plex protein SF3A3 (Prp9 in yeast). However, the human
U1 and U2 snRNPs differ significantly from those of yeast
(Pomeranz Krummel et al. 2009; Li et al. 2017). The human
U1 (164 nt) and U2 (188 nt) snRNAs are considerably short-
er than their yeast orthologs, which are 568 and 1175 nt
long, respectively. The human U1 snRNP consists of three
particle specific proteins, U1-70k, U1C, and U1A. On the
other hand, the yeast U1 contains seven additional particle
specific proteins, namely, Prp39, Prp40 (human Prp40 or
FBP11), Prp42, Nam8 (human TIA-1), Snu56, LUC7 (human
LUC7L), and Snu71 (human RBM25). The human and yeast
U2 snRNPs have similar numbers of particle specific pro-
teins, 7 and 6, respectively. However, the primary struc-
tures of some of these proteins are significantly different.
For example, the SF3A1 protein that is relevant to this
study is 793 amino acids (aa) in humans, and its yeast coun-
terpart, Prp21, is only 280 aa (Lin and Xu 2012). Thus, it is
likely that the U1–U2 interface contacts during the early
steps of human spliceosome assembly differ from those
observed in yeast.

Previously, we reported that during spliceosome assem-
bly, the SF3A complex engages in direct contact with the
U1 snRNP via interactions between the SF3A1 protein
and stem–loop 4of theU1 snRNA (U1-SL4). This interaction
occurs between pre-mRNA bound U1 and U2 snRNPs and
was found to be critical for the formation of the prespliceo-
somal A complex (Sharma et al. 2014). The SF3A1 protein
(120 kDa) interacts with SF3A2 (66 kDa) and SF3A3
(60 kDa) to create the SF3A complex, which is necessary
for formation of the mature 17S U2 snRNP and for pre-
mRNA splicing in vitro and in vivo (Brosi et al. 1993;
Tanackovic and Krämer 2004; Crisci et al. 2015). Notably,
SF3A1 lacks a conventional RNA-bindingdomain.At its ami-
no terminus, SF3A1 contains two suppressor-of-white-apri-
cot (SURP) domains and a short segment of charged
residues (Fig. 1A). SF3A1 interacts with SF3A3 through a re-
gion harboring the SURP2 domain (aa 145–243) and with
SF3A2 via a 26 residue region (aa 269–295) (Huang et al.
2011). The carboxy-terminal region of SF3A1 harbors a nu-
clear localization signal (NLS) and a ubiquitin-like (UBL)
domain. The amino- and carboxy-terminal domains are
separated by a long central region that contains two pro-
line-rich segments. Integrity of all these regions is impor-
tant for normal physiology as several point mutations
that occur across the entire length of SF3A1 are known to

be associated with hematological diseases including mye-
lodysplastic syndromes (MDS), chronic myelomonocytic
leukemia (CMML), and acute myeloid leukemia (AML)
(Yoshida et al. 2011; Papaemmanuil et al. 2016).
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FIGURE 1. The carboxy-terminal UBL domain of SF3A1 binds to U1-
SL4 RNA. (A) Schematic diagram of human SF3A1 protein depicting
the known domain organization and the regions that interact with
SF3A2 and SF3A3. (B) Schematic of all amino- and carboxy-terminal
deletion constructs. (C ) Western blot of 6×His-tagged protein ex-
pressed in cell-free expression (CFE) reactions containing the control
empty vector (EV), or expression vectors with full-length (FL) protein,
carboxy-terminal truncations (ΔC546, ΔC475, ΔC317), and amino-termi-
nal truncations (ΔN547, ΔN676, ΔN703). Proteins were detected using
anti-6×His primary antibody. (D) 32P-U1-SL4 was added to CFE ex-
tracts containing SF3A1 proteins, UV-crosslinked, and then separated
on SDS-PAGEgels and visualizedby phosphor imaging. (E) Schematic
of wild-type (WT) andmutant (M10h) U1-SL4 RNAs. (F ) Crosslinking of
32P-U1-SL4-WT and -M10h RNAs in CFE extracts expressing EV or FL
SF3A1. (G) Crosslinking ofWT orM10h 32P-U1-SL4 in CFE extracts ex-
pressing EV or ΔN SF3A1 constructs. Arrows indicate specific cross-
linked products while asterisks indicate nonspecific products that
were observed in all reactions including the EV control.
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In this study, we report that the UBL domain of SF3A1 is
a noncanonical RNA-binding domain. Applying a combi-
nation of techniques including UV-crosslinking, electro-
phoretic mobility shift assays (EMSAs), and surface
plasmon resonance (SPR), we demonstrate that the
SF3A1-UBL domain binds U1-SL4 with high affinity (KD=
∼97 nM). Investigations of the impact of an MDS-linked
residue Y772, and an adjacent highly conserved residue
Y773, revealed that Y772C and Y773Cmutations decrease
the affinity of SF3A1-UBL for U1-SL4 and reduced its ability
to interact with the U1 snRNP. Since Prp21, the yeast
ortholog of SF3A1, lacks the carboxy-terminal region that
harbors the UBL domain (Lin and Xu 2012), we propose
that the U1-SL4/SF3A1 contact may be unique to the
U1–U2 interface during the early steps of human spliceo-
some assembly.

RESULTS

SF3A1 interacts with U1-SL4 through the carboxy-
terminal ubiquitin-like domain

Human SF3A1 is a 793 aa protein that lacks a canonical
RNA binding domain (Fig. 1A). To identify the U1-SL4
binding domain in SF3A1, we created carboxy-terminally
6×His-tagged constructs for expression of full-length (FL)
SF3A1, and a series of amino-terminal (ΔN) and carboxy-
terminal (ΔC) deletions (Fig. 1B). These constructs were ex-
pressed by the HeLa cell lysate based in vitro cell-free ex-
pression (CFE) system (Thermo Fisher Scientific) that uses
coupled transcription-translation reactions. Western analy-
sis with an anti-6×His antibody demonstrated efficient ex-
pression of all FL, ΔN, and ΔC SF3A1 proteins (Fig. 1C).
To identify the U1-SL4 interacting domain in SF3A1,

binding reactions were assembled by adding uniformly
32P-labeled U1-SL4 RNA to the expressed proteins under
splicing conditions. The reactions were UV-crosslinked
and separated by SDS-PAGE. This analysis showed that
U1-SL4 crosslinked to FL SF3A1, but not to carboxy-termi-
nal truncations, ΔC546, ΔC475, or ΔC317 (Fig. 1D, compare
lane 2with lanes 3–5). All amino-terminal truncations, how-
ever, retained the capacity to crosslink to U1-SL4, includ-
ing ΔN703 that only contains the UBL domain (lanes 6–8).
There was some nonspecific crosslinking in all reactions,
which was also observed in the EV control (lane 1).
However, specific binding of SF3A1-FL and ΔN proteins
to 32P-U1-SL4 was clearly identifiable by the appearance
of appropriate size bands. To check the specificity of bind-
ing, we used the U1-SL4/M10h mutant that was previously
found to reduce U1 snRNP splicing activity (Fig. 1E).
Crosslinking analysis with FL protein demonstrated bind-
ing of SF3A1 to wild-type U1-SL4, but not to M10h (Fig.
1F, compare lanes 3 and 4). Similarly, all amino-terminal
truncations ΔN547, ΔN676, and ΔN703 crosslinked to wild-
type U1-SL4 (Fig. 1G lanes 3,5,7), but not to the mutant

M10h (lanes 4,6,8). Thus, the crosslinking analysis demon-
strated that the U1-SL4 interacting domain resides in the
carboxy-terminal region of SF3A1, from residues 703–
793 that harbors the UBL domain.
Ubiquitin is a 76 aa protein consisting of two α-helices

and five β-sheets that fold into a ββαββαβ topology (Vijay-
kumar et al. 1987). A previous analysis showed that the car-
boxyl terminus of SF3A1 (aa 714–790) shares∼29.6% iden-
tity and ∼54.9% similarity with ubiquitin (Krämer et al.
1995). However, the region of SF3A1 that folds into a
UBL motif is 90 aa, encompassing residues 703–793 (Fig.
2A). A comparison of the structures and sequences of
ubiquitin and SF3A1-UBL revealed that the first β strand
in SF3A1-UBL is located further upstream starting at aa
P704. In SF3A1-UBL, the linker between the β1 and β2
strands is longer (15 aa) than the 4 aa linker in ubiquitin.
Additionally, at its carboxy-terminal end, SF3A1-UBL con-
tains three positively charged residues (RKK) downstream
from an RGG sequence, which is present in ubiquitin
(Fig. 2A), and also conserved in SF3A1-UBL domains
from other species (see Fig. 5A).
To determine if these unique terminal features of the

SF3A1-UBL domain are required for RNA binding, we cre-
ated three additional constructs that involved deleting the
first β strand in UBL714–793, the RKKmotif in UBL703–790, and
the RGGRKK sequence in UBL703–786 (Fig. 2B). Expression
of 6×His-tagged UBL domain deletion constructs in CFE
reactions was confirmed by immunoblotting (Fig. 2C).
UV-crosslinking analysis demonstrated that the UBL703–
793 construct bound 32P-U1-SL4 RNA, whereas UBL714–
793, UBL703–790, and UBL703–786 did not (Fig. 2D). Thus,
these results confirmed that the unique amino- and car-
boxy-terminal features of the SF3A1-UBL domain are re-
quired for RNA binding.

SF3A1-UBL domain binds G-C rich stem–loop RNA

To characterize the affinity and specificity of RNA binding
by the SF3A1-UBL domain, we created a fusion construct
of GST and the UBL domain (GST-UBL). GST and GST-
UBL proteins were expressed in Escherichia coli, purified
using glutathione agarose beads, and confirmed by
Coomassie blue staining, and western blotting using anti-
bodies to both GST and SF3A1 (Fig. 3A). To determine
the dissociation constant (KD) for the interaction between
SF3A1-UBL and U1-SL4, we applied two independent
quantitativemethods: EMSA and SPR. For EMSAs, binding
reactions consisting of varying concentrations of GST or
GST-UBL protein and Cy5-labeled U1-SL4 RNA were pre-
pared and then separated on native gels as described
previously (Fig. 3B; Pagano et al. 2011). Dose-response
curves created from the fractionof RNA–protein complexes
formed indicated dose-dependent assembly of GST-UBL/
U1-SL4 complexes with a KD=96.93±10 nM, whereas
GST alone did not exhibit any RNA binding (Fig. 3B,C).

A noncanonical RNA binding domain in SF3A1
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For SPR experiments, biotinylated U1-SL4 RNA was im-
mobilized on Neutravidin coated biosensors. Sensorgrams
recorded during association and dissociation phases
demonstrated a concentration-dependent response upon
injection of GST-UBL and lack of a response with GST (Fig.
3D). Binding parameters were calculated by nonlinear re-
gression analysis of the data assuming a 1:1 stoichiometry
by the Langmuir binding model. Kinetics of the SF3A1-
UBL/U1-SL4 interaction are characterized by an associa-
tion rate of 9.27±0.01×105 M−1 sec−1 and a dissociation

rate of 9.56±0.0008× 10−2 sec−1, resulting in a KD=103.1
±0.1 nM. The agreement of the KD values obtained by
EMSA and SPR indicates that immobilization of the
U1-SL4 RNA on the biosensor does not perturb the binding
reaction and that dissociation constants for the UBL–SL4 in-
teraction can be reliably determined by either technique.

To determine the specificity of the UBL–SL4 interaction,
we performed competitive EMSAs and SPR. To reactions
containing preformed GST-UBL/Cy5-U1-SL4 complexes,
increasing concentrations of competitor RNAs were add-
ed. The RNA–protein complexes were separated, quanti-
fied, and the dissociation constants for competitor RNAs
(KC) were determined from plots of fraction of Cy5-U1-
SL4 RNA bound versus competitor RNA concentration
(Fig. 4A,B; Ryder et al. 2008). As expected, U1-SL4/WT
strongly competed out Cy5-U1-SL4 with a KC=140.8 ±
40.6 nM. Like human SL4, the Drosophila melanogaster
U1-SL4 RNA (U1-SL4/Dm) forms a G-C rich stem ending
in a tetra-loop. We previously demonstrated that U1-SL4/
Dm can be functionally substituted for human U1-SL4 in
U1 complementation assays and that it binds SF3A1
(Sharma et al. 2014). U1-SL4/Dm was able to compete
out GST-UBL/U1-SL4 complexes as efficiently as WT hu-
man U1-SL4 with a similar KC=143.3±33.3 nM and also
exhibited the capacity to bind the SF3A1-UBL protein by
SPR with an association rate of 6.86 ±0.02×105 M−1

sec−1 and a dissociation rate of 5.92 ±0.0001×10−2

sec−1, resulting in a KD=86.3±0.3 nM (Fig. 4B,C). On
the other hand, minimal to no competition was observed
when using two mutant RNAs. In the U1-SL4/M10 mutant,
all G-C base pairs were replaced with A-U to retain the
secondary structure of U1-SL4 while lowering the G-C con-
tent, and in the U1-SL4/M10h mutant, base-pairing was
disrupted to obtain a single-stranded RNA (ssRNA) by
changing guanine or cytosine nucleotides of one of the
strands to adenines. The M10 RNA did not exhibit any
UBL-binding by competitive EMSAs or SPR (Fig. 4B,C).
While the M10h mutant did not crosslink to SF3A1 (Fig.
1F,G) or demonstrate binding to GST-UBL by SPR (Fig.
4C), it showed some capacity to compete out GST-UBL/
SL4 bound complexes by EMSA but the binding did not
reach saturation (Fig. 4A). This nonspecific binding might
be because of a short stem–loop structure that the M10h
mutant may form as predicted by the mfold algorithm
(Supplemental Fig. S1; Zuker 2003). Taken together,
EMSA and SPR analyses demonstrate that the UBL domain
of SF3A1 binds to a G-C base-paired stem–loop RNA, but
not to an A-U rich stem–loop or to ssRNA.

Tyrosines 772 and 773 are important for U1-SL4
binding by SF3A1-UBL

The UBL domain of SF3A1 shares a ∼98% and ∼93% se-
quence identity with the mouse and the zebrafish do-
mains, respectively, and <50% with flies and worms

B
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FIGURE 2. Full-length SF3A1-UBL domain is required for RNA bind-
ing. (A) Alignment of the SF3A1 UBL domain (aa 703–793) to ubiqui-
tin. Graphical representations of secondary structure in relation to
primary structure were created based on PDB entries for ubiquitin
(PDB ID: 1UBQ) and SF3A1-UBL (PDB ID: 1ZKH). In the alignment, a
dot indicates the presence of an identical residue to the reference se-
quence used in the alignment (ubiquitin), and a tilde indicates a gap.
(B) Schematic of all amino- and carboxy-terminal deletion constructs
made to study the SF3A1-UBL domain. (C ) Western blot of 6×His-
tagged proteins in CFE reactions containing the EV control, or expres-
sion vectors for FL (UBL703–793), amino-terminal truncated (UBL714–
793), and carboxy-terminal truncated (UBL703–790 and UBL703–786)
SF3A1-UBL. The expressed UBL domain proteins were detected
with anti-6×His primary antibody. (D) UV-crosslinking of 32P-U1-SL4
in CFE reactions expressing EV or UBL proteins. Arrows indicate spe-
cific crosslinked products, and asterisks indicate nonspecific products
that were also observed in reactions containing the EV control.
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(Supplemental Table S1). Multiple alignment of these se-
quences identified several highly conserved residues
(Fig. 5A). Notable among these are tyrosine residues 772
(Y772) and 773 (Y773). Y772 has been reported to be mu-
tated to a cysteine in individuals with MDS and CMML
(Yoshida et al. 2011). It is conserved between humans,
mice, and fish, and has a conservative substitution to phe-
nylalanine in flies and worms, while being replaced by an
aspartate in ubiquitin (Figs. 2A, 5A). Y773, on the other
hand, is conserved from humans to worms and is even
present in ubiquitin. To examine if these residues are in-
volved in U1-SL4 binding, we created SF3A1 plasmid con-
structs carrying the Y772C and Y773C mutations and
expressed them by the HeLa CFE system.Wemade an ad-
ditional mutant, SF3A1-R511Q, which has been reported
to be associated with AML (Papaemmanuil et al. 2016).
Western analysis confirmed the expression of WT and mu-
tant FL SF3A1 proteins in the CFE reactions (Fig. 5B lanes

2–5). UV-crosslinking of binding reac-
tions containing the SF3A1 proteins
and 32P-U1-SL4 revealed that the
Y772C and Y773C mutations reduced
the binding capacity of SF3A1 by ap-
proximately twofold in comparison
to SF3A1-WT, whereas the R511Q
mutation did not have any effect
(Fig. 5C).

To further characterize the impact
of the Y772C and Y773C mutations
on U1-SL4 binding, we introduced
these mutations into the GST-UBL fu-
sion construct. Wild-type and mutant
GST-UBL proteins were purified using
glutathione agarose beads and their
purity was confirmed by Coomassie
blue staining and western blotting
(Fig. 6A). Initial analysis by UV-cross-
linking indicated that the Y772C mu-
tation caused a moderate reduction
in U1-SL4 binding, whereas the
Y773C mutation led to a drastic re-
duction in crosslinking efficiency
(Fig. 6B, compare lanes 7–9 and 10–
12 to 4–6). Binding analysis by
EMSAs supported these initial obser-
vations; GST-UBL proteins carrying ei-
ther mutation formed complexes with
Cy5-U1-SL4, however, not as effi-
ciently as the WT protein (Fig. 6C).
The dose-response curves exhibited
a clear rightward shift and quantifica-
tion revealed approximately twofold
(KD=190.5 ±35.1) and approximately
fivefold (KD=458.2 ±101.4) increase
in KD values for Y772C and Y773C

mutations, respectively (Fig. 6D). Thus, Y772C and
Y773C mutations cause a decrease in binding affinity.
These results indicate that Y772 and Y773 may have a
role in U1-SL4 binding by the SF3A1-UBL domain.

GST-UBL protein selectively interacts with the U1
snRNP in HeLa nuclear extract

To confirm that the UBL domain of SF3A1 can interact with
U1-SL4 in the context of an intact U1 snRNP, we performed
GST affinity pull-down assays. First, HeLa cell nuclear ex-
tracts were pre-cleared of GST-binding proteins, as previ-
ously described (Masuda et al. 2005). Then, GST and
GST-UBL/WT proteins were added in the absence or pres-
ence of U1-SL4/WT or U1-SL4/M10 competitor RNAs, fol-
lowed by pull-down using glutathione agarose beads.
Spliceosomal components associated with bound com-
plexes were analyzed by northern and western blotting

CA
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FIGURE 3. GST-UBL fusion protein binds to free U1-SL4. (A) Expression and purification of
GST alone andGST-UBL fusion proteins were confirmed by Coomassie blue staining andwest-
ern blotting using anti-GST and anti-SF3A1 antibodies. (B) EMSAs for binding of GST andGST-
UBL proteins to 5′-Cy5-labeled U1-SL4 RNA. The concentrations of GST and GST-UBL were 0,
0.02, 0.03, 0.06, 0.13, 0.25, 0.5, 1, 2, and 4 µM. (C ) Dose-response curves generated by plot-
ting the fraction of Cy5-U1-SL4 bound versus GST or GST-UBL protein concentration. The KD

value was determined from triplicate experiments. (D) SPR analysis for binding of GST and
GST-UBL to immobilized 5′-biotinylated U1-SL4. Blue lines in the sensorgrams represent the
raw curve generated by association and dissociation of GST injected at 1 µM and GST-UBL in-
jected at 0.02, 0.03, 0.06, 0.13, 0.25, and 0.5 nM. Orange traces represent the global fit to the
raw data by the Langmuir binding model assuming a 1:1 stoichiometry. Binding kinetics and
dissociation constant values are shown below the sensorgram.
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(Fig. 7A,B). Northern analysis confirmed the enrichment of
the U1 snRNA, but not the U2, U4, U5, or U6 snRNAs, in
GST-UBL/WT complexes (Fig. 7A, lane 2). Preincubation
with the U1-SL4/WT RNA competed out the U1 snRNA
from the GST-UBL/WT complexes (Fig. 7A, compare lanes
2 and 4), whereas preincubation with the U1-SL4/M10
RNA did not have any impact (Fig. 7A, lane 6). Western
analysis confirmed the presence of U1 snRNP-specific pro-
teins U1C and U1-70k in the pull-down complexes and the
absence of U2 specific protein SF3A3 (Fig. 7B, lane 2). The
U1 proteins were similarly competed out by preincubation
with the U1-SL4/WT, but not the U1-SL4/M10 RNA (Fig. 7B
lanes 4 and 6). GST alone did not pull down any snRNP-
specific RNAs or proteins under any of these conditions
(Supplemental Fig. S2A,B).

To examine the impact of the tyro-
sinemutations, pull-down assays were
performed with GST-UBL/Y772C and
GST-UBL/Y773C fusion proteins.
Western analysis confirmed the pres-
ence of the GST fusion proteins and
revealed enrichment of the U1
snRNP-specific protein U1-70k in the
pull-down complexes. In agreement
with themild impact of the Y772Cmu-
tation on binding affinity for U1-SL4,
there was an approximately twofold
reduction of U1-70k in the GST-UBL/
Y772C complexes in comparison to
the wild-type complexes. In the case
of the more severe Y773C mutation,
there was a drastic reduction of U1-
70K in the pull-down complexes
(Fig. 7C, compare lanes 6 and 8 to
lane 4). U2 specific proteins SF3A1
and SF3A3 were not present in the
complexes for wild-type or mutant
GST-UBL proteins. Thus, these results
demonstrate that the UBL domain of
the SF3A1 protein is sufficient for
binding to the U1 snRNA in the con-
text of the U1 snRNP, and this interac-
tion occurs through SL4. Results
also indicate a more significant role
for Y773 than Y772 in the interaction
between SF3A1-UBL and the U1
snRNA.

Other human UBL domains with
potential to bind nucleic acids

To identify other UBL domains with
potential to bind RNA in humans,
we searched databases of UBL
domain-containing proteins for the

salient features identified in SF3A1. A total of 955 pro-
teins were scanned for the presence of a conserved tyro-
sine at positions analogous to 772 and/or 773, the
carboxy-terminal RGG motif, or positively charged resi-
dues at the carboxyl terminus (see Fig. 2). This search
identified 38 UBL domain-containing proteins that har-
bored one or more of these features. Alignment of the
identified protein sequences is represented in Figure 8.
Although not identified in our search, the UBL domains
of transactivation response element (TAR) DNA-binding
protein 43 (TDP-43), and the small ubiquitin-related mod-
ifier 1 (SUMO-1) are also included in the alignment as
they have previously been demonstrated to bind nucleic
acids (Smet-Nocca et al. 2011; Chang et al. 2012; Afroz
et al. 2017).

BA

C

FIGURE 4. SF3A1-UBL binds to G-C rich stem–loop RNA. (A) All competitive EMSA reactions
contained 500 nM GST-UBL and 10 nM WT Cy5-U1-SL4. Final concentrations of competitor
RNAs for WT U1-SL4, Drosophila melanogaster (Dm), and two mutant RNAs, M10 and
M10h, were 0.02, 0.03, 0.06, 0.13, 0.25, 0.5, and 1 µM. The dissociation constants of compet-
itor RNAs (KC) that competed out Cy5-U1-SL4 are provided (n=3). (B) Dose-response curves
plotted from the fraction of Cy5-U1-SL4 bound versus the concentration of competitor RNA
are shown. (C ) Sensorgrams from SPR experiments for binding of GST-UBL to Dm, M10,
and M10h RNAs. GST-UBL concentrations were 0.02, 0.03, 0.06, 0.13, 0.25, and 0.5 µM.
Orange traces represent the global fit to the raw data by the Langmuir binding model, assum-
ing a 1:1 stoichiometry. Binding kinetics and dissociation constant values are summarized be-
low sensorgrams where binding was detected.

Martelly et al.

1514 RNA (2019) Vol. 25, No. 11

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.072256.119/-/DC1


In the newly identified sequences, a tyrosine at position
analogous to 773 is the most conserved feature and is pre-
sent in 29 UBL domains (highlighted blue) while three pro-
teins (PCGF1, TBK1, and MIDN) have a conservative
phenylalanine substitution at this position (highlighted
green) (Fig. 8). A tyrosine or a conservative phenylalanine
substitution at position analogous to 772 is present in three
proteins: MAP2K5, PARD6B, and UBL7 (highlighted pur-
ple). Of the 29 domains harboring a conserved tyrosine,
four (ubiquitin, RPS27A, NEDD8, and ZFAND4) also have

the carboxy-terminal RGG motif (indi-
cated by an asterisk). However, of
these four, only RPS27A and NEDD8
contain positively charged residues
downstream from RGG. Despite lack-
ing the RGGmotif, many UBL proteins
have arginines and/or lysines at their
carboxyl terminus. Five proteins
(PARK2, UBAC1, PARD6A, BAG1,
and NUB1) lack a conserved tyrosine
(s), but are enriched in arginines and/
or lysines at their carboxyl terminus
(highlighted yellow). Although the
residues involved in RNA-binding in
the amino-terminal extension of
SF3A1-UBL have yet to be deter-
mined, we observed that many of
the UBL domains had similar amino-
terminal extensions when compared
with ubiquitin. Like SF3A1, the amino
termini of most of these UBL domains
contained at least one arginine or ly-
sine residue. Notably, TDP43-UBL
and SUMO-1 lack Y772 and Y773,
but do have positively charged resi-
dues at their carboxyl and amino ter-
minus, respectively.

A few proteins identified in our
search are known to either bind RNA
or be involved in an RNA processing
step. These include seven members
of the ATG8 family of UBL proteins
(MAP1L3A, MAP1L3B, MAP1L3B2,
MAP1L3C, GABARAP, GABARAPL1,
and GABARAPL2), RPS27A, and
SNRNP25. The ATG8 family proteins
have a conserved tyrosine and an ami-
no-terminal extension. Although lack-
ing a positively charged carboxyl
terminus, the amino-terminal half of
these proteins are rich in arginine
and lysine, and one of them,
MAPILC3B, has been reported to
bind RNA (Zhou et al. 1997; Ying
et al. 2009). RPS27A is a ribosomal

protein that is cleaved post-translationally to produce a
free UBL domain and S27a, and may be involved in ribo-
some biogenesis (Finley et al. 1989; Kirschner and
Stratakis 2000). SNRNP25 is of particular interest, as it is
a unique component of the U11/U12 di-snRNP of the
minor spliceosome. It is essential for cell viability and ap-
pears to be more associated with the U11 snRNP than
the U12 snRNP (Will et al. 2004). Since the SF3A1-UBL
directly binds the U1 snRNA via SL4, a similar function
may be involved in the association of SNRNP25 with

B

A

C

FIGURE 5. Mutation of conserved tyrosine residues affects U1-SL4 binding by SF3A1.
(A) Alignment of SF3A1-UBL domains from human, mouse, zebrafish, flies, and worms. In
the aligned sequences, a dot indicates the presence of an identical residue and a tilde indi-
cates a gap. (B) Western analysis using anti-SF3A1 primary antibody demonstrating expression
of SF3A1-WT and point-mutants Y772C, Y773C, and R511Q in CFE reactions. The expression
of mutant proteins relative to WT, normalized to α-Tubulin, is graphed below the western
blot. (C ) Crosslinking of WT and mutant SF3A1 proteins to 32P-U1-SL4-WT and -M10h
RNAs. Crosslinking efficiency, relative to WT SF3A1, is represented in the graph below
(∗ =P<0.05, Student’s t-test). For gels, arrows indicate specific crosslinked products and as-
terisks indicate nonspecific products that were seen in reactions containing the EV control.
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the U11 snRNA, which is structurally similar to U1 and
folds into four distinct stem–loops. Thus, the sequence
analysis indicates that many other UBL domains in hu-
mans have salient features that were found to be impor-
tant for binding RNA by SF3A1-UBL, and the proteins
harboring these domains may also have the capacity to
bind RNA.

DISCUSSION

In this study, we identify a noncanonical RNA binding
domain in the U2 snRNP-specific protein SF3A1. Results
from experiments using UV-crosslinking, EMSA, and SPR
demonstrate that the carboxy-terminal UBL domain of
SF3A1 (aa 703–793) is necessary and sufficient for binding
to the stem–loop 4 of the U1 snRNA (Figs. 1, 2). The UBL
domain of SF3A1 specifically recognizes the double-
stranded, G-C rich stem–loop features of this RNA
substrate (Figs. 3, 4). Also, this domain specifically binds
U1-SL4 in the context of the U1 snRNP in HeLa cell nuclear
extracts (Fig. 7). Additionally, tyrosine residues Y772 and
Y773 in the UBL domain likely play an important role in
binding to U1-SL4 (Figs. 5–7). Finally, our search of human
UBL domains for features that were found to be important

for U1-SL4 binding by SF3A1-UBL
identified 38 UBL domains that could
potentially bind RNA (Fig. 8). The car-
boxy-terminal UBL domain of SF3A1
is unique to higher eukaryotes and is
not present in the yeast ortholog,
Prp21, which is only 280 aa. Prp21 is
homologous to the amino-terminal
region of SF3A1 that harbors the two
SURP domains and the short charged
region (Supplemental Fig. S3; Lin and
Xu 2012). Thus, the absence of a UBL
domain in Prp21 suggests that the po-
tential role of this SF3A1 domain (and
its capacity to bind U1-SL4) during the
early steps of spliceosome assembly
may be unique to higher eukaryotes.
The binding affinity of SF3A1-UBL

for U1-SL4 is high (KD=∼97 nM) in
comparison to the canonical RNA rec-
ognition motifs (RRMs) of another U1-
SL4 interacting protein, the polypyri-
midine tract-binding protein P1
(PTBP1). PTBP1 contains four RRMs,
and RRM1 and RRM2 bind U1-SL4
with dissociation constants of 850
and 390 nM, respectively, and to sin-
gle-stranded CU-rich RNAs with KD

values≥∼1 µM (Auweter et al. 2007;
Sharma et al. 2011). However, the af-
finity of the SF3A1-UBL/U1-SL4 inter-

action is significantly weaker than binding of the core U1
protein, U1A, to SL2 of the U1 snRNA. U1A very stably
binds to SL2 via its amino-terminal RRM with a KD of ∼32
pM (Katsamba et al. 2001). Since the SF3A1–U1 snRNA
interaction would need to be disrupted during the pro-
gression of spliceosome assembly (see below), the inter-
mediate nM range affinity of the interaction reported
here might be reflective of the transient nature of this pre-
spliceosomal RNA–protein contact.

Mutation analysis of conserved tyrosines in SF3A1-UBL
has revealed a critical role for Y773 in binding to the U1-
SL4 RNA and the intact U1 snRNP. However, the MDS-as-
sociated mutation Y772C was found to have a weaker ef-
fect, and reduced U1-SL4 binding and U1 snRNP
association by only approximately twofold. This small ef-
fect is similar to the MDS-mutation induced change in
RNA-binding affinity observed for other splicing factors
such as SRSF2 and U2AF1. SRSF2 mutations P95H/L/R
were reported to cause ∼1.2- to ∼2.1-fold decrease in af-
finity for RNA sequences harboring the 5′-GGAG-3′ con-
sensus (Kim et al. 2015; Zhang et al. 2015). Similarly, the
S34F mutation was found to decrease the binding affinity
of U2AF1 for consensus 3′ splice site sequences by ∼1.3-
to approximately fourfold (Okeyo-Owuor et al. 2015; Fei
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FIGURE 6. Y772C and Y773C mutations reduce the UBL domain binding affinity for U1-SL4.
(A) Expression and purification of WT and Y772C/Y773C GST-UBL variants as assessed by
Coomassie blue staining and western analysis. (B) Crosslinking of 32P-U1-SL4 RNA to WT
and mutant GST-UBL proteins. (C ) EMSA analysis for binding of GST-UBL carrying Y772C
and Y773C mutants to Cy5-U1-SL4. The final concentrations for mutant GST-UBL proteins
were 0, 0.02, 0.03, 0.06, 0.13, 0.25, 0.5, 1, 2, and 4 µM. (D) Dose-response curves were created
by plotting the fraction of bound Cy5-U1-SL4 versus GST-UBL/WT, Y772C, and Y773C protein
concentrations, and KD values were determined from triplicate experiments.
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et al. 2016). In both SRSF2 and U2AF1, the MDS-muta-
tions also changed sequence specificity by causing an in-
crease in the affinity for alternative sequences. However,
any impact of the Y772C mutation on the binding specif-
icity of SF3A1 remains to be determined. Overall, the
analysis showed that the magnitude of decrease in bind-
ing affinity caused by the SF3A1-Y772C mutation is sim-
ilar to that observed for other MDS-associated mutations
and may be sufficient for induction of pathogenic molec-
ular effects.
TDP-43-NTD and SUMO-1 have been shown to bind

single-stranded (ss) and double-stranded (ds) DNA, re-
spectively, but their capacity to bind RNA has not been re-
ported (Smet-Nocca et al. 2011; Chang et al. 2012; Afroz
et al. 2017). SUMO-1, but not TDP-43-NTD, appears to
fold into the UBL ββαββαβ topology (Eilebrecht et al.
2010; Qin et al. 2014). Structural analysis of TDP-43-NTD
in the presence of ssDNA and SUMO-1 in the presence
of dsDNA have identified clusters of positively charged

surface residues that facilitate DNA binding in both pro-
teins. Electrostatic surface potential analysis of the avail-
able structure of the SF3A1-UBL domain (PDB ID:1ZKH)
by PyMOL demonstrates the presence of a similarly highly
positively charged surface that is formed by five lysine res-
idues (K741, K754, K756, K765, and K786), histidine H745,
and arginine R788 (Fig. 9A). These seven positively
charged amino acids are conserved in SF3A1-UBL fromhu-
mans to worms except for H745, which is replaced by a
glutamine, in flies and worms. These residues are in the
same plane as tyrosines 772 and 773 that were found to
be important for binding to U1-SL4 (Figs. 5C, 9B). The car-
boxy-terminal RKK motif that was found to be critical for
U1-SL4 binding could also contribute to the positively
charged surface in SF3A1-UBL as it is immediately down-
stream from R788. Thus, this positive surface, in coordina-
tion with Y772 and Y773, likely confers the SF3A1-UBLwith
RNA-binding properties.
Our biochemical analyses support the occurrence of

SF3A1 contact with U1 snRNA during the transition of
the E to A complex (Sharma et al. 2014). These observa-
tions are supported by other studies that have demonstrat-
ed an essential role for SF3A1 in early prespliceosome
formation and the potential association of SF3A1 with pre-
spliceosomal proteins such as SF1 (Nesic and Krämer
2002; Crisci et al. 2015). How long the SF3A1-UBL/SL4 in-
teraction may persist after A complex formation is not
clear. Structural and compositional analyses of higher or-
der human pre-B, Bact, and B∗ complexes demonstrate
the presence of SF3A1 in pre-B and Bact complexes, but
not in B∗, and that the SF3A complex is released through
the action of the Prp2 helicase during the Bact→B∗ transi-
tion (Bessonov et al. 2010; Haselbach et al. 2018). Prior to
the release of SF3A, the U1 snRNP is released by the Prp28
helicase during the conversion of the pre-B to Bact complex
(Boesler et al. 2016). The cryo-EM structures of the human
pre-B complex do not demonstrate any contacts between
the U1–U2 snRNPs, indicating that the SF3A1/U1 snRNA
contact may be disrupted during the A→pre-B complex
transition (Zhan et al. 2018; Charenton et al. 2019).
However, the carboxy-terminal half of SF3A1 is not visible
in either of the pre-B complex structures, and therefore its
orientation relative to U1-SL4 cannot be determined defin-
itively. This difficulty in resolving the carboxy-terminal re-
gion of SF3A1 is probably due to the central, proline-rich
region that separates the UBL domain from the amino ter-
minus, and is likely unstructured (Fig. 1A). Thus, this study
provides relevant functional insight into a critical prespli-
ceosome interaction involving SF3A1 and U1 snRNA that
has been challenging to evaluate by structural analyses,
andmay be uniquely occurring during human spliceosome
assembly. In addition, it identifies UBL domains with RNA
binding potential in several other proteins that are in-
volved in RNA processing steps in essential cellular
pathways.
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FIGURE 7. GST-UBL specifically binds to the U1 snRNP via U1-SL4.
(A) Northern analysis for spliceosomal snRNAs in GST-UBL pull-
down complexes. GST-UBL/WT protein was incubated in HeLa cell
nuclear extracts in the absence or presence of U1-SL4/WT or M10
RNAs as competitors, followed by pull-down using glutathione aga-
rose. (B) Western blot analysis of proteins in the pull-down complexes
using antibodies to U1C, U1-70k, and SF3A3 proteins. (C ) Western
analysis of proteins present in GST-UBL/WT, Y772C, Y773 pull-
down complexes. I and AP indicate input and affinity pull-down com-
plexes, respectively.
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MATERIALS AND METHODS

Cell-free protein expression
and UV-crosslinking

Full-length and truncated SF3A1 proteins
were expressed using the 1-Step Human
Coupled In Vitro Translation Kit (Thermo
Fisher Scientific). SF3A1 cDNA was
cloned into NdeI/SalI restriction sites of
pT7CFE-CHis expression vector and trun-
cations were made by whole plasmid am-
plification via PCR. Constructs were
added to CFE reactions and incubated
for 6 h according to manufacturer’s in-
structions. CFE reactions were then dia-
lyzed against one liter of buffer DG
(20 mM HEPES pH 7.9, 80 mM K-gluta-
mate, 0.1 mM EDTA, 1 mM DTT, 1 mM
PMSF, 20% glycerol) using Slide-A-Lyzer
dialysis cassettes (Thermo Fisher

FIGURE 8. Alignment of human UBL domain sequences harboring features similar to SF3A1-UBL. Sequences were aligned by ClustalW, and key
features that were used as criteria for performing the search for UBL domains are indicated by boxes. These features include the amino-terminal
extension, conserved tyrosine residues at or near position 772 and/or 773 relative to SF3A1, and carboxy-terminal lysine and/or arginine residues.
UBL domains with a tyrosine or a conservative phenylalanine substitution at position analogous to 772 are highlighted in purple. UBL domains
with a tyrosine at position analogous to 773 are highlighted in blue, and domains with sequences containing a conservative phenylalanine sub-
stitution at this position are highlighted in green. Domains that lack a conserved tyrosine/phenylalanine or the RGG motif, but contain carboxy-
terminal lysine and/or arginine residues, are highlighted in yellow. Sequences of UBL domains containing a conserved tyrosine and the RGGmotif
are indicated by an asterisk. In the aligned sequences, a dot indicates the presence of an identical residue to reference (SF3A1-UBL) and a dash
indicates a gap. The UniProt accession numbers for all proteins included in the alignment are listed in Supplemental Table S2.

BA

FIGURE 9. The SF3A1-UBL domain has a positively charged surface that could potentially fa-
cilitate interactions with U1-SL4 RNA. (A) Electrostatic potential analysis of the SF3A1-UBL
domain surface performed using the available NMR structure (SF3A1 aa 704–789; PDB ID:
1ZKH). General positions and identity of residues that contribute to the positively charged sur-
face (blue) are highlighted. (B) Ribbon diagram of SF3A1-UBL represented in the same orien-
tation as in A. All residues highlighted in the electrostatic surface potential analysis, and
tyrosines Y772 and Y773, are shown.
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Scientific) overnight at 4°C. Dialyzed reactions were aliquoted
and stored at −20°C.

Radioactive 32P-UTP labeled wild-type and mutant U1-SL4
RNAs were in vitro transcribed by T7 RNA polymerase from an-
nealed DNA templates, gel purified, and ethanol precipitated.
Crosslinking reactions consisted of 100 nM 32P-U1-SL4, 2.2 mM
MgCl2, and60%dialyzedCFE reactions. After a 30-min incubation
at room temperature (RT), reactionswereUV-crosslinkedwith 1800
mJ total energy in a GS Gene Linker (Bio-Rad Laboratories).
Reactions were separated on an SDS-PAGE gel that was dried
and visualized by the Typhoon FLA 9500 Phosphor Imager.

Western and northern analysis

For protein analysis, all samples were boiled in 1× SDS-PAGE
sample buffer, separated on a 10% or 12% SDS-PAGE gel and an-
alyzed by Coomassie blue staining or western blotting using
PVDF membranes. To analyze all SF3A1 truncations on single
gels, precast 4%–20% gradient gels were used (Bio-Rad
Laboratories). Polyclonal antibodies against SF3A1 have been de-
scribed previously (Sharma et al. 2014). Anti-α-Tubulin mouse
monoclonal antibody (Calbiochem; CP06-DM1A), anti-6×His rab-
bit monoclonal antibody (Thermo Fisher Scientific; MA1-21315),
and anti-GSTmonoclonal antibody (Abcam; Ab92) were obtained
commercially. Secondary anti-mouse and anti-rabbit antibodies
conjugated to Cy3 and Cy5 fluorophores were purchased from
GE Healthcare.

For northern blotting, RNA samples were separated on 10%
Urea-PAGE gels and transferred onto Amersham Hybond Nylon
Membrane (GE Healthcare) for 1 h at 15 V and 400 mA using
the Trans-blot Turbo Semi-dry Transfer System (Bio-Rad).
Transferred RNA was UV-crosslinked to nylon membranes for 10
min and prehybridized in 15 mL of ULTRAhyb Hybridization
Buffer (Thermo Fisher Scientific). The membranes were probed
with 32P-labeled oligo probes at 1.0×106 cpm/mL hybridization
buffer overnight at 42°C. Sequences of oligonucleotides used
to probe for target snRNAs are summarized in Supplemental
Table S3. Membranes were washed at the temperature of hybrid-
ization once with 2× saline-sodium citrate buffer (SSC) containing
0.1% SDS for 10 min and twice with 2× SSC for 10 min. Northern
blots were visualized using the Typhoon FLA 9500 Imager.

Glutathione agarose affinity chromatography
and pull-down assay

GST-UBL fusion constructs were created by cloning the cDNA for
the UBL domain of SF3A1 (aa 704–793) into the BamHI and XhoI
restriction sites of plasmid pGEX-5x. GST and GST-UBL fusion
proteins were expressed in E. coli (BL21-DE3) by induction with
0.5mM IPTG for 4 h at 37°C. Induced proteins were isolated using
glutathione agarose beads (Thermo Fisher Scientific) according to
the manufacturer’s protocol, separated by SDS-PAGE, and ana-
lyzed by Coomassie blue staining and western blotting. Purified
proteins were dialyzed against two liters of buffer DG and stored
at −80°C.

For GST pull-down assays, HeLa cell nuclear extracts were pre-
cleared of GST-binding proteins, as described previously
(Masuda et al. 2005). Purified GST and GST-UBL proteins were
added to 100 µL of nuclear extract at a final concentration of

2–5 µM. After a 30 min incubation at 4°C, the reactions were add-
ed to a 30 µL packed volume of glutathione agarose beads and
allowed to incubate for an additional 30 min at 4°C with rotation.
Beads were washed four times in buffer DG and bound proteins
were eluted by boiling in 1× SDS-PAGE sample buffer. Total
RNA was extracted with the TRIzol reagent.

Electrophoretic mobility shift assays

Binding reactions were prepared in 10 µL total volume and con-
tained 10 nM 5′-Cy5-labeled U1-SL4 RNA (Integrated DNA
Technologies), 2.2 mM MgCl2, 60% buffer DG, and varying con-
centrations of GST-UBL protein. After incubation for 1 h at RT, the
binding reactions were loaded onto a horizontal native-PAGE gel
(6% 29:1 Bis-Acrylamide, 0.1% ammonium persulfate, and 1:1000
dilution of TEMED in 0.5× TBE buffer) and run at 100 V for 2 h at
4°C (Dowdle et al. 2017). The gels were visualized using the
Typhoon FLA 9500 Imager and bands were quantified with
ImageQuant Software (GE Healthcare). For competition EMSAs,
first, binding reactions containing 10 nM 5′-Cy5-U1-SL4 and
500 nM GST-UBL protein were prepared (Ryder et al. 2008).
Then the competitor RNAs were added at varying concentrations
and incubation was continued at RT for 1 h. The complexes were
separated and visualized as above. Dose-response curves for frac-
tion of Cy5-U1-SL4 bound versus the log of protein or competitor
RNA concentrations were generated by a nonlinear regression
analysis of the data and assuming one binding site using
GraphPad Prism Software v8.1.0.

Surface plasmon resonance

SPR experiments were performed on the Pioneer FE Surface
Plasmon Resonance System (ForteBio) and largely based on pa-
rameters described by Katsamba et al. (2002). 5′-biotinylated
RNAs (Integrated DNATechnologies) were immobilized on strep-
tavidin-coated biosensor chips (SADH Biosensors). Prior to immo-
bilization, the RNAs were diluted to 1 µM in base SPR buffer
(10 mM Tris-HCL, pH 8.0, 150 mM NaCl) heated to 65°C for
5 min, and cooled slowly to RT to allow folding. Folded RNA sub-
strates were diluted 100-fold in SPR running buffer (10 mM Tris-
HCl, pH 8.0, 150 mM NaCl, 5% glycerol, 62.5 µg/mL bovine se-
rum albumin, 125 µg/mL tRNA, 1 mM dithiothreitol, and 0.05%
tween-20), and injected at 10 µL/min until 45–50 response units
of RNA were captured on the SADH biosensor. Protein stocks
were diluted to a 500 nM concentration in SPR running buffer
and 10 to 12, twofold serial dilutions were prepared and injected
using the One-Step Kinetics assay setting. Binding experiments
were performed at 20°C at a flow rate of 150 µL/min. Under the
conditions used, >95% of the protein was removed from the sur-
face during the dissociation phase and therefore a regeneration
step was not required. Background signal from a streptavidin-
only reference flow cell was subtracted from all data sets. Data
were fit assuming a 1:1 stoichiometry to the Langmuir binding
model to obtain kinetic parameters and dissociation constant.

Sequence analysis

Annotated human UBL domains and/or proteins were collected
from the integrated annotations for ubiquitin and UBL
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conjugations database (iUUCD) as well as from the InterPro appli-
cation from EMBL-EBI (Zhou et al. 2017; Mitchell et al. 2019). A
total of 955 proteins were manually scanned for the presence of
a conserved tyrosine at positions analogous to 772 and/or 773,
the carboxy-terminal RGG motif, and carboxy-terminal positively
charged residues. This search narrowed down the number of an-
alyzed UBL domains to approximately 146 proteins. From this ini-
tial group, redundant protein sequences were purged, and
sequences representative of UBL families were selected, yielding
38 UBL domains, which were aligned to SF3A1-UBL. The align-
ment of this final collection of UBL domains is displayed in
Figure 8 and UniProt accession numbers are reported in
Supplemental Table S2. All protein sequence alignments were
performed using ClustalW (Thompson et al. 1994). Electrostatic
surface potential analysis for SF3A1-UBL domain (PDB ID:
1ZKH) was performed in PyMOL (DeLano 2002). RNA secondary
structure predictions were performed in the mfold online web
server (Zuker 2003).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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