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ABSTRACT: Ser/Arg-rich splicing factor 1 (SRSF1 or ASF/SF2) is the
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prototypical member of SR proteins. SRSF1 binds to exonic splicing enhancers, RRM1 ~—~_ RRM2
which prompts inclusion of corresponding exons in the mature mRNA. The ;

RNA-binding domain of SRSF1 consists of tandem RNA-recognition motifs ’ ?

(RRM1 and RRM2) separated by a 30 amino acid long linker. In this study, we CAXxxxxGGA

investigate roles of RRM1, RRM2, and the linker in RNA binding. We find that
although both RRMs are crucial to RNA binding, RRM2 plays the dominant
role. The linker mildly contributes to RNA binding and remains flexible in the
RNA-bound state. Flexibility of the linker allows the RRM1-cognate motif to be
either upstream or downstream of the RRM2-cognate motif. In addition, we find
that the spacer length between the bipartite motifs varies from 0 to 10
nucleotides. Our binding assays reveal that SRSF1 prefers RNA sequences with
shorter spacers and the RRM1-cognate motif being placed upstream. Restrained
by nuclear magnetic resonance data, we simulate RNA-bound complexes and
demonstrate how tandem RRMs bind to RNA of different spacer lengths and swapped bipartite motifs. We find that when the
RRM1-cognate motif is placed downstream, either the RRM1/RRM2 linker needs to be more extended or RNA needs to form a U
turn, which may reduce conformational entropy. Our study suggests that the RNA-binding specificity of SRSF1 is broader than
traditionally recapitulated by consensus sequences of 7 to 8 nucleotides. Instead, centered on the RRM2-cognate motif, an RNA
fragment encompassing 10-nucleotide upstream and downstream should be scrutinized.

B INTRODUCTION

Ser—Arg (SR) proteins are a family of splicing factors that play
key roles in constitutive and alternative splicing. The SR family
consists of 12 members and is characterized by one to two
RNA-recognition motifs (RRM) and a repetitive Arg—Ser
dipeptide region (RS).”” RRM domains of SR proteins

long noncoding RNA.**** Investigating SRSF1 is of clinical
importance, as it is an oncoprotein involved in processing more
than 1500 mRNA transcripts.”” Elevation of the SRSF1
level,”*™*° mutation of the protein,®" or improper phosphor-
ylation of the RS tail>*~* can cause various cancers.
RNA-binding specificity of SRSF1 has been investigated by

specifically bind to exonic splicing enhancer (ESE) RNA
elements. RS regions of SR proteins are subject to
phosphorylation and mediate protein—protein interactions
with Ul snRNP and U2 snRNP.>”"° Through these
interactions, SR proteins initiate spliceosome assembly and
usually facilitate inclusion of the bound exons into mature
mRNA."’""* Neighboring exons compete with each other for
SR proteins, and therefore, exons that bind to SR proteins
tighter are more likely to be included, while exons with weaker
ESEs tend to be skipped."”'* Therefore, RNA-binding
specificity is of fundamental importance to SR functions in
alternative splicing.

As the prototypical member of the family, SRSF1 has long
been a model for studying functions of SR proteins. SRSF1
contains tandem RRMs (RRM1 and RRM2), followed by an
RS tail (Figure 1A). In addition to its roles in RNA splicing,
SRSF1 is also essential for genome stability,15 mRNA
transcription,l(”17 transport,18 translation,lg’20 nonsense-medi-
ated mRNA decay,”’ immune response,”” and regulation of
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several previous studies using systematic evolution of ligands
by exponential enrichment (SELEX) and high throughput
sequencing and crosslinking immunoprecipitation (HITS-
CLIP).**~* The SELEX study by Tacke and co-workers
found that SRSF1 tandem RRMs prefer octamer sequences
RGAACAAC (R is purine) and two decamer sequences
AGGACAGAGC or AGGACGAAGC.*® However, the SELEX
study performed by Liu and co-workers found that tandem
RRMs can recognize a broader range of sequences with a
consensus sequence SRSASGA (S represents G or C and R
represents purine).38 In contrast to these in vitro studies, in
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Figure 1. Chemical shift perturbation (CSP) analysis of SRSF1 RNA
binding. (A) Domain architecture of full-length SRSF1. (B) HSQC
overlaying of apo and RNA-bound SRSF1 tandem RRMs. The RNA
sequence is UCAGAGGA. (C) CSP of SRSF1 tandem RRMs caused
by RNA binding. The domain architecture of SRSF1 tandem RRMs is
aligned with the residue number. The dashed line indicates 0.05 ppm.
CSP values were calculated as 16'HI + 0.1 X I6"NI, where §'H and
5"N are the chemical shift differences between the apo and bound
states for proton and nitrogen, respectively. The linker residues
probed by mutation are shown in red fonts.

vivo HITS-CLIP by Sanford and co-workers revealed that
SRSF1-cognate RNA has a consensus sequence of GAA-
GAA.*>* still different from above studies, recent work by
Feng found that SRSF1 recognizes short RNA motifs with
clusters of GGA sites."'

Structural studies on isolated RRMs have been performed to
elucidate the RNA recognition mechanism of SRSFI1. The
nuclear magnetic resonance (NMR) structure of the RRM2/
RNA complex reveals that RRM2 binds to GGA using a
noncanonical RNA-binding site.*” RRM2 alone is sufficient for
splicing some pre-mRNA transcripts.42 However, another
study found that both RRM domains are required for optimal
RNA binding and concluded that the RRM1/RRM2 linker rich
in Arg residues is involved in RNA binding.*> The role of
RRM1 in RNA binding was unknown until a recent study
determined the RNA-bound structure of isolated RRM1.**
This study revealed that SRSF1 RRMI1 binds with a 2-
nucleotide motif with the first site being C and any nucleotide
for the second site.”* The same study also found that the C-
containing motif for RRMI can be either 4-nucleotide
upstream the 5’ of the GGA motif for RRM2 or 6-nucleotide
downstream the 3’ of the GGA motif, and swapping bipartite
motifs does not affect binding affinity.**
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Despite the extensive research on SRSF1, our understanding
of the RNA-binding specificity of SRSF1 is still limited. A key
question is why different studies have obtained such divergent
sequences for SRSF1-cognate RNA. In addition, what is the
role of the RRM1/RRM2 linker in RNA binding, how are the
tandem RRMs arranged to bind RNA, and how does the RNA
spacer between the bipartite motifs affect binding? Answering
these questions needs studies in the context of tandem RRMs.
Using mutagenesis and fluorescence polarization (FP) binding
assays, we find that both RRM:s are required for RNA binding,
and RRM2 plays the dominant role. Our NMR relaxation
results show that the RRM1/RRM2 linker remains flexible in
the RNA-bound state and that its basic residues only
moderately contribute to RNA binding. We find that the
linker flexibility allows the spacer between bipartite motifs to
vary from O to 10 nucleotides, in addition to making the
bipartite motifs swappable. We also find that SRSF1 tandem
RRMs prefer RNA with RRMI1-cognate motif upstream or
RNA with shorter spacers. With restraints of NMR para-
magnetic relaxation enhancement (PRE), we simulate the
conformational heterogeneity of RNA-bound SRSF1 tandem
RRMs. We demonstrate how SRSF1 tandem RRMs achieve
the diversity in RNA binding and explain why SRSF1 prefers
RNA with a shorter linker and RRM1-cognate motif upstream.
Our findings suggest that RNA-binding specificity of SRSF1
cannot be comprehensively recapitulated by consensus
sequences that are traditionally obtained by sequence align-
ment of motifs with a fixed length. Therefore, our work helps
to resolve seeming contradictions among reported studies and
advances our understanding of RNA-binding specificity of
SRSF1.

B MATERIALS AND METHODS

Molecular Cloning and Protein Expression. The DNA
encoding human SRSF1 tandem RRMs (residues 1—196) was
subcloned into pSMT3 using BamH I and Hind III. SRSF1
constructs RRM1 (residues 1—109) and RRM2 (residues
110—196) and their mutants were prepared using mutagenesis
polymerase chain reaction. All proteins were expressed by
BL21-CodonPlus (DE3) cells in LB media or minimal media
supplemented with proper isotopes. Cells were cultured at 37
°C to reach an ODgy, of 0.6, when 0.5 mM isopropylthio-S-
galactoside (IPTG) was added to induce protein expression.
Cells were further cultured for 16 h at 22 °C. The cells were
harvested by centrifugation at 3000 RCF for 15 min and stored
at —80 °C before use.

Protein Purification. The cell pellets were resuspended in
20 mM Tris—HC], pH 7.5, 2 M NaCl, 25 mM imidazole, 0.2
mM TCEP, 1 mM PMSEF, 0.5 mg/mL lysozyme, and 1 tablet
of protease inhibitor. After three freeze—thaw cycles, the
sample was sonicated and centrifuged at 23,710 RCF for 40
min using a Beckman Coulter Avanti JXN26/JA20 centrifuge.
The supernatant was loaded onto 5 mL of HisPur Nickel- NTA
resin and washed with 200 mL of 20 mM Tris—HCI, pH 7.5, 2
M NaCl, 25 mM imidazole, and 0.2 mM TCEP. The sample
was then eluted with 30 mL of 20 mM 2-Morpholinoethane-
sulfonic acid sodium salt (MES), pH 6.5, S00 mM imidazole,
500 mM Arg/Glu, and 0.2 mM TCEP. The eluted sample was
cleaved with 2 pg/mL Ulpl for 2 h at 37 °C and diluted by
threefold with a buffer A of 20 mM MES, pH 6.0, 100 mM
Arg/Glu, and 0.1 mM TCEP before being loaded onto a 5S-mL
HiTrap Heparin column. The sample was eluted over a
gradient with a buffer B of 20 mM MES, pH 6.0, 100 mM Arg/
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Gly, 0.1 mM TCEP, 2 M NaCl, and 0.02% NaNj;. The tandem
RRMs and their mutants were eluted around 50% B. Fractions
containing the target proteins were pooled, concentrated, and
loaded onto a HiLoad 16/600 Superdex 75 pg size exclusion
column equilibrated with 0.2 M Arg/Glu, 0.2 M NaCl, 20 mM
Tris—HCI, pH 7.5, 0.1 mM TCEP, and 0.02% NaNj.
Fluorescence Polarization Assays. FP assays were
carried out using 10 nM S’ fluorescein-labeled RNA (product
of Dharmacon) mixed with SRSF1 constructs at concen-
trations ranging from 8000 nM to 0.488 nM by twofold serial
dilutions in 20 mM HEPES, pH 7.5, 200 mM Arg/Glu, 200
mM NaCl, 0.02% Tween, and 0.1 mM TCEP. One hundred
microliters of samples were mixed in black flat-bottom 96-well
plates (Costar) by shaking at 100 RPM for S min, followed by
incubation at 37 °C for 10 min and incubation at 25 °C for 30
min. The FP data were gathered at room temperature using a
Cytation 5 Cell Imaging Multimode reader with an excitation
wavelength of 485 nm and an emission wavelength of 520 nm.
The binding affinities were determined using nonlinear
regression for one-site interaction using GraphPad Prism 7.
The fluorescence polarization F, was fitted using the quadratic
equation below, where the fitting parameters F,;,, F,.,, and Kp
are the FP baseline, plateau, and dissociation constant,
respectively. [Pr] is the total protein concentration, and [Ly]
is the total RNA concentration (10 nM). Errors of dissociation
constants were calculated based on three independent
measurements.
F, = Ey,
% {[([PT] + [Ly] + Kp) = {([Pr] + [Lg] + Kp)®* — 4[P][Ly] }0'5]}
(1)

2[Ly]

The above equation can be used to determine binding
affinity, assuming that the binding process does not change the
quantum yield of RNA. We confirmed that this assumption is
true as the total fluorescence intensity of fluorescein-labeled
RNA does not change with protein concentrations (Figure
S1A).

Differential Scanning Fluorimetry Protein Unfolding.
Differential scanning fluorimetry (DSF) experiments were
performed in triplicate for the wild-type RRM tandem and its
mutants (RRM1 and linker mutants) after diluting to 20.1 yM
in 0.2 M Arg/Glu, 0.2 M NaCl, 20 mM Tris—HCI, pH 7.5, 0.1
mM TCEP, and 0.02% NaNj. Promethius NT.48 nanoDSF
(Temper Technologies) was employed to measure the
fluorescence emission intensities at 330 and 350 nm while
increasing the temperature over a range of 20—90 °C at a rate
of 1.0 °C/min. Melting curves were generated and averaged to
calculate the first derivative of the fluorescence emission
intensity using the software PR. ThermControl v2.1.1. The
average ratio of the first derivatives of the fluorescence
emission intensities at 330 nm was plotted against temperature
to compare thermal stabilities between the wild-type protein
and its mutants.

NMR Assignment Experiments. The tandem RRM
construct (residues 1—196) was prepared as described above
except that the E. coli cells were grown in M9 media containing
N, "C, and ’H isotopes. The apo protein (436 uM) was
purified as described above and exchanged into 20 mM MES,
pH 6.2, 380 mM Arg/Glu, and 5% D,0 for NMR
measurements. To prepare the 8-mer UCAGAGGA bound
tandem RRMs, RNA was added to 620 uM. Triple resonance

E

min)

+ (P;nax -
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assignment experiments HNCA, HNCACB, HN(CO)CA,
CBCA(CO)NH, HN(CA)CO, and HNCO were performed
at 37 °C using a Bruker Avance III-HD 850 MHz spectrometer
installed with a cryo-probe. The NMR data were processed
using NMRPipe,43 and assignment was performed using
NMRView].*

T, Measurements and Paramagnetic Relaxation
Enhancement. For T, measurements, intensities were
gathered at 17.0, 34.0, 67.8, 135.7, 170.0, 203.5, 237.4, and
271.4 ms, in which 34 and 203.5 ms planes were measured as
duplicates to estimate error. A recycle delay of 2.0 s was used.
T, was fitted using a single exponential decay as below:

I(t) =1, x e /% ()

where I(t) is the intensity at time point t, I is the signal
intensity at t = 0, and T, is the transverse relaxation time
constant. The error in T, measurements was estimated from
the duplicate measurements of 34 and 204 ms planes.

'"H PRE data were gathered at 37 °C using a Bruker
AVANCE HII-HD 600 MHz spectrometer installed with a cryo-
probe. Native C16 and C148 were mutated to serine, and these
mutations did not change RNA-binding affinity compared with
the wild-type protein (data not shown). The proteins were
prepared as described above except that the E. coli cells were
grown in M9 media containing "*N isotopes. Immediately
before paramagnetic labeling with S-(1-0xyl-2,2,5,5-tetrameth-
yl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate
(MTSL), TCEP was removed by loading the sample onto a
HiPrep 26/10 desalting column (GE) equilibrated with 400
mM Arg/Gly, pH 7.5. The protein was diluted to 40 4M and
mixed with 200 uM MTSL for overnight reaction at 25 °C.
Unreacted MTSL was removed by loading the sample onto a
HiPrep 26/10 desalting column (GE) equilibrated in 20 mM
MES, pH 6.2, 380 mM Arg/Glu, and 5% D,O. The protein
samples were concentrated to 200 uM and mixed with 600 M
RNA. We also confirmed that SRSF1 tandem RRMs bind with
RNA with an affinity of 40 nM in the NMR buffer. The PRE
measurements were carried out using a pulse sequence
developed by Iwahara et al.*” A total of 80 scans were
accumulated, and the time interval was set to 15 ms.
Diamagnetic data were collected with the sample quenched
using 2 mM ascorbic acid. The NMR data were 6processed
using NMRPipe™ and analyzed using NMRView]."*

Small-Angle X-ray Scattering (SAXS). SAXS data (0.013
to 0.4 A™") were collected at the SIBYLS beamline (12.3.1) of
the Advanced Light Source at room temperature. SRSF1
tandem RRMs and RNA UCAGAGGA were mixed into a ratio
of 1:2 and exchanged into a buffer containing 20 mM MES, pH
6.2, 380 mM Arg/Gly, and 2 mM DTT by centrifugal filters
with a cut-off molecular weight of 10 KDa. Samples were
prepared at three different concentrations, and the filter-
through solution was used as SAXS reference. SAXS data were
analyzed with the ATSAS package, and the Guinier plot was
used to determine the radius of gyration.*®

Xplor-NIH Simulations. The RNA-bound structures of
SRSF1 tandem RRMs were simulated with Xplor-NIH. RRM1
(residues 14—90) and RRM2 (residues 121—196) were treated
as rigid bodies, while the N-terminal region (residues 1—13)
and the linker (91—120) were given full degrees of freedom.

We assumed that RRM domains in the tandem interact with
RNA in a way similar to their isolated domains. For 16-mer
RNA (2, S2, 0, SO, 2, S2, 6, S6, 10, and S10 U), RRM1 and
RRM2 were restrained to interact with CA and GGA motifs,
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respectively. This was achieved by employing 37 distance
restraints measured between the RRMs and their interacting
RNA in the NMR structures of the isolated RRM domains
(AAAACA bound RRM1, PDB ID: 6HPJ], UGAAGGGAC
bound RRM2, PDB ID: 2MS8D). These distances were
measured between the RNA-binding residues of each RRM
and their cognate RNA motif (CA for RRM1 and GGA for
RRM2) that participates in Pi—Pi stacking interactions and H
bonds. These distance restraints were introduced into Xplor-
NIH as ambiguous nuclear Overhauser effect distances. In
structure calculation, the degree of freedom was initially
randomized, and gradient minimization was performed,
followed by a standard simulated annealing protocol. For 16-
mer RNA-bound tandem RRMs, 100 conformers were
simulated for each RNA-bound tandem RRM. Out of them,
top 10 structures with the lowest energy were selected to
investigate how the length of the RNA spacer between CA and
GGA motifs facilitates RNA binding to the RRM tandem.

PRE data on tandem RRMs bound with uuuCAuuGGAuu
or uGGAuuuuuCAu were used as inter-domain distance
restraints to simulate 100 structures of 8-member ensembles.
In this method, PRE values were used as the distance restraints
between amide protons and the oxygen atom bearing the
unpaired electron of MTSL conjugated to E120C. The amide
protons of the bleached residues (the ones whose resonances
disappeared due to close proximity to MTSL) were restrained
within 15 A to MTSL ambiguous distance restraints. Efficiency
of MTSL labeling was estimated to be >95% by measuring the
residual intensity of the residues close to E120C in structure.
We have also confirmed that MTSL labeling did not affect
RNA binding. The MTSL paramagnetic probe was represented
with three conformers in order to account for its flexibility. In
addition to the PRE restraints, RRM1 and RRM2 were
restrained to interact with CA and GGA motifs, respectively, as
detailed above. The scripts and parameters can be obtained
upon request. The lowest energy ensembles were selected to
analyze how the domain arrangements change when the CA
and GGA motifs were swapped. We selected the ensembles
that contain the lowest q factors (<0.1) and the highest
correlations values (>0.9) for both PRE and the protein—RNA
distance restraints. Therefore, those experimental values are in
a well agreement with the restraints calculated by the
software.”

B RESULTS

Roles of RRM1 and the RRM1/RRM2 Linker in RNA
Binding. SRSF1 consists of tandem RRMs and an RS domain
(Figure 1A). It is believed that RNA binding primarily involves
the tandem RRMs, which consist of four segments: the N-
terminal region (residues 1—15), RRM1 (residues 16—89), the
linker (residues 90—120), and RRM2 (residues 121—193)
(Figure 1C). Using filter-binding assays, a previous study has
shown that deletion of either RRM completely abolishes RNA
binding.*> Mutation of the linker residues R109 and R111
decreases binding affinity by >10-fold, and an S119A mutation
completely abolishes RNA binding.** The filter-binding assay
is not optimal for weak interactions, and its bias against weak
binding has been noticed in the literature.”””" Although the
RNA-bound structure of isolated RRM1 has been determined
by NMR,** its RNA-binding role in the tandem RRM:s is still
unclear.

To determine the roles of RRM1 and the linker in RNA
binding, we compared the chemical shifts of the tandem RRMs
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in the apo and RNA-bound states (Figure 1B). As chemical
shift is sensitive to the local environment of nuclei, chemical
shift perturbations (CSPs) can be used to probe conforma-
tional changes or proximity of ligands. Significant perturbations
were observed for both RRM1 and RRM2 residues when the
classic SRSF1 cognate RNA, UCAGAGGA, was added into the
tandem RRMs (Figure 1C).>* Using FP binding assays, we
found that deleting either RRM1 or RRM2 reduced the
binding to an extent beyond detection (Figure S1B). The
RRM2 residues showing CSPs match the reported RNA-
binding sites of isolated RRM2 (Figure 1C).** To confirm our
CSP findings on RRM1, we mutated the RRM1 residues that
show significant perturbations (Table 1; Figure S1C). Here,

Table 1. Relative Dissociation Constants (Kp) of RRM1
Mutants in SRSF1 Tandem RRMs

RRMI1 mutants relative Kp”
R8A 3.9 + 0.63
R17A 33 +0.11
Y19A 34 + 1.8
RS0A 32 +0.72
FS6A 17 + 1.3
FS8A 25.7 + 0.66
R6SA 1.9 + 0.18
R8SA 2.1 +£0.11
R90A 3.1 +0.35

“The relative K, values were calculated as the ratios to the K, of the
wild-type protein (24 + 1.7 nM). The standard error of the mean was
estimated from three technical replicates. The RNA sequence was
UCAGAGGA in these assays.

residue R65 was selected as a negative control, as it is distal to
the canonical RNA-binding site of RRMs. All these mutants
were eluted at the same position as the wild-type protein in
size exclusion chromatography. Our differential scanning
fluorimetry results also suggest that most mutants have a
melting temperature of 53 °C, identical to the wild-type
protein (Figure S1D). The only exception is S119A, which has
a lower melting temperature of 49 °C. Therefore, these
mutants maintain the overall structure and the observed
changes in RNA-binding affinities are due to loss of important
residues for binding, instead of altered protein structure or
protein misfolding. Significant binding affinity decreases were
observed for mutation of Y19, FS6, and FS8 (Figures 2A and
S1E). Y19 and FS8 form stacking interactions with RNA in the
isolated RRM1 structure (PDB ID: 6HPJ). FS6 is not directly
involved in RNA binding, but it is packed against F58 and
stabilizes the FS8 sidechain. This may explain why mutation of
this residue weakens RNA binding. The residues showing large
CSPs are located on the 1 and /33 strands, which are known as
the canonical RNA-binding sites of RRMs (Figure S1F).”* We
also found that mutation of basic residues generally decreases
RNA binding by 2 to 4 fold. Consistent with the NMR
complex structure, our CSP analysis and FP binding assays
suggest that residues Y19 and F58 are critical for RNA binding
in the tandem RRMs.

We continued to examine the role of the RRM1/RRM2
linker in RNA binding. The linker contains basic residues at
the two ends and a 9-Gly segment in the middle (Figure 1C).
We found that mutation of basic residues generally decreases
binding affinity around twofold (Figure 2B; Table 2), and the
linker residues do not display significant CSPs upon RNA
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Figure 2. Roles of RRM1 and the RRM1/RRM2 linker in RNA binding. (A) Representative FP binding curves for RRM1 mutants in the tandem.
FP binding curves for other mutants are shown in Figure S1C. (B) FP binding curves for the RRM1/RRM2 linker mutants. The standard error of
the mean was estimated from three technical replicates.

Table 2. Relative Dissociation Constants of RRM1/RRM2 to form a stable interaction with RNA. To characterize the
Linker Mutants in SRSF1 Tandem RRMs structural dynamics of the linker, we analyzed the N
; ] . transverse relaxation time constant (T,) for RNA-bound
linker mutants relative Ky tandem RRMs (Figures 3 and S2). T, values are sensitive to
R93A 175 + 0.07 molecular tumbling and local structure dynamics. Unstructured
RO7A 19+ 0.11 protein regions, such as inner loops and flexible termini, have
RI09A 17+ 028 longer T, values relative to structured protein regions.54 As
RITIA 1.83 £ 0.06 shown in Figure 3, T, values for the N-terminal region
RI17A 21£012 (residues 1—11) and the RRM1/RRM2 linker are 3—4 fold
SLI9A 21 £016 longer than those for RRM1 and RRM2. These results
“The relative K, values were calculated as the ratios to the Ky, of the suggested that the N-terminal region and the RRM1/RRM2
wild-type protein (40.0 % 0.52 nM). Note that the Ky, of the wild-type linker remain unstructured in the RNA-bound state, consistent

protein is different from that in Table 1, as they were performed in

with our mutagenesis analysis shown in Figure 2B. Compared
different batches, although great care had been taken to create & Y gu P

identi S " with the bound state, the T, values are overall longer for apo
identical binding conditions. The standard error of the mean was R . .
estimated from three technical replicates. The RNA sequence was SRSF1 .tan.dem RRMs, which is C0n51st.ent with the fac.t that
UCAGAGGA in these assays. RNA binding slows down overall tumbling of the protein.
Spacer-Length Variability of the Cognate Bipartite
Motifs for SRSF1 Tandem RRMs. To investigate the impact
binding (Figure 1C). S119A only decreases RNA binding by of the spacer length between bipartite motifs on binding, we
twofold. Deletion of the 9-Gly segment does not significantly measured binding affinities to RNA sequences with spacers of
affect RNA binding (data not shown). Therefore, we 0 to 10 nucleotides (0, 2, 6, and 10 U), in addition to swapping
concluded that while the basic residues in the linker slightly CA and GGA (Figure 4 and Table 3). As RRM1 and RRM2
contribute to RNA binding, the major role of the linker in prefer cytidine and purine-rich motifs, respectively, we selected
RNA binding is to tether RRM1 and RRM2 to each other. uridine for flanking and spacer regions to avoid interference.
Flexibility of the RRM1/RRM2 Linker in the RNA We first evaluated the importance of cognate motifs for RRM1
Bound State. Using filter-binding assays, a previous study and RRM2. Compared with the reference RNA sequence (2
concluded that the RRM1/RRM2 linker is essential for RNA U), mutation of CA (no-CA) decreases RNA-binding affinity
binding.43 However, our results showed that mutation of linker by 10-fold, while mutation of GGA (no-GGA) decreases
basic residues only slightly decreases RNA binding. Our affinity by 240-fold (Table 3). Therefore, RRM2 plays the
binding assays imply that the RRM1/RRM2 linker is unlikely dominant role in RNA-binding specificity of SRSF1. It is
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Figure 3. °N transverse relaxation time constant (T,) analysis of the SRSF1 tandem RRMs in the apo and bound states. The error was estimated
from data fitting. Open symbols indicate overlapping residues, G3—GS and G99—G106 clusters. Residues in the same cluster are assumed to have
the same T), relaxation time. The assignment of these two glycine clusters was confirmed by HSQC spectra of constructs with residues 1—13 or 98—
106 deleted.
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Figure 4. Spacer length variability of SRSF1’s bipartite motifs. The
standard error of the mean was estimated from three technical
replicates.

Table 3. Effects of Motif Swapping and Spacer Length on
SRSF1 Binding

RNA sequence relative Kp“
no-CA uuuuuuuuGGAuuuuu 10 £ 1.1
no-GGA uuuuuuCAuuuuuuuu 240 + 65
ouU uuuuuuCAGGAuuuuu 0.87 + 0.0S
S0 U uuuuuuGGACAuuuuu 1.72 + 0.07
2U uuuuuCAuuGGAuuuu 1.00 + 0.05
S2U uuuuuGGAuuCAuuuu 0.89 + 0.05
6U uuuCAuuuuuuGGAuu 3.6 + 0.14
S6 U uuuGGAuuuuuuCAuu 74 + 0.50
10U uCAuuuuuuuuuuGGA 2.1 +0.30
S10 U uGGAuuuuuuuuuuCA 8.0 + 0.87

“The relative K, values were calculated as the ratios to the Kj, of the 2
U RNA (98 =+ 4.6 nM). The standard error of the mean was estimated
from three technical replicates.

noteworthy that the 10-fold affinity decrease by the CA
mutation does not conflict with the result that deletion of
RRM1 yields undetectable binding (Figure S1B). These results
together suggest that although RRM1 prefers cytidine, it can
bind to other nucleotides with a lower affinity.

We then systematically investigated the effect of spacer
length on binding (Figure 4). We found that RNA sequences
with no spacer (0 U) and a 2-nucleotide spacer (2 U) have
similar binding affinities to SRSF1. However, increasing spacer
to 6 or 10 nucleotides weakens binding affinity by 2 to 3 fold
(6 and 10 U). Swapping bipartite motifs has a negligible effect
on binding for RNA with 2-nucleotide spacers (2 and S2 U).
For the rest of the cases, moving the CA motif downstream
decreases binding affinities by 2 to 4 fold. This finding is
different from the previous study, which showed that placing
CA 4-nucleotide upstream or 6-nucleotide downstream of
GGA has no impact on RNA binding. It is noteworthy that
RNA sequences of different lengths were used in that study.
Using RNA sequences of the same length, we compared
binding affinities for motif-swapped RNA (Table 4). To ensure
that the nucleotide type in the spacer is not the origin of the
binding affinity difference for motif-swapped RNA, we also
compared RNA with UU and GA spacers. For both pairs of
RNA, we found that SRSF1 prefers RNA sequences with CA
being upstream. The 9-Gly region in the RRM linker is
believed to play an important role in endowing domain
flexibility. Therefore, we further measured binding affinities for
the construct with the 9-Gly region deleted. We found that the
trend is similar to what we found for the wild-type protein
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Table 4. Effects of Motif Swapping on SRSF1 Binding

RNA sequence relative Kp”
12mer_1 uuuCAgaGGAuu 1.00 + 0.06
12mer_S1 aGGAuuuuuCAg 2.70 £ 0.05
2 uuuCAuuGGAuu 1.72 + 0.04
S2 uGGAuuuuuCAu 6.08 + 0.06

“The relative K, values were calculated as the ratios to the K, of the
12mer_1 RNA (44 + 2.5 nM). The standard error of the mean was
estimated from three technical replicates.

(Table S1). In summary, our binding assays suggest that
SRSF1 prefers RNA sequences with shorter motif spacers and
RNA sequences with the upstream RRM1 cognate motif.

Simulation of RNA-Bound Structure of SRSF1
Tandem RRMs. We have shown that the linker remains
flexible in the RNA-bound state and that the spacer between
the bipartite motifs has a variable length. These findings
indicate the inter-domain flexibility of SRSF1 in the RNA-
bound state. We also compared *N-HSQC spectra of SRSF1
bound to motif-swapped RNA sequences (uuuCAuuGGAuu
and uGGAuuuuuCAu) and found that these two spectra are
almost identical (Figure S3A) with the most significant
differences in the linker residues and non-RNA binding
residues of the RRMs (Figure S3B). These results suggest
that when bipartite motifs are swapped, RRM1 and RRM2 still
recognize the CA and GGA motifs, respectively. CSPs in the
linker suggest conformational differences for complexes bound
to motif-swapped RNA.

To characterize the dynamic nature of the complex, we
collected PRE data for RNA-bound SRSF1. PRE provides
distance information up to 25 A about the labeling site to sites
of interest. The sites within 15 A to the spin label are
significantly attenuated, and their resonance peaks disappear
from NMR spectra (bleached). The sites 15 to 25 A away from
the spin label demonstrate moderate perturbations, and their
distances to the spin label are related to PRE according to the
Solomon equation.”® The nitroxide paramagnetic compound
(MTSL) was labeled at E120C, which is on the edge of RRM2
and not involved in RNA binding. We have also confirmed that
MTSL labeling had no impact on RNA binding (data not
shown). This labeling strategy will provide the information
about the relative position between RRMI1 and RRM2. As
oligomerization or aggregation can complicate PRE data
interpretation, we also performed SAXS and analyzed the
radius of gyration using the Guinier plot. As shown by Figure
S4, radius of gyration values do not change for the complex at
different sample concentrations, suggesting that our samples
were free of aggregation.

As shown by Figure 5A,B, paramagnetic perturbations are
spread around RRM1 for the SRSF1 RRM tandem in complex
with uuuCAuuGGAuu or uGGAuuuuuCAu. This scattered
perturbation pattern cannot be explained by a single
conformation. This happens when the tandem RRMs have
no fixed relative orientation. In addition, the perturbation
patterns are different for SRSF1 bound with the two RNA,
suggesting that domain arrangement is different when these
bipartite motifs are swapped. Based on Figure S3A, we assume
that RRMs in the tandem bind to CA and GGA in the same
manner as they do in isolated domains. With this assumption
and PRE restraints, we performed Xplor-NIH simulations and
found that the PRE data can only be fitted with a
conformational ensemble instead of a single conformation
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Figure 5. Ensemble simulation of RNA-bound SRSFI restrained by PRE data. (A) RRM1 backbone amide 'H-PRE values in the RNA-bound
SRSF1 tandem RRMs bound to motif-swapped RNA. The MTSL was labeled on RRM2 residue E120C. Open symbols indicate residues whose
PRE values are too large to be accurately determined. (B) Plot of PRE values in panel A onto RRMI structure (PDB ID: 6HPJ). Gray indicates
residues whose PRE values are unavailable due to overlapping or missing resonances. (C) Xplor-NIH ensemble simulation of RNA-bound SRSF1,
in which RRM1, RRM2, the linker, and RNA are shown in blue, green, magenta, and gray, respectively. An ensemble of eight conformers was
simulated to fit the PRE data shown in panel A for each RNA. All conformers were aligned based on RRM2 (residues 121—196).

(Figure SB). When bound to uGGAuuuuuCAu, the complex
adopts a more confined ensemble. In addition, forming turns in
RNA seems required when the CA motif is placed down-
stream.

In addition to the canonical RNA sequences with spacers of
2 nucleotides, we found that SRSF1 can also bind to RNA with
spacers of 0 to 10 nucleotides. To demonstrate how this
sequence diversity is achieved, we simulated the complex
structure under the assumption that RRM1 and RRM2 bind to
CA and GGA, respectively (Figure 6). Our simulations show
that SRSF1 tandem RRMs can form plausible complexes with
all these RNA. For clarity, only the lowest energy
conformations are shown. The binding diversity is achieved
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by the flexibility in both the RRM1/RRM?2 linker and RNA
backbones. For RNA without spacers, bases of CA and GGA
motifs point opposite directions for SRSF1 binding. For RNA
with 6-nucleotide or 10-nucleotide spacers, the RRM1/RRM2
linker tends to assume a more stretched conformation when
the RRM1-binding motif CA is downstream. Alternatively, U
turns in RNA backbones are required to bind with SRSF1
(Figure 6B). In our simulation, we found that the linker takes
relaxed conformation for most cases. This is consistent with
our finding that deletion of 9 gly in the linker has a negligible
impact on RNA binding (Table S1). This suggests that the
linker provides ample flexibility even without the 9-Gly region.
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Figure 6. Xplor-NIH simulation of SRSF1 bound to RNA with
different spacer lengths. (A) Lowest energy conformation for each
complex. RRM1, RRM2, and the linker are shown in blue, green, and
magenta, respectively. Sequences of bound RNA are shown below.
RRM1 and RRM2 are restrained to interact with CA and GGA motifs,
respectively. (B) Schematic illustration of RRM and RNA motif
arrangement. The color scheme is the same as panel A. When the CA
motif is swapped to downstream of GGA, either a more stretched
linker conformation or an RNA U turn is needed for SRSF1 binding.

Bl DISCUSSION

Extensive efforts have been made to determine the RNA-
binding specificity of SRSF1 during the past decades. A recent
study has found that RRMI1 recognizes C-containing
dinucleotide motifs, which can be either 4-nucleotide upstream
or 6-nucleotide downstream of RRM2-binding motifs.** The
same study has also concluded that swapping the two motifs
does not affect binding affinity. The RNA with CA at the 5’
end in that study was 3 nucleotides shorter than the RNA with
CA at the 3’ end."* Therefore, the impact of RNA length on
binding cannot be ruled out. Using the RNA of the same
length, we found that SRSF1 tandem RRMs showed a
reproducible two- to three-fold preference for RNA sequences
with the CA motif at the 5’ end, except for RNA with 2-
nucleotide spacers. When the RRM1-cognate motif is 3’ to the
RRM2-cognate motif, SRSF1 binding requires either turns in
RNA or stretched conformation in the linker. These
conformational entropy losses may explain the moderate but
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reproducible binding affinity difference between the bipartite
motif-swapped RNA sequences.

The 30-amino acid linker between the tandem RRMs is
responsible for the flexibility of RNA binding. As shown by our
T, analysis, the linker remains flexible in the RNA-bound state.
A previous study has proposed that the linker is involved in
RNA binding, as mutation of some linker residues dramatically
reduces RNA binding.43 However, we found that the major
role of the linker is to tether the two RRM domains while still
allowing flexibility. We showed that mutation of basic linker
residues only slightly reduces RNA binding. Our binding
results are consistent with our NMR T), analysis. These five Arg
residues are scattered in the linker. If all of them interact with
RNA at the same moment, the flexibility of the linker should
be reduced dramatically. However, our T, analysis suggests
that the linker is very flexible. Therefore, only a small portion
of them transiently interact with RNA.

The flexibility of the RRM1/RRM2 loop allows considerable
length variation in the spacer between the bipartite motifs of
the SRSF1 tandem RRMs. We discovered that when the
RRM1-cognate motif is upstream, increasing the spacer length
up to 10 nucleotides only attenuates affinity by 2 to 4 fold. It is
imaginable that the spacer can be even longer with binding
affinity further decreased. In contrast, when the RRM1-cognate
motif is downstream, a spacer of 10 nucleotides attenuates the
affinity by eightfold. This binding affinity is similar to the RNA
without C-containing motifs for RRM1 (Table 3). This
suggests that RRM1’s preference for C-containing motifs is
negligible when they are more than 10 nucleotides downstream
of RRM2-cognate motifs. The binding-affinity decrease along
with spacer length can be explained by the penalty of loop-
closure entropy, which arises from the restraint of motions for
the two termini of a loop.*® Binding reduces the entropy of the
RNA and the RRM1/RRM2 loop, and this penalty increases
gradually along with the spacer length.*® Therefore, it is
predictable that increasing the spacer length will gradually
reduce RNA-binding affinity, instead of abolishing binding
abruptly at a certain spacer length. When the RRM1-cognate
motif is placed downstream, either the linker needs to be more
extended or the RNA needs to form a U turn. Either situation
decreases the conformational freedom to a greater extent,
which explains SRSF1’s preference for C-upstream RNA. This
preference for C-upstream RNA is not changed when the 9-
Gly region of the RRM linker is deleted, which suggests that
the linker has provided ample inter-domain flexibility.

Considering the fact that neighboring ESEs compete with
each other for SRSF1 binding, determining the relative RNA-
binding affinity of SRSF1 to various splicing enhancers is
critical to understanding its roles in alternative splicing.
Existing high-throughput methods such as SELEX or HITS-
CLIP identify consensus sequences for RNA-binding proteins
using sequence alignment, which is usually based on
assumption of a fixed motif length. However, SRSF1’s bipartite
motifs are swappable and have a variable spacer length from 0
to 10 nucleotides. Previous studies have identified divergent
consensus sequences for SRSF1, such as RGAACAAC,
AGGACAGAGC, AGGACGAAGC, and SRSASGA, where S
represents G or C and R represents purine.**™* Among these
sequences, C appears both upstream and downstream of
purine-rich motifs. Moreover, the distance of motif “C” to
purine-rich motifs also varies, which is consistent with our
findings. In addition, we found that RRMI1 prefers cytidine
over uridine by only 10-fold. SRSF1 has considerable affinities
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to RNNA sequences without cytidine. Our result explains the
recent in vivo finding that clusters of GGA sites are sufficient
to interact with SRSFL.*' In summary, the inter-domain
flexibility explains the discrepancies in SRSF1-binding RNA
consensus sequences identified by different studies.

The inter-domain flexibility may also be present in other SR
proteins with tandem RRMs, such as SRSF4, SRSES, SRSF6,
and SRSF9, whose tandem-RRM linkers range from 22 to 38
amino acids. A more advanced method called RNA Bind-n-Seq
(RBNS) has been developed and successfully applied to several
RNA-binding proteins in profiling the landscape of RNA-
binding specificity.”””® However, this method assumes that the
length of cognate RNA motifs is a constant, which is not
applicable for RNA binding with SRSF1 and other SR proteins
with tandem RRMs. Therefore, new methods with improved
procedures and/or algorithms are needed to determine the
RNA-binding specificity of SR proteins with tandem RRM:s.
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