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ABSTRACT

The vertebrate splicing factor RBM20 (RNA binding
motif protein 20) regulates protein isoforms impor-
tant for heart development and function, with muta-
tions in the gene linked to cardiomyopathy. Previous
studies have identified the four nucleotide RNA motif
UCUU as a common element in pre-mRNA targeted
by RBM20. Here, we have determined the structure
of the RNA Recognition Motif (RRM) domain from
mouse RBM20 bound to RNA containing a UCUU se-
quence. The atomic details show that the RRM do-
main spans a larger region than initially proposed in
order to interact with the complete UCUU motif, with a
well-folded C-terminal helix encoded by exon 8 crit-
ical for high affinity binding. This helix only forms
upon binding RNA with the final uracil, and remov-
ing the helix reduces affinity as well as specificity.
We therefore find that RBM20 uses a coupled folding-
binding mechanism by the C-terminal helix to specif-
ically recognize the UCUU RNA motif.

INTRODUCTION

Healthy cardiac development and function requires the reg-
ulated expression of many heart-specific genes. For several
of these gene products, additional control through alterna-
tive splicing regulates a balance between cardiac protein iso-
forms that contain isoform-specific properties. A major ex-
ample is the muscle protein titin, a giant protein that spans
half the sarcomere and serves to modulate the elasticity of
the stretched muscle (1-3). Titin exists as several isoforms
and undergoes a notable shift in size from larger forms in
early heart development towards shorter forms in the adult
(reviews include (4-6)). The functional outcome of these al-
ternative isoforms is to change titin from the longer compli-
ant form toward the shorter stiffer form, thus affecting pas-
sive muscle tension during the cardiac cycle. Disruption of
this splicing regulation leads to abnormal ratios of the com-

pliant and stiff forms of titin, resulting in heart disease. For
example, failure to produce sufficient levels of the shorter
titin isoform can lead to abnormally compliant titin in di-
lated cardiomyopathy (DCM).

In a search for factors that regulate titin splicing, a chro-
mosomal deletion in Rbm20 (RNA binding motif 20) was
isolated as the genetic cause of titin mis-splicing from a mu-
tant rat strain (7,8). RBM20 was itself first identified in a
search for a familial genetic basis of DCM in human pa-
tients (9). Subsequent investigation has identified additional
patients and mutations involving RBM?20 related to DCM
(10-19), as well as cardiac arrhythmia (20,21), pediatric
restrictive cardiomyopathy (22) and left-ventricular non-
compaction (23). Although representing only 3% of idio-
pathic cases, patients with DCM that have mutant RBM20
correlate with earlier disease onset, high penetrance and re-
quirement for heart transplantation (9,12,18,24,25).

Biological characterization of RBM20 has incorporated
rat, mouse and in vitro studies. Expression of Rbm20 is pri-
marily localized to the heart, with lower expression in other
striated muscle (7,26). Rats with homozygous or heterozy-
gous loss of functional Rbm20 mimic human DCM symp-
toms as well as defects in the heart structure, age-related fi-
brosis and less capacity for exercise (7,27). Loss of RBM20
function in rats also coincides with extensive deregulation
of titin splice isoforms towards an abnormal form of titin
with all exons retained (7,8). Comparison to normal pro-
cessing of titin pre-mRNA shows that RBM20 is required
for several intron retention and exon skipping events, as well
as the creation of circRNA (28). Mice with homozygous
deletion of Rbm20 also reveal a large number of RBM20-
dependent titin circRNA (29). Visualization of RBM20 in
cardiomyocytes and muscle tissue show an organization
into two nuclear clusters that colocalize with titin mRNA
but not with other nuclear bodies, including paraspeck-
les or nuclear speckles (28). Purification of RBM20-bound
titin RNA shows that introns remain, and thus it has been
proposed that these clusters represent intermediate or co-
transcriptional steps in titin pre-mRNA processing during
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which RBM20 remains bound to extended regions of titin
pre-mRNA (28).

In addition to titin, RBM20 also regulates the splicing
patterns of other transcripts that may contribute to the
severity of DCM or promote separate cardiac pathologies.
Human, rat and mouse studies identified additional splic-
ing targets that encode proteins which bind and transport
Ca’* (7,26,30-33) such as the calcium channel ryanodine
receptor 2 (RYR?2), Ca’* /calmodulin-dependent protein ki-
nase II delta (CAMK245), and the calcium channel voltage-
gated L type alpha 1C subunit (CACNAIC/Ca,1.2). Other
characterized targets include formin homology 2 domain
containing protein 3 (FHOD3), Z-band alternatively spliced
PDZ-motif protein (ZASP/IDB3/CYPHER), and the PDZ
and LIM domain protein 5 (PDLIM5/ENH) (7,32,34,35).
Recent findings suggest that RBM20 processing clusters
may connect to chromosomal regions for CACNAIC and
CAMK?2S (36).

The RBM20 protein sequence is largely devoid of identi-
fiable structured regions except for the central RNA Recog-
nition Motif (RRM) domain as well as two small puta-
tive zinc finger domains (ZnF) (Figure 1A). To investi-
gate a direct role in binding RNA, PAR-CLIP in HEK293
cells and HITS-CLIP in rat cardiomyocytes identified nu-
merous transcripts that purified with tagged RBM20 (32).
Analysis of the sequences revealed a prominently conserved
RNA motif composed of the tetramer UCUU: this mo-
tif is enriched 50 nucleotides before and 100 nucleotides
after exons regulated by RBM20, which largely fall into
the categories of mutually exclusive or cassette exons (32).
Furthermore, mutation of the UCUU motif to CGCG or
CGUU sequences abolishes direct RBM20 binding to the
Ryr2 transcript, with reduction in binding by a single base
change to UCUG (32). Further analysis suggested that the
RRM domain may indeed be responsible for UCUU recog-
nition, since a construct from human RBM?20 that covers
the canonical RRM fold (residues 511-601) interacts only
with titin-derived oligonucleotides that contain UCUU mo-
tifs (37). A minimal RRM region was also shown to bind
to a titin transcript around titin exon 50 (7). Mouse strains
with the RRM domain removed by deleting exons 6 and 7 of
rbm?20 result in mis-spliced titin, Camk2d, and Lbd3 (38), as
well as increased titin stiffness in the diaphragm (39). How-
ever, cardiac pathology in this strain was less pronounced
than for a larger size Rbm20 deletion (30). Although not
corresponding to a folded domain, a region C-terminal to
the RRM domain is enriched in arginine and serine residues
(RS), and most of the disease mutations map to this small
segment (9,18,40). Improper phosphorylation of key serine
residues in this RS domain prevents proper nuclear local-
ization of RBM20 mutants (41).

Removal of the RRM domain in mouse RBM20 leads to
a phenotype consistent with, but less severe than, strains
in which the complete RBM20 protein function is abol-
ished (7,38). Nevertheless, few RBM20 disease mutations
have so far been found within the RRM domain: there
is a single example of a sporadic V5351 mutation (V5371
in mice) and the proximal I536T mutation that may be
secondary to mRNA processing defects in Ldb3 (42). In
contrast, the RS domain remains the hotspot of RBM20
disease mutations, and mutations such as S637A can act
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as a dominant negative toward titin splicing (41,43). It
may be that functional mutants of RBM20 that can still
bind to native pre-mRNA binding sites are more deleteri-
ous than RBM?20 mutants that simply affect RNA-binding
specificity. On the other hand, the modest effects observed
for Rbm20ARRM mice help illustrate putative benefits of
adjusting RBM20 function to help mediate certain heart
pathologies. Mice strains that model abnormal titin stiff-
ness show that crosses with Rbm20ARRM mice help pro-
mote a more compliant titin in the offspring with improve-
ment of muscle function (38,44). Similarly, abnormal dias-
tolic function in mouse models of heart failure with pre-
served ejection fraction (HFpEF) can be largely restored
with heterozygous expression of Rbm20ARRM (45-47). In
both cases, it is likely that effects on additional targets re-
lated to cardiac performance may contribute to phenotypic
changes in the Rbm20A RRM mice, notably splicing and ex-
pression levels of proteins involved in calcium sensitivity
and contraction regulation (31,48).

Given a biological role for the RRM domain and possi-
ble specificity for the UCUU motif exhibited by RBM20,
we have used a structural approach to study RNA binding
by the mouse RBM20 RRM domain. The atomic details
confirm a role for the RRM domain in the direct interac-
tion with the previously defined UCUU RNA motif. In ad-
dition to base recognition by the canonical RRM fold, we
find that the specificity for the terminal uracil base in the
motif is coupled with folding of an extra C-terminal a-helix
encoded by exon 8 of the RBM20 gene.

MATERIALS AND METHODS
Cloning

Constructs containing the RRM domain of murine RBM20
were created from a cDNA provided by Pamela Lorenzi
(University of Verona, Italy), together with PCR primers
containing an Ncol restriction site in the forward primer,
with a stop codon and Acc65I restriction site in the reverse
primers. The primer details are included in Supplementary
Table S1. The PCR products, as well as a modified pET-
9d vector, were digested with Ncol and Acc65I, followed
by ligation, to produce plasmids that encode constructs
with an N-terminal hexahistidine (Hisg) tag and cleavage
site for tobacco etch virus (TEV) protease. The ligation
products were transformed into Escherichia coli DH5« and
resulting plasmids were verified by sequencing. Mutants
were created by performing an initial PCR step with inter-
nal forward and reverse primers that harbour the mutant
sequence.

Protein expression

Escherichia coli BL21(DE3) pLysY (New England Bio-
labs) were transformed with plasmids encoding the vari-
ous mRBM?20 constructs. Subsequent colonies were used
for initial overnight culture growth at 37°C in lysogeny
broth (LB) supplemented with 40 pwg/ml kanamycin. Bacte-
ria from the overnight cultures were used to start 500 ml cul-
tures in LB for natural abundance protein, or in M9 mini-
mal medium supplemented with isotopically-enriched com-
pounds. For ’N-labelled protein, 1 g/I "NH4Cl was added
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Figure 1. Recognition of UCUU by the RBM20 RRM domain. (A) Domain composition of RBM20 with expanded details for the RRM domain. The
alignment is composed of RBM20 sequences from mouse (mRBM20, UniProt Q3UQS8), rat (rRBM20; UniProt E9PT37) and human (hRBM20; UniProt
Q5T481). The vertical dotted line shows the C-terminal end of previous RRM domain constructs. Secondary structure elements from the NMR structure
are indicated above the alignment. Residues that contact the RNA by their sidechain and backbone atoms are indicated by full and open circles, respectively.
Results from the ConSurf analysis is shown below the alignment, with the region of high conservation indicated with a line, and coloured purple. (B) *N-
HSQC overlay of [ISN]mRBM20(513,62|) in the absence (black) and presence (red) of 1.2 molar equivalents AUCUUA RNA. Annotated spectra can be
found in Supplementary Figure S1. (C) Representative isothermal titration calorimetry (ITC) data for mRBM20(513_621) binding to AUCUUA RNA. (D)
Ensemble of 25 lowest energy structures calculated for mRBM20;s13_621) (backbone heavy atoms, orange lines) bound to AUCUUA RNA (all heavy atoms,
purple lines). (E) Lowest energy structure model for the UCUU motif (all heavy atoms, purple sticks) and mRBM20 (residue 520-617, orange cartoon).

RNA bases and protein secondary structure elements are labeled.

to the media, and additionally 2 g/1 3C-glucose was added
for 13C,">N-labelled protein. For stereospecific assignment
of methyl groups, the media was only enriched to 10% (w/w)
3C-glucose. Deuterated protein was grown in 99% (v/v)
D,O with 2 g/1 ?H,"*C-glucose and 1 g/1 "NH4Cl. In all
cases, initial growth of the 500 ml cultures at 37°C was fol-
lowed by induction at an ODyg ny, of 0.6 with 0.25 mM iso-
propyl B-D-1-thiogalactopyranoside (IPTG), and protein
expression continued for 16 h at 25°C. Cells were harvested
by centrifugation at 4500 x g for 20 min at 4°C, resuspended
in lysis buffer containing S mM imidazole, 50 mM Tris (pH
7.5), 500 mM NaCl, 5% (v/v) glycerol and stored at —80°C
in the presence of added lysozyme.

Protein purification

Cells frozen in lysis buffer containing lysozyme were thawed
on ice, with lysis aided by sonication. Soluble protein was
separated from cellular debris by centrifugation at 20 000 x
g for 30 min at 4°C. The supernatant was filtered through
a GD/X 0.7 wm filter (GE Healthcare Life Sciences) and
loaded onto 2 ml Nuvia IMAC Ni-charged resin (Bio-Rad
Laboratories). The resin was then washed with 10 column
volumes of buffer containing 5 mM imidazole, 50 mM Tris
(pH 7.5), 500 mM NaCl, 5% (v/v) glycerol followed by 5
volumes of the same buffer but with 25 mM imidazole. Pro-
tein elution used the same buffer with 500 mM imidazole.
Fractions containing protein were pooled and exchanged



to the initial buffer containing 5 mM imidazole by using
a PD10 desalting column (GE Healthcare Life Sciences).
His-tagged TEV protease (0.1 mg/ml final concentration)
was added for overnight cleavage at 4°C. The protease, hex-
ahistidine tag and any uncleaved protein was removed by
a second passage through the Nuvia IMAC Ni-charged
resin. The purified samples were concentrated with 3 kDa
MWCO Vivaspin centrifugal concentrators (Merck Milli-
pore Corporation) followed by overnight dialysis in 20 mM
sodium phosphate (pH 6.5) and 50 mM NaCl. Samples for
NMR spectroscopy were supplemented with 2 mM dithio-
threitol (DTT) and 10% (v/v) D,O. Samples for isother-
mal titration calorimetry (ITC) included 2.5 mM Tris(2-
carboxyethyl)phosphine (TCEP) in the dialysis buffer. Pro-
tein purity was checked by SDS-PAGE and protein concen-
tration was determined by absorbance at 280 nm with ex-
tinction coefficients obtained using ProtParam (http://web.
expasy.org/protparam).

RNA synthesis

RNA oligonucleotides were synthesized on an Expe-
dite 8909 (PerSeptive Biosystems) from phosphoramidite
monomers, and purified from a mix of butanol and wa-
ter. AUCUUA RNA was also purchased (Sigma-Aldrich).
RNA concentrations were determined by absorbance at 260
nm with extinction coefficients obtained from OligoAnalzer
(https://eu.idtdna.com/calc/analyzer).

NMR spectroscopy

NMR spectra were recorded at 298 K using a Bruker Neo
spectrometer at 700 or 800 MHz, equipped with a stan-
dard triple resonance gradient probe or cryoprobe, respec-
tively. Bruker TopSpin versions 4.0 (Bruker BioSpin) was
used to collect data. NMR data were processed with NMR
Pipe/Draw (49) and analysed with Sparky 3 (T.D. Goddard
and D.G. Kneller, University of California).

Chemical shift assignment

Backbone 'HYN, 'He, 1BCe, BCP, 1BC and ’NH
chemical shifts for mRBM20si3.621y bound to AU-
CUUA were assigned based on a sample of 400 pM
[3C,’SNJmRBM20;s13 ¢21) bound to 480 pM unlabelled
RNA, and used 2D 'H,">N-HSQC, 3D "N-HNCO, 3D
I’N-HNCACO, 3D "N-HNCA, 3D "N-HNCACB,
3D N-CBCACONH, and 3D ! N-HNHA spectra.
Aliphatic side chain protons were assigned based on 2D
'H,*C-HSQC, 3D C(CO)NH-TOCSY, 3D H(C)CH-
TOCSY and 3D (H)CCH-TOCSY spectra. Stereospecific
assignment of leucine and valine methyl groups used a
constant time 'H,'3C-HSQC (50) on a 450 wM protein
sample labelled with 10% (w/w) '3C-glucose in complex
with 560 pM unlabelled RNA. Assignment of sidechain
asparagine 82 and glutamine €2 amides used a 3D PN-
HSQC-NOESY (120 ms mixing time) on a sample of 400
pwM [15N]mRBM20(513,621) with 480 wM unlabelled RNA.

Aromatic 'H and '3C nuclei were assigned based on 2D
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'H,"3C-HSQC and 3D 3C-HSQC-NOESY (150 ms mixing
time). Non-exchanging RNA 'H nuclei were assigned in
99% (v/v) D,O from 290 wM natural abundance AUCUUA
RNA in complex with 300 uM [2H-99%)]1’I1RBM20(513,621)
by using 2D 'H,'H-NOESY (120 ms mixing time) and
'H,'H-TOCSY spectra. Exchanging RNA 'H nuclei
were assigned by using a x2-filtered 2D 'H,'H-NOESY
(150 ms mixing time) at 278 K on a sample of 500 pM
[13C,15N]mRBM20(513,621) bound to 600 }LM AUCUUA.

For the unbound mRBM20si3.621) the backbone
'HN, 1He, Bce, BcB, B¢ and NP chemical
shifts were assigned based on a sample of 400 pM
[13C,15N]mRBM20(513,621) using 2D 1H,lSI\I-HS(QC,
3D N-HNCO, 3D PN-HNCACO, 3D !’ N-HNCA,
3D N-HNCACB and 3D "N-CBCACONH spec-
tra. Aliphatic side chain protons were assigned based
on 2D 'H,C-HSQC, 3D H(C)(CO)NH-TOCSY, 3D
(H)C(CO)NH-TOCSY, 3D H(C)CH-TOCSY and 3D
(H)CCH-TOCSY. Stereospecific assignment of leucine and
valine methyl groups used a constant time 'H,3C-HSQC
(50) on a 100 wM protein sample labelled with 10% (w/w)
3C-glucose. Assignment of sidechain asparagine 32 amdies
and glutamine €2 amides used a 3D "N-HSQC-NOESY
(120 ms mixing time). Aromatic 'H and '*C nuclei were
assigned based on 2D 'H,'3C-HSQC (!*C offset 120 ppm)
and 3D 3C-HSQC-NOESY (120 ms mixing time, *C
offset 125 ppm).

Structure calculation

Structure ensembles were calculated by using Aria
2.3/CNS1.2 (51,52), with final ensembles refined in explicit
water and consisting of the 25 lowest energy structures
from a total of 100 calculated models. Complete refinement
statistics are presented in Table 2.

For the RNA-bound complex, the majority of protein
'H distances were obtained using NOE crosspeaks from 3D
SN-HSQC-NOESY (120 ms mixing time) on a sample of
400 wM [P NJmRBM20 with 480 uM unlabelled RNA, 3D
3C-HSQC-NOESY (150 ms mixing time) on a sample of
300 wM [PNJmRBM?20 with 360 wM unlabelled RNA in
100% D-0, and 2D 'H,'H-NOESY (120 ms mixing time)
on a sample of 450 wM [10%-3C,">’NJmRBM20 with 480
wM unlabelled RNA. RNA-RNA 'H distances were de-
rived from a 2D 'H,'"H-NOESY (120 ms mixing time) spec-
trum using 290 pM natural abundance AUCUUA RNA in
complex with fully deuterated 300 wuM mRBM?20513_621) in
100% D;O. Intramolecular distances were mostly derived
from a x2-filtered 2D 'H,'H-NOESY spectrum (240 ms
mixing time, with a watergate suppression scheme) on a
sample of 300 pM [3C,">NJmRBM20;s;3 621) bound to 360
pM AUCUUA. A similar spectrum was acquired at 278 K
on a sample of 500 uM ["*C,'’>NJmRBM20(s3 21) bound
to 600 .M AUCUUA to identify NOE crosspeaks involv-
ing exchangeable 'H RNA nuclei. Protein dihedral angles
were obtained by using TALOS-N (53) and SideR (54,55).
RNA dihedral angles were based on TOCSY and NOESY
crosspeak patterns. The default parameters of Aria2.3 were
used, except that the number of steps during the dynamics
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section were increased as follows: High-temp with 10 000
steps, Refine with 10 000 steps, Cooll with 15 000 steps,
Cool2 with 15 000 steps. All NOESY spectra peak lists were
processed in the same manner, with spin diffusion correc-
tion used throughout all iterations (correlation time of 9.5
ns used for the spectra at 298 K, and 12 ns for the spec-
trum at 278 K). Following a preliminary structure calcula-
tion, residues within the centre of each a-helix were further
restrained by hydrogen-bond restraints. Starting at iteration
four, residual dipolar coupling (RDC) values were included
based on alignment using the stretched-gel approach (56)
by measuring interleaved spin state-selective TROSY ex-
periments on RNA-bound [*N]-mRBM20;s;3 ¢21). For the
aligned sample, a solution of the complex was added to a 1
cm cylinder of dried 5% 19:1 acrylamide:bisacrylamide and
stretched into an NMR tube by using the NE-373-A-6/4.2
kit (New Era Enterprises). RDC-based intervector projec-
tion angle restraints related to D, and R values of —6 and
0.35, respectively.

For unbound mRBM20s;3 621) the 'H distances were
obtained using NOE crosspeaks from a 3D "N-HSQC-
NOESY (120 ms mixing time) and 3D aliphatic *C-HSQC-
NOESY (120 ms mixing time) using a sample of 400
|J¢M [13C,15N]mRBM20(513,621), a 3D aromatic 13C-HSQC-
NOESY (120 ms mixing time) using a sample of 170 puM
[13C]mRBM20(513,621) in 100% Dzo, and a 2D lI‘I,IH-
NOESY (120 ms mixing time) using a sample of 500 pM
natural abundance mRBM?20s13621). Protein dihedral an-
gles were obtained by using TALOS-N (53) and SideR
(54,55). Spin diffusion correction used a correlation time of
13 ns.

Relaxation measurement

SN relaxation data were acquired at 298 K and a field
strength of 700 MHz. {'H}-"°N heteronuclear NOE spec-
tra were recorded with and without 3 s of proton saturation.
The resulting values represent the average and standard de-
viation of two independent measurements.

Isothermal titration calorimetry

Measurements were performed on an iTC200 mi-
crocalorimeter (Malvern Panalytical) at 298 K with a
stir rate of 600 rpm and recorded with high sensitivity.
The samples were dialysed overnight in 20 mM sodium
phosphate (pH 6.5), 50 mM NaCl and 2.5 mM TCEP
prior to ITC experiments, and the same dialysis buffer
was used to dilute protein and RNA samples. The cell
contained target concentrations of 40 or 80 uM RNA,
with target syringe concentrations of 400 or 800 uM
protein, respectively (details in Supplementary Figure S2).
After an initial delay of 120 s, a first injection of 1 ul was
followed by 12 injections of 3 ul, with a delay of 120 s
between each injection. Data processing used NITPIC
(57,58) to integrate the titration points, and SEDPHAT
(59) to perform the curve fitting. The values in Table 2
present averages and standard deviations from at least two
independent measurements. The graph in Figure 1C was
prepared by using GUSSI (60).

RESULTS
RNA-binding by the RRM domain of RBM20

In order to first determine the boundaries of the construct
to be produced for structural studies, we looked at sequence
conservation around the RRM domain for RBM20 us-
ing ConSurf (61,62) within the PredictProtein server (63)
(Figure 1A). The N-terminus of the RRM domain was
clearly defined at the glycine preceding strand B1, Gly519
in mRBM20, whereas the C-terminal limit of conservation
extended to Arg621 and therefore past the residues required
for a typical RRM domain (Lys603 in mRBM20). To pre-
vent unwanted truncation, we thus included six additional
residues at the N-terminus and 18 additional residues at the
C-terminus (Figure 1A). This construct derived from mouse
RBM20 (hereafter mRBM20s13621)) produced soluble pro-
tein and displayed NMR spectroscopy data consistent with
a folded domain (Figure 1B, black spectrum; Supplemen-
tary Figure S1).

Our choice for RNA ligand was based on previous
studies that have identified UCUU as an enriched RNA
motif in RBM20-based PAR-CLIP of HEK?293 cells and
HITS-CLIP on rat cardiomyocytes (32). In particular, the
UCUU sequence in Ryr2 is required for direct interaction
by RBM20 (32), and therefore we have selected a ligand
based on this sequence. To help with synthesis and purifi-
cation of the RNA oligonucleotide, we have included an
extra adenosine at the 5" and 3’ ends of the motif derived
from the Ryr2 sequence. ITC using this AUCUUA RNA
with mRBM20(s513_¢21) shows a 1:1 interaction with a Kp of
5.7 uM (Figure 1C, Table 1). To provide additional details
of binding specificity we performed a series of ITC mea-
surements in which we made conservative mutations of the
RNA ligand in which each base was mutated to the other
purine or pyrimidine, respectively (Table 1). There were no
significant changes in affinity upon mutation of the first or
last base to guanine, in keeping with the primary impor-
tance of the central UCUU motif. Changing the first uracil
of the motif to cytosine resulted in only a twofold increase
in Kp (13 wM versus 5.7 wM). In contrast, mutation of each
base in the remaining CUU sequence resulted in larger Kp
increases of 16-36 times that of the original motif (Kp val-
ues of 95-210 pM).

Despite the relatively modest affinity to AUCUUA RNA,
we found that addition of this ligand to '>N-labelled
mRBM20513_¢21) resulted in clear backbone amide chem-
ical shift perturbation for a majority of the residues (Figure
1B, red spectrum). This effect is consistent with the forma-
tion of a stable and intimate protein-RNA complex, and in
fact involves a greater number of residues than would be ex-
pected for the simple binding of the RNA to one face of the
domain. Given the high quality of the resulting spectrum we
decided to proceed directly to determine the atomic struc-
ture of the mRBM20 RRM domain bound to AUCUUA
RNA.

Molecular details of RNNA binding to RBM20

Using a combination of distance, dihedral and residual
dipolar coupling restraints, we determined an ensemble
of 25 structures for mRBM20;s13_621) bound to AUCUUA



Table 1. Isothermal titration calorimetry (ITC) measurements

Nucleic Acids Research, 2020, Vol. 48, No. 8 4543

Protein RNA Ky (M) AH (kcal/mol) AS (cal/mol-K)
mRBM20(513,621) AUCUUA 5.7 £02 —19.7 £ 0.5 —42 £ 2
mRBM20s13 621 GUCUUA 4.0 £ 0.1 —21.0 £ 0.5 —46 £ 2
mRBM?20s13621) ACCUUA 13+ 2 —17 £ 1 —-36 + 4
mRBM20s13-621) AUUUUA 140 £ 30 —-10 £ 1 -18 x4
mRBM20s13 621 AUCCUA 210 + 3 —9+2 —14+38
mRBM20s13-621) AUCUCA 95 + 1 —27.0 £ 0.2 -72 £ 1
mRBM20(513 21 AUCUUG 4.8 + 0.1 —188 + 04 ~39 +2
mRBM20s13 621, H523A AUCUUA 67 + 12 —37+4 —104 £ 15
mRBM20(513 621)N526A AUCUUA 9+ 1 —19 £ 1 —40 £5
mRBM20(s513 621 V5371 AUCUUA 103 + 0.7 —18.6 + 04 —40 £ 1
mRBM20(s13_621,Q558A AUCUUA 34 £ 0.7 —174 £ 04 —34+2
mRBM20(s513-621)F560A AUCUUA 156 £ 6 -29+2 -80 x5
mRBM20s13 621,Q577A AUCUUA 6.6 £ 0.8 —2+1 —50 £+ 3
mRBM20(513_621)R591TM AUCUUA 124 £ 06 —223 £ 0.34 -52+1
mRBM20513-621)R595M AUCUUA 293+ 0.3 —29.1 £ 0.8 -77+3
mRBM20513 621 YS96A AUCUUA 74 + 13 —6£1 045
mRBM20s13_609) A3 AUCUUA 43 + 1 —162 £ 0.2 -35+1
mRBM20513_649)+RS AUCUUA 43+ 04 -17+2 -33+7
mRBM20(513,621) vIRES-SL? 8+ 1 —6.7 £ 0.6 1+£2

1GGGACCUGGUCUUUCCAGGUCCC (derived from PDB ID 2N30 in which the underlined sequence base-pairs to form the stem).

RNA (Figure 1D, Table 2). The most notable feature in the
complex is the presence of an additional C-terminal helix
(a3) that follows the canonical RRM fold (Figure 1E). The
atomic details also illustrate specific interaction between
all four bases in the UCUU motif with either sidechain or
backbone atoms of mRBM20(s13 ¢21).

Starting with the first uridine, U2 in the structure, the
uracil base makes hydrophobic contacts to Leu589 and hy-
drogen bonds to the side chain of Asn526. Further contacts
are made between Arg591 and the backbone 5 phosphate
(Figure 2A). Mutation of N526A results in only a small de-
crease in affinity (Kp of 9 wM; Table 1) in keeping with
the mild specificity for uracil. The base of the sole cyto-
sine, C3, stacks onto His523 and the mutation H523A re-
duces affinity by a factor of 12 (Kp of 67 wM; Table 1). The
cytosine-specific amino group is recognized by a hydrogen
bond from the sidechain of Thr594, with additional hydro-
gen bonds from Ser593 and the backbone amide of Thr594
(Figure 2B). The 5" phosphate of C3 is in contact with the
sidechains of GIn558 and Arg595, but only mutation of Arg
affects binding affinity (Table 1, Kp of 29.3 uM for R595M
versus Kp of 3.4 uM for Q558A). The U4 base stacks onto
Phe560, with mutation F560A resulting in an increased Kp
of 156 wM (Table 1). In RBM20, there is notable binding
affinity to the ribonucleotide granted by residues in the pep-
tide linker that lies on top of the bound RNA. For the base
of U4, a pair of hydrogen bonds from the backbone atoms
of GIn600 aids in uracil specificity (Figure 2C). In addition,
the aromatic ring of Tyr596, along with the sidechain of
Phe560, defines a hydrophobic cleft which contacts hydro-
gens HS5 and H6 of U4. Removal of the tyrosine aromatic
ring in Y596A increases the Kp to 74 wM (Table 1).

Compared to the canonical recognition of C3 and U4
bases across the strands B1 and B3, the final uracil in the
motif, US, binds in an atypical position between strand 32
and the loop before the extra C-terminal helix (Figure 2D).
Hydrogen bonds from the backbone carbonyl of Leu552
and the backbone amides of Lys602 and Lys603 appear to
guide specificity for the uracil base in this position. Due to

the involvement of backbone atoms in this recognition, a
simple site-directed mutation strategy can not be used to
perturb binding of US5.

The C-terminal helix is required for RNA binding

Based on the structure of the RNA-bound complex, the ex-
tra C-terminal helix o3 in mRBM20s;3 621y likely plays a
role in the recognition of the 3’ uridine of the UCUU motif.
By quantifying the change in 'H,">N amide crosspeak po-
sitions from the two spectra in Figure 1B, it is evident that
addition of AUCUUA RNA causes widespread perturba-
tion throughout mRBM20,s513_¢21) (Figure 3A). The changes
caused by ligand binding naturally include residues that lie
below and above the bound RNA and are in direct con-
tact with the ribonucleotides (Figure 3B). However, there is
also significant chemical shift perturbation for all residues
within the C-terminal helix, despite the fact that this helix
lies distant to the bound RNA, on the opposite side of the
RRM domain (Figure 3B).

To gain further insight into the mechanism of RNA bind-
ing at the level of individual residues, we performed a se-
ries of titrations followed by NMR spectroscopy (Supple-
mentary Figure S3). Starting with mRBM?20513-621, we fol-
lowed the binding of the first and last uracil base within AU-
CUUA RNA by changes in 'H,'>’N-HSQC crosspeak posi-
tions for Leu589 and Gly605, respectively (Figure 3C). In
addition, we find that residues distal to the RNA binding
surface, but in contact with helix o3, are similarly affected
by the ligand (Gly541 and Gly545; Figure 3C).

From our initial characterization of RNA binding to
mRBM20513¢21) we noted that changing the terminal
uracil to cytosine reduced binding affinity (Table 1).
When we followed titration of mRBM20(s13 ¢21) with this
AUCUCA RNA, the corresponding 'H,"’N-HSQC shows
that RNA still induced changes in Leu589 (Figure 3D).
Therefore, the first uracil in AUCUCA is likely still rec-
ognized by RBM20. In contrast, the Gly605 crosspeak is
unperturbed, implying that the introduced cytosine in posi-



4544 Nucleic Acids Research, 2020, Vol. 48, No. 8

Table 2. NMR and refinement statistics for the RNA-bound and un-
bound RBM20(513 621)

AUCUUA
bound Unbound
mRBM20 mRBM20
Number of structures 25 25
Distance constraints
Total 3693 2838
Protein intraresidue 929 823
Protein interresidue
Sequential (Ii —j1 = 1) 442 385
Short range (1 < li —jl < 4) 199 177
Medium range (3 < li—jl < 6) 79 76
Long range (li —j1 > 5) 398 336
RNA 104 -
Intermolecular 69 -
Ambiguous? 1445 1041
Hydrogen bonds 28 -
Total dihedral angle constraints
Protein 254 224
RNA 28 -
Residual dipolar couplings
"Dun 82 -
Structure statistics
Violations (mean and SD)
Distance constraints (10\)b 0.018 + 0.000 0.020 £ 0.001
Dihedral angle constraints (°)° 1.48 + 0.06 1.40 £+ 0.07
Residual dipolar couplings, Q4 0.24 £+ 0.01 -
Deviations from idealized geometry
Bond lengths (A) 0.004 £ 0.000 0.004 £ 0.000
Bond angles (°) 0.54 + 0.01 0.51 £ 0.02
Impropers (°) 1.41 £ 0.04 1.5 £ 0.1
Ramachandran plot (%)°
Most favoured 93.5(88.4) 95.6 (82.1)
Additionally favoured 6.3 (10.1) 4.4 (14.5)
Generally allowed 0.2 (0.6) 0.0 (1.8)
Disallowed . 0.0 (0.8) 0.0 (1.5)
Average pairwise rmsd (A)
Protein backbone 2° structure 0.25 £+ 0.04 0.20 £ 0.04
Protein heavy 2° structure 0.56 £+ 0.06 0.56 + 0.07
Protein backbone all 1.5+ 0.2 32+ 0.8
Protein heavy all 1.9 £02 3.6 £ 0.8

a4 A standard class of distance restraints in Aria2.3, derived from cases in
which the peak volume is contributed by two or more overlapping NOE
crosspeaks

bNo violations >0.5 A.

“No violations >10°.

dCalculated for each structure in the ensemble using the method described
by (73).

¢Determined by using PROCHECK-NMR (74). Main values display het-
NOE > 0.5 and include residues 520-617 for the bound form, and 520-598
for the unbound form. Values that include all residues are in parentheses.

tion 5 is no longer able to interact with the protein (Figure
3D). At the same time, the crosspeaks of Gly541 and Gly545
are also unaffected by RNA binding (Figure 3D). Together,
the data indicate that changing the terminal uracil to cy-
tosine prevents interaction with mRBM?20s13621) and that
this loss in binding also prevents chemical shift perturba-
tion for residues in the C-terminal helix. As a control, the
titration of mMRBM20s3- 621) with RNA hgand AUCUUG,
in which the final adenine is replaced by guanine and affin-
ity is maintained, does not affect the binding behaviour in
the measured NMR spectra (Figure 3E).

We next designed a truncated form,
mRBM20513-609)Aa3, in which only the 3 helical re-
gion has been removed, but all RNA-binding residues are

Figure 2. Molecular recognition of the UCUU motif by the RBM20 RRM
domain. (A-D) Close up views of the intermolecular contacts between
mRBM20(513,621) and (A) UZ, (B) C3, (C) U4 and (D) U5 of the UCUU
motif. On the left of each panel the contacts are indicated using the lowest
energy structure, on the right is a schematic illustration showing the same
contacts.

retained. From ITC measurements, the loss of a3 results in
a decreased affinity by a factor of eight (Kp of 43 pM; Table
1), supporting a key role for this helix in RNA recognition.
When the mRBM20(513,609)AOL3 mutant is titrated with
AUCUUA RNA, the corresponding 'H,">"N-HSQC NMR
data show that the overall domain fold is retained, and that
Leu589 still reports on binding by the first uracil (Figure
3F). In contrast, the Gly605 crosspeak is unperturbed,
implying that there is no interaction between the protein
and the final nucleotide in the RNA motif even though
the preferred uracil base is present (Figure 3F). This lack
of perturbation once again extends to the crosspeaks of
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Figure 3. Helix a3 and nearby residues are affected by RNA binding.
(A) Backbone amide chemical shift perturbation (AdgnN) resulting from
AUCUUA binding to mRBM20(513_¢>1y from the spectra shown in Fig-
ure 1C, calculated as ((ASpn)?+(0.14*Adx)?)?. Secondary structure ele-
ments of RNA-bound mRBM20513 41y are shown above the histogram.
(B) Residues with Adyn N greater than the average (0.23 ppm) are coloured
red on the same views of RNA-bound mRBM20;s;3 621y as shown in Fig-
ure 1E. (C—F) Selected regions of the 'H,'>N-HSQC spectra from 100 uM
[*NJmRBM20(s13 621 titrated with 0, 20, 40, 60, 80 and 100 uM RNA.
The locations of Leu589, Gly605, Gly541 and Gly545 backbone amides in
mRBM20s513 621 is indicated in (C). Complete spectra are shown in Sup-
plementary Figure S3.
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Gly541 and Gly545 (Figure 3F). The results indicate that
although the C-terminal helix does not directly interact
with the RNA, the helix is nonetheless required to form the
binding site for the final uracil base in the motif. In addi-
tion, the RNA-induced chemical shift changes observed for
Gly541 and Gly545 requires the presence of the C-terminal
helix. We therefore hypothesize that helix 3 may not be
a constant part of the RBM20 RRM domain, but may be
selectively stabilized only when the final uridine is present
in the RNA motif.

The C-terminus is disordered in the unbound state

To determine the nature of helix a3 in the unbound state,
we calculated an ensemble of NMR-based structures for
the free mRBM20s13-621) (Figure 4A, Table 2). The core
RRM fold is nearly identical between the bound and free
states with backbone rmsd of 0.01 A for residues 520—
598 calculated between the two ensembles using Super-
Pose (64). In contrast, the C-terminal region in unbound
mRBM20(s513 ¢21) clearly lacks a stable helical fold (Fig-
ure 4B). This region instead displays increased disorder as
compared to the RNA-bound state, and by NMR spec-
troscopy is more flexible (Figure 4C). A small plateau of
similar backbone dynamics for a stretch of residues in the
C-terminus might correspond to a transient helix for the un-
bound mRBM20(s13 ¢21). A very slight helicity in the o3 re-
gion in the free state is also indicated upon analysis of back-
bone *Ca secondary chemical shifts (Figure 4D). Upon
binding RNA, the helix a3 region and preceding loop shifts
towards less dynamics to form the RNA-bound complex.

Residues implicated in disease have little effect on RNA bind-
ing

Most of the RBM20 mutations implicated in cardiomyopa-
thy are localized within the RS region, and these mutants
mainly disrupt nuclear localization (41). To see if the addi-
tion of the RS region could in general affect RNA binding,
we prepared a construct with the C-terminus extended to
residue 649. This longer construct had the same affinity to
AUCUUA RNA as mRBM20(531_621) (KD of 4.3 I.LM com-
pared to 5.7 wM; Table 1). The similar Kp values rule out
a significant contribution to RNA binding by the RS re-
gion, at least for the unphosphorylated protein, and there-
fore mutations in this area would likely not act via simple
changes in RNA binding. The only RRM domain mutant
with possible link to disease, V5371, is located distant to the
RNA-binding surface but is close to the area contacted by
the C-terminal helix, as well as to Leu552 whose backbone
amide is involved in US5 recognition (Supplementary Figure
S4). By ITC, the affinity of V5371 to AUCUUA RNA shows
a modest two-fold reduction (Kp of 10.3 wM; Table 1).

Structural similarity to polypyrimidine tract-binding protein

Given the importance of the added C-terminal helix in the
RBM20 RRM domain, we searched for other RRM do-
mains that may use the same RNA-binding mechanism.
The only candidate we found was the first RRM domain
of polypyrimidine tract-binding protein (PTBP1) bound to
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Figure 4. The helix a3 region is disordered in unbound mRBM20(513_¢21).
(A) Ensemble of 25 lowest energy structures calculated for unbound
mRBM20s513-621) (backbone heavy atoms, orange lines). (B) Lowest en-
ergy structure model for mRBM?20 (orange cartoon). Protein secondary
structure elements are labelled. The location of a3 in the RNA-bound
complex is also indicated. (C) Flexibility of the backbone amides as mea-
sured by {' H}'>N hetNOE of the unbound (black) and RNA-bound (red)
[15N]mRBM20(51 3-621). The secondary structure elements of RNA-bound
mRBM20(513-621) is also shown. Residues with {"H}'>N hetNOE values

<0.5 are considered to be disordered. (D) '3Ca secondary chemical shift
(Ad) of the unbound mRBM20(513_621) compared to a disordered peptide
as predicted by using ncIDP (75). The secondary structure elements of
RNA-bound mRBM20(513_621) are indicated by grey boxes.

a viral internal ribosome entry site (VIRES) stemloop RNA
(PDB ID 2N30; (65). A sequence similarity was also previ-
ously identified in the RNP1 motifs of RBM20 and RRM1
of PTBP1 (66). In both RNA-bound structures, a UCUU
sequence is involved in the interaction with a conserved hy-
drogen bond network to the CUU bases (Figure 5SA, B).
The 3’ uracil base in both cases is recognized by a hydro-
gen bond from the uracil O2 oxygen to a backbone amide
within strand 32 (Leu552 in RBM20, and Lys92 in PTBP1;
Figure 5B). Additional hydrogen bonds connect oxygen O4
to backbone amides in the loop preceding helix a3 (Figure
5B), although for PTBP1 these hydrogen bonds are present
in only a subset of the ensemble. Despite the presence of a3
in both structures, the sequence conservation is low in the
region C-terminal to the core RRM fold (Figure 5C, D).
Most residues that lie atop the bound RNA differ between
RBM?20 and PTBP1 RRMI1 (Figure 5D, left). More notice-
able is that the C-terminal helix is significantly shifted be-
tween the two structures, although the overall path of the
C-terminal residues is similar (Figure 5D, right). In terms
of the RNA ligand, a difference between the two complexes
is that RBM20 is bound to a short single-stranded RNA,
whereas PTBP1 RRM1 binds UCUU within the loop of
the VIRES stemloop. In the vIRES stemloop the first uri-
dine is part of a U:U base pair within the stem structure,
and thus can not be bound in the same orientation as with
the ssRNA ligand. Using ITC we nevertheless find that
mRBM20513¢21) can also interact with the VIRES stem-
loop UCUU with almost the same affinity as for ssSRNA
(Kp of 8 wM verses 5.7 wM; Table 1).

DISCUSSION

We have demonstrated in atomic detail the way in which the
RRM domain from RBM20 is specific for the UCUU RNA
sequence. Each base in the motif is recognized by the RRM
domain, with an atypical binding of the final uridine nu-
cleotide coupled to stabilization of a C-terminal helix (Fig-
ure 6A). These results establish the RRM domain as a ma-
jor determinant of the RNA binding specificity of RBM20,
and a basis of UCUU enrichment in target pre-mRNA.

The main finding from the structural studies is the un-
usual role of the C-terminal helix in RNA recognition. De-
spite its importance in RNA binding, helix o3 itself does not
directly interact with the uridine nucleotide in the complex,
but instead packs against B2 and helix a1l of the core RRM
domain. This finding is notable since the low affinity bind-
ing by truncated construct mRBM20s13 609y A3, in which
this helix is removed, nonetheless retains all of the residues
and backbone atoms that directly contact RNA.. In this con-
text, the helix mainly represents an additional but key point
of stabilization for the loop residues that directly contact
RNA. This model explains the lack of sequence conserva-
tion between the C-terminal helices of RBM20 and PTBP1
RRM1 (Figure 5C).

An absolute need for residues C-terminal to the canonical
RRM fold means that exon 8 of RBM20 is a required part
of the functional RRM domain. The functional RRM do-
main from RBM?20 therefore consists of the region stretch-
ing from exon 6 to exon 8§, followed directly by the RS
domain encoded by exon 9 (Figure 6B). This situation is
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Figure 5. Structural similarity to RNA-bound PTBP1 RRMI. (A) Car-
toon representation of protein-RNA complexes involving mRBM20 RRM
domain (left) or hPTBP1 RRMI (right, from PDB ID 2N30) bound to
RNA containing a UCUU motif. Hydrogen bonds to the bases are shown
as dashed lines. (B) Close-up views from (A) of hydrogen bonds to U4
and U5 in the RBM20 complex, and the corresponding interactions with
PTBP1 RRMI1. The hydrogen bonds from Asp139 and Ser140 to uracil
in the PTBP1 structure, indicated by thin black dashed lines, are only
present in a subset of structures within the ensemble. (C) Sequence align-
ment of mouse RBM20 RRM and human PTBP1 RRMI1, with identical
residues highlighted in yellow. Protein secondary structure elements are
shown from each RNA-bound complex. (D) Conserved residues from (C)
are coloured yellow on the model of RNA-bound mRBM20(513_621) using
the same views as in Figure 1E. The conserved Lys-Glu-Leu region found
in the B5-a3 loop of both proteins is indicated as K~E-L. On the right, the
C-terminal residues of both mRBM20 (orange) and hPTBP1 (light green)
are shown in cartoon representation, with the core RRM domain fold as
a surface representation.
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Figure 6. Model of RNA binding by RBM20. (A) In the unbound state, the
RRM domain from RBM20 has a disordered C-terminus. Upon binding
with an RNA ligand containing the sequence UCUU, the 3’ uracil com-
bines with formation of a C-terminal helix to stabilize the protein-RNA
complex. (B) The C-terminal a3 helix is encoded by exon 8 of the rbm20
gene, in between exons 6 and 7 that encode the canonical RRM domain
fold, and the RS domain in exon 9.

shared with PTBP1 RRM1, in which the C-terminal helix
is also encoded by the exon that follows the canonical RRM
domain.

It is anticipated that additional domains in RBM20, as
well as interaction with other proteins, help to further re-
strict RNA binding to specific motifs in target pre-mRNA.
For example, the two zinc finger domains in RBM20 may
contribute directly to RNA binding. The C-terminal zinc
finger is essential for RBM20 function (37), however so far
neither of the two zinc fingers have been shown to bind
RNA. The RS domain is required for nuclear localization
(41) and likely mediates protein-protein interactions (32).
We have shown that inclusion of the unphosphorylated RS
domain does not directly affect affinity to AUCUUA RNA
(Table 1).

Determination of RBM20 binding sites may also be
dictated by additional splicing factors that bind to the
same pre-mRNA. The polypyrimidine tract-binding pro-
tein PTBP1 has been found to co-regulate splicing with
RBM20 for FHOD3 pre-mRNA (34), and also towards a
mini-gene reporter based on titin (37). This co-regulation
could be explained by proximal binding of RBM20 and
PTBPI1 on the pre-mRNA. Both proteins display a simi-
lar preference of UC-rich motifs, and in this study we have
found similarity in UCUU binding mechanisms between
RBM20 and RRM1 of PTBPI (Figure 5). RBM20 can
equally recognize this RNA motif in short single-stranded
RNA as well as in the context of a loop in stemloop RNA
(Table 1), but it is possible that protein-protein interac-
tions between RBM20 and PTBPI could help define dis-
crete high-affinity binding sites on the target pre-mRNA.
However, a direct interaction between the two proteins has
not yet been observed. Alternately, RBM20 and PTBP1
could independently contribute to splicing efficiency, and in
this case additional structural features, other splicing fac-
tors, or surrounding sequence elements in the pre-mRNA
may help refine RBM20 and PTBP1 binding sites.
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RBM?24 is another protein factor found to co-regulate
splicing with RBM?20, in this case towards. inclusion of
exon 11 from Enh pre-mRNA (35). A direct interaction was
found in vitro between the full-length RBM20 and RBM24
proteins, and a cooperative binding by both proteins might
help define target specificity to the region upstream of exon
11. In support of functional cooperativity, single mouse
knockouts of RBM20 or RBM24 have only minimal effect
on exon 11, whereas simultaneously increasing or decreas-
ing RBM20 and RBM?24 shifts Enh towards the long or
short isoform, respectively (35).

Our molecular study of RNA binding by the RBM20
RRM domain helps in the understanding of binding site
specificity, but the long residence time of RBM20 on pre-
mRNA targets such as titin (28) suggests the contribution
of additional elements that stabilize the protein—-RNA com-
plexes. These additional contacts could include regions of
RBM20 that mediate RBM20-RBM?20 contacts, as well as
possible contacts to proteins such as PTBP1 and RBM24.

The C-terminal helix in RBM20 RRM domain is criti-
cal to RNA selectivity, but the reverse is also true: bind-
ing of a high affinity UCUU motif is required to form the
C-terminal helix. As a consequence, only by binding the
complete motif would the residues following the canonical
RRM domain condense into a stabilized helix. This trig-
gered effect would reduce the distance to the following RS
region in RBM20, and also alter the accessible surface fea-
tures on the RRM domain that could either create or inhibit
interaction with auxiliary binding partners.

In a broader sense, the RNA-binding mechanism of the
RBM20 RRM domain further adds to the impressive di-
versity of structural features used by the family of RRM
domains to interact with their ligands (reviewed in (67—
69)). Such variety includes the region on the RRM do-
main involved in binding the ligand, as well as appended
secondary structure elements key to specificity and affinity.
For RBM20, the key aspect of helix formation upon bind-
ing RNA is uncommon. Some similarity can be seen in the
linker region between the RRM and Leucine-Rich Repeat
(LRR) domains of the export factor TAP which forms a he-
lix upon binding the constitutive transport element (CTE)
RNA (70). In the case of the La family protein p65, the C-
terminal RRM domain also uses an appended helix a3 to
interact with RNA. This C-terminal helix is already present
in the absence of the ligand, but interaction with the telom-
erase stem IV RNA is coupled with extension of the helix by
at least 14 residues (71). Outside of the RRM family, other
RNA-binding proteins can be found for which ligand inter-
action helps to stabilize a helical fold. One such example is
the RNA-binding domain of the transport factor PHAX,
which undergoes substantial stabilization of its helical fold
upon interaction with a range of RNA ligands (72).

Given the diversity of ligand binding strategies already
observed within the family of RRM domains, it is likely
that the structure determination of additional RRM do-
main complexes will reveal even more variation.

DATA AVAILABILITY

The structure ensemble of mRBM?20,513_621) bound to AU-
CUUA RNA has been deposited at the Protein Data Bank

(http://'www.ebi.ac.uk/pdbe/) with accession ID 6SO9. The
ensemble of structures for unbound mRBM20(s513621) has
also been deposited, with accession ID 6SOE. Chem-
ical shift assignments for RNA-bound and unbound
mRBM20513.¢21) have been deposited in the Biological
Magnetic Resonance Data Bank (http://bmrb.wisc.edu/)
under BMRB accession numbers 34428 and 34429, respec-
tively.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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