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Abstract
The heterogeneous nuclear ribonucleoprotein (hnRNP) R-like family is a
class of RNA binding proteins in the hnRNP superfamily with diverse func-
tions in RNA processing. Here, we present the 1.90 Å X-ray crystal structure
and solution NMR studies of the first RNA recognition motif (RRM) of human
hnRNPR. We find that this domain adopts an extended RRM (eRRM1) fea-
turing a canonical RRM with a structured N-terminal extension (Next) motif
that docks against the RRM and extends the β-sheet surface. The adjoining
loop is structured and forms a tryptophan cage motif to position the Next

motif for docking to the RRM. Combining mutagenesis, solution NMR spec-
troscopy, and thermal denaturation studies, we evaluate the importance of
residues in the Next–RRM interface and adjoining loop on eRRM folding and
conformational dynamics. We find that these sites are essential for protein
solubility, conformational ordering, and thermal stability. Consistent with
their importance, mutations in the Next–RRM interface and loop are associ-
ated with several cancers in a survey of somatic mutations in cancer stud-
ies. Sequence and structure comparison of the human hnRNPR eRRM1 to
experimentally verified and predicted hnRNPR-like proteins reveals con-
served features in the eRRM.

KEYWORDS
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denaturation, Trp-cage

1 | INTRODUCTION

Heterogeneous nuclear ribonucleoproteins (hnRNPs)
are RNA-binding proteins with diverse functions in cel-
lular processes (Dreyfuss et al. 1993). Of these, the
hnRNPR-like family is broadly involved in RNA proces-
sing and includes hnRNPR, hnRNPQ (also known as
SYNCRIP and NASP1), dead end protein 1 (DND1),
RBM46, RBM47, APOBEC1 complementation factor
(A1CF), and GRY-RBP (Lau et al. 2001). hnRNPR
plays essential roles in splicing and transcription regu-
lation (Agbo et al. 2021; Briese et al. 2018; Fukuda

et al. 2009; Ji et al. 2022; Jiang et al. 2023; Kabat
et al. 2009; Wang et al. 2024). In mammals, the major
isoform of hnRNPR consists of a predicted N-terminal
α-helical bundle (NαB), three tandem RNA recognition
motifs (RRMs), and a C-terminal RGG-box domain
(Han et al. 2010) (Figure 1a). A second isoform is also
expressed in which the NαB is absent (Ghanawi
et al. 2021; Huang et al. 2005; Peng et al. 2009). Highly
expressed in the nervous system (Rossoll et al. 2002),
hnRNPR function is critical to axonal growth and neuro-
nal development (Briese et al. 2018; Glinka et al. 2010;
McWhorter et al. 2003; Zare et al. 2024). Deletion of
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RRM1 and RRM2 impaired β-actin content in growth
cones and neurite growth (Rossoll et al. 2003). Overex-
pression and/or dysfunction of hnRNPR is linked to spi-
nal muscular atrophy (Gascon et al. 2024; Gillentine
et al. 2021; Hu et al. 2024; Jiang et al. 2023) and cancer
metastasis (Chen et al. 2019; Li et al. 2022; Wang
et al. 2024; Yang et al. 2023). Mutations in the
C-terminal RGG-box are associated with developmental
disorders (Duijkers et al. 2019; Gillentine et al. 2021).
hnRNPR interacts with proteins such as Yb1 (Ghanawi
et al. 2021), SMN (Rossoll et al. 2002), HMGC (Agbo
et al. 2021), and ALS-associated proteins TDP-43 and
FUS (Gascon et al. 2024). hnRNPR has several identi-
fied RNA substrates including MHC class I mRNA
(Reches et al. 2016), β actin mRNA (Glinka et al. 2010),
UPF3B mRNA (Wang et al. 2024), ASCL1 mRNA
(Hu et al. 2024), and 7SK noncoding RNA (Briese
et al. 2018; Briese and Sendtner 2021; Ji et al. 2021; Ji
et al. 2022). Prior studies indicate that the first two RRMs
are the primary RNA recognition sites (Rossoll
et al. 2002; Rossoll et al. 2003; Wang et al. 2024).

Despite its significance, remarkably little is known
regarding the structural and biophysical properties of
hnRNPR. While an hnRNPR AlphaFold2 (AF2) pre-
dicted structural model is available, the only experimen-
tally determined high-resolution structure is a solution
NMR structural ensemble of RRM3 (PDB ID 2DK2).
Canonical RRMs consist of an antiparallel β-sheet com-
posed of four to five β-strands, with two α-helices that
lie underneath the β-sheet (Maris et al. 2005). The
β-sheet surface serves as the RNA recognition site,
with conserved ribonucleoprotein (RNP) sequence
motifs on β1 (RNP2) and β3 (RNP1) that typically con-
tain aromatic and/or basic residues (Maris et al. 2005).
RRMs are frequently decorated with secondary struc-
ture elements at the N- and/or C-termini to promote
RNA and/or protein substrate recognition and specific-
ity (Daubner et al. 2013; Eichhorn et al. 2018; Maris
et al. 2005; Singh et al. 2012). In particular, the U1-70K
spliceosomal protein contains an RRM with an
N-terminal α-helix, which improves RNA binding speci-
ficity and affinity (Gopan et al. 2022). The first RRM of

F I GURE 1 The first RNA binding domain of hnRNPR is an eRRM. (a) Domain topology of human hnRNPR. (b) 1H-15N HSQC spectrum of
WT eRRM1 construct shows well-folded protein at 25�C. (c) 1.90 Å X-ray crystallographic structure of WT eRRM1 shows Next (colored gold) and
RRM (colored orange) motifs. (d) Electrostatic surface potential map of the buried interface between the RRM and Next motifs show a charged
interface. (e) Key residues participate in hydrogen bonding and hydrophobic interactions at the Next–RRM interface.
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DND1 and hnRNPQ contains an N-terminal α-helix and
β-hairpin, which contribute to the RNA binding surface
(Duszczyk et al. 2022; Hobor et al. 2018). All three atypi-
cal RRMs have been named extended RRMs (eRRMs)
to denote their N-terminal secondary structure extension.

The tryptophan cage is one of the smallest protein
motifs, requiring approximately 18–20 aa residues to
adopt a stable folded structure (Neidigh et al. 2002).
Comprised of hydrophobic residues that organize
around a central tryptophan residue, the tryptophan
cage motif was first identified in the C-terminus of the
exendin-4 peptide (Neidigh et al. 2001). This motif was
isolated and stabilized through a series of substitutions
to generate the Trp-cage peptide (Neidigh et al. 2002).
The Trp-cage peptide is a model system for protein
folding studies owing to its fast folding kinetics, with
numerous computational and NMR studies (Meuzelaar
et al. 2013; Zhou 2003). However, this motif has not
been identified within a naturally occurring protein, or
within a folded domain.

Here, we combine X-ray crystallography, solution
NMR spectroscopy, thermal denaturation studies, and
mutagenesis to determine the structure and conforma-
tional dynamics of the first RRM of the human hnRNPR
(Hs-hnRNPR). We find that this domain is an eRRM
consisting of an N-terminal extension (Next) motif docked
to a canonical RRM with structural similarity to hnRNPQ
and DND1 eRRMs. Features include a structured loop
connecting the Next to the RRM that organizes around a
tryptophan residue in the β-sheet, forming a tryptophan
cage motif that is conserved among hnRNPR-like pro-
teins. Residues at the Next–RRM interface, as well as in
the connecting loop, are highly conserved among mem-
bers of the hnRNPR-like family. N-terminal truncations
or substitutions to residues in the Next–RRM interface
result in reduced protein solubility, reduced thermal sta-
bility, and increased conformational dynamics. Similarly,
substitutions within the tryptophan cage result in
reduced thermal stability and increased conformational
dynamics, showing the importance of this motif in eRRM
folding. Importantly, residues identified in this study to be
important for protein folding are correlated with cancer-
related missense mutations, suggesting a role in human
health and disease. Together, this study characterizes
features that define the eRRM1, identifies the tryptophan
cage as a naturally occurring motif, and demonstrates
the importance of stable association of the Next with the
RRM for eRRM folding.

2 | RESULTS

2.1 | Structure of the first RRM domain
of hnRNPR is an extended RRM

Constructs of the first RRM domain of hnRNPR were
designed with N- and C-terminal boundaries determined

from sequence comparison to hnRNPR-like proteins
and the AF2 predicted model (Figure S1). Human
hnRNPR eRRM1 (WT eRRM1, residues 121–246) con-
taining an N-terminal histidine tag and TEV cleavage site
was overexpressed in Escherichia coli and purified (see
section 4). The solution state NMR 1H-15N heteronuclear
single quantum coherence (HSQC) spectrum showed
excellent chemical shift dispersion indicating a stably
folded protein (Figures 1b and S2). NMR resonance
assignments were performed using standard triple-
resonance experiments, with 94.83% completeness for
backbone resonances (N, H, Cα, Cβ, CO). Residues
D179–L181 (α1) could not be assigned due to line
broadening. We performed crystal screening of con-
structs for X-ray crystallographic structure determination
and identified conditions yielding crystals that diffracted
to 1.90 Å (Table 1).

WT eRRM1 folds as an eRRM containing a canonical
RRM domain with an N-terminal extension (Figure 1c).
The canonical RRM contains a β1α1β2β3α2β40β4 topology
and is comprised of a β-sheet with five anti-parallel β-
strands and two α-helices that lie underneath the β-sheet.
This secondary structure is consistent with predictions
made from chemical shift assignments using TALOS+
(Shen et al. 2009; Shen and Bax 2015) (Figure S3). On
the β-sheet surface, the RRM domain has conserved
RNA recognition sequences RNP2 on β1 (V167–F168–
V169) and RNP1 on β3 (Y208–A209–F210) (Burd and
Dreyfuss 1994) and an electropositive surface potential
(Figure S4). An 18 aa structured loop (loop0, G149–T165)
links β0 in the Next to β1 in the RRM. The Next contains an
α0β-1β0 topology and is comprised of an α-helix that lies
underneath a β-hairpin. The Next β-hairpin docks along-
side the β2-α1 side of the canonical RRM, extending the
β-sheet surface by two β-strands. The Next–RRM buried
interface is highly charged, with an electronegative sur-
face potential on the β2-α1 side of the RRM and an elec-
tropositive surface potential on the α0-β0 side of the Next

(Figure 1d). There are several interactions between Next

and RRM subunits including hydrogen bonds between
residues G143 (loopβ-1-β0)–M198 (β2), Q144 (β0)–R195
(β2), R145 (β0)–L196 (β2), R145 (β0)–E178 (α1), Y147
(β0)–L194 (β2), and G149 (loop0)–D193 (β2) as well as
hydrophobic contacts between residues P122–Y177,
L130–V182, Y136–P152, and Y136–I191 (Figure 1e).

2.2 | A structurally conserved
tryptophan cage stabilizes loop0
connecting Next to RRM

In the X-ray crystal structure, the 18 aa loop0 that links
the Next to the canonical RRM is highly structured,
where primarily hydrophobic residues are coordinated
around β2 residue W192 with extensive van der Waals
(vdW) contacts (Figure 2a). The W192 indole ring is
positioned between P150–P151 and Q160–P161, has
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an edge-to-face interaction with Y156, and contacts
D193 (β2) and T212 (β3) on the β-sheet (Figure 2a).
This organization bears a striking resemblance to the
tryptophan cage motif in the Trp-cage peptide (Neidigh
et al. 2002) (Figure 2b). The Trp-cage peptide also has
a central tryptophan residue (W6) positioned between
two proline residues and has a similar edge-to-face
interaction with a tyrosine residue (Y3). Rather than
residing on a β-sheet as observed in eRRM1, W6 is in
an α-helix and interacts with α-helical residues Y3 and
L7. However, the positioning of Y3 and L7 side chains
are nearly identical to T212 (β3) and D193 (β2) on

eRRM1, respectively, despite the significant secondary
structure differences. An X-ray crystal structure reported
for the Drosophila melanogaster hnRNPQ (Dm-hnRNPQ)
eRRM1 domain has near-identical sequence and struc-
tural similarity to Hs-hnRNPR in this region (Figure 2c,d)
(Hobor et al. 2018). Here, residue W155 in Dm-hnRNPQ
replaces residue Y156 in Hs-hnRNPR for maintained
edge-to-face interactions with the β2 residue W191 in
Dm-hnRNPQ. A valine (V159) is positioned above W191
rather than Q160 in Hs-hnRNPR for maintained vdW con-
tacts with W191 (Figure 2c).

To gain insights into the sequence conservation of
the tryptophan cage motif across the hnRNPR-like fam-
ily of proteins, we compared the Trp-cage peptide
sequence to human hnRNPR, hnRNPQ, DND1,
RBM46, RBM47, and APOBEC1 complementation fac-
tor (A1CF) proteins (Figure 2d,e). In all cases, a Gly-
Gly-Pro sequence is found at the transition from the
secondary structured element to the loop, promoting a
sharp turn in loop0. In addition, a proline is conserved
at position 161, P19 in the Trp-cage peptide, positioned
above the tryptophan residue. In humans, hnRNPR
and hnRNPQ contain a two aa insertion in loop0 com-
pared to DND1, RBM46, RBM47, and A1CF. Notably,
residues in loop0 are conserved, including an aromatic
residue at position 156. While a glutamine is conserved
in hnRNPR and hnRNPQ at position 160, a proline is
located at this position in the synthetic Trp-cage and
other members of the hnRNPR-like family. Interest-
ingly, DND1 and RBM46 both contain a triple proline
repeat sequence at residues 160–162, in common with
Trp-cage peptide residues 17–19 (Figure 2e).

To identify sequence conservation across hnRNPR
proteins, we curated a list of 10 known and 215 pre-
dicted/hypothetical hnRNPR proteins identified in a Uni-
prot BLAST search (see section 4). Among the
10 known hnRNPR sequences, eRRM1 contains near-
exact sequence identity (Figure S5). In particular, resi-
dues at the Next–RRM interface and tryptophan cage in
loop0 are identical. Sequence similarity is conserved at
positions 154, 215, and 228 as polar; position 159 as
hydrophobic; and position 217 as negatively charged.
The only dissimilarity occurs at position 187, which is
conserved as a lysine across all species except in Rat-
tus norvegicus, where it is a glutamic acid. We
expanded our sequence analysis to include predicted/
hypothetical hnRNPR sequences and observed simi-
larly high conservation in the eRRM1, particularly in the
Next and Next–RRM interface (Figure S6). Within loop0,
the N- and C-terminal ends are highly conserved while
central residues at positions 154–157 are variable. In
addition, the loop between β1 and α1 is highly variable.
Taken together, both the sequence and structure of
loop0 are highly conserved as a tryptophan cage motif
in the eRRM1. In particular, the tryptophan residue in β2
has a dual role where the backbone participates in Next–

RRM interface interactions, and the indole sidechain

TAB LE 1 Crystallography statistics for H. sapiens hnRNPR
eRRM1.

Statistics

Data collection

Wavelength (Å) 0.72929

Space group P31 2 1

Cell dimensions

a, b, c (Å) 77.023, 77.023, 52.893

α, β, γ (�) 90.0, 90.0, 120.0

Resolution (Å) 1.90

Rmerge 0.033 (2.174)

Rmeasure 0.035 (2.281)

Rpim 0.011 (0.686)

I/σ 40.7 (1.5)

Completeness (%) 100 (99.9)

No. of total reflections 304500

No. of unique reflections 14604

Multiplicity 20.9 (21)

Wilson B factor (Å2) 49.44

CC1/2 1.000 (0.626)

Refinement

Resolution (Å) 31.13–1.90

No. of reflections 14582

Rwork/Rfree 0.1945/0.2221

No. of atoms 1038

Protein 972

Water 65

Average B factors (Å2) 63.49

Protein 62.49

Water 65.51

Clashscore 1.03

RMSD

Bond lengths (Å) 0.007

Bond angles (�) 0.95

Ramachandran plot

Favored (%) 99.20

Allowed (%) 0.80

Outliers (%) 0.00
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participates in the tryptophan cage motif. To our knowl-
edge, this study reports the first example of a tryptophan
cage motif naturally occurring in a biological protein.

2.3 | Conserved residues at the Next–
RRM interface and loop0 are required for
protein folding stability

We next investigated the impact of truncations and
point substitutions on eRRM1 chemical environment
and thermal stability, evaluated using NMR chemical
shift perturbation (CSP) analysis and thermal denatur-
ation studies. The WT eRRM1 construct has a melting
temperature (Tm) of 59 ± 1�C and a highly cooperative
melting transition (Figures 3a and S2b and Table 2). To
determine the importance of the Next motif in the
eRRM1, we generated a construct of the canonical
RRM domain lacking Next (aa 162–246). This construct
was primarily observed in the insoluble fraction in
E. coli, with little soluble expression (Figure S7). We
next extended the N-terminus to residue 116 (Ext),
which includes the full linker region between the NαB

and eRRM1 domains. In the backbone amide 1H-15N
HSQC spectrum, the spectra for Ext and WT eRRM1
constructs were nearly identical (Figure S8). Four addi-
tional resonances were observed for residues E117–
K120 that could be assigned from the 15N-edited
NOESY spectrum. CSPs were observed for residues
G121–D123 (N-terminus), D175–L176 (loopβ1-α1),
and G203–N205 (loopβ2-β3) (Figure S8a–c), consis-
tent with interactions observed in the X-ray crystal
structure. This construct showed a modest increase in
Tm compared to WT (ΔTm +3.0 ± 1.4�C) (Figures 3a
and S8d). Together, these data are consistent with the
N-terminal boundary of the eRRM1 beginning at resi-
due 121.

To evaluate the contribution of specific residues at
the Next–RRM interface on protein thermal stability, we
next performed alanine substitutions to residues R133
(α0), R145 (β0), Y177 (loopβ1-α1), and R195 (β2)
(Figure 3b and Table 2). R133 (α0) is positioned toward
helix α1 but does not make direct contacts to the
canonical RRM domain in the X-ray crystal structure.
Alanine substitution (R133A) shows significant CSPs
for Next α-helical residues E124, R133A, and T134, and

F I GURE 2 A conserved tryptophan cage motif structures the Next loop0. (a) hnRNPR eRRM1 residues in loop0 and the β-sheet stabilize
loop0 Left: sidechains encircling W192 are shown in surface representation. (b) Hs-hnRNPR eRRM1 superimposed with the X-ray crystal
structure of the Trp-cage peptide, colored gray (PDB ID 3UC7, chain C) (Scian et al. 2012). (c) Hs-hnRNPR eRRM1 superimposed with the
X-ray crystal structure of the Dm-hnRNPQ eRRM1, colored gray (PDB ID 6ES4, chain A) (Hobor et al. 2018). (d) Sequence alignment of eRRM1
domains among human hnRNPR-like proteins (Hs-hnRNPR, Hs-hnRNPQ, Hs-DND1, Hs-RBM46, Hs-RBM47, Hs-A1CF) and experimentally
determined eRRM structures (Hs-hnRNPR, Dm-hnRNPQ, Hs-DND1) shows high conservation for residues at the Next–RRM interface and
tryptophan cage. (e) Sequence and secondary structure of representative example Trp-cage peptides. Residues with high sequence similarity to
loop0 of hnRNPR-like family proteins are colored red. The central tryptophan residue is indicated in an orange outline.
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to a lesser extent RRM residues F185–K187 (α1),
G189 and I191 (loopα1-β2), and W192 (β2)
(Figure S9a–c). A modest reduction in the Tm (ΔTm
�4.0 ± 1.4�C) was observed (Figures 3b and S9d). The
R145 (β0) sidechain has extensive interactions that
span both Next and RRM domains including a cation–π
interaction with Y177 (loopβ1-α1) and a salt bridge to
E178 (α1) (Figure 1e). Consistent with its unique

environment, the Hε resonance is significantly down-
field shifted (10.8 ppm) relative to other arginine Hε res-
onances (�7–8 ppm) in the 1H-15N HSQC spectrum,
indicating decreased shielding (Figure S10). R145A
does not express in E. coli, indicating the importance of
these interactions on protein solubility. Alanine substitu-
tion of Y177 (Y177A) showed significant CSPs for
L176–Y177A, at the substitution site, and to a lesser
extent residues E124–Y147 (α0) (Figure S11a–c).
Y177A has a significantly reduced Tm (ΔTm �12
± 1.0�C) (Figures 3b and S11d). The R195 (β2) side-
chain is positioned on the β-sheet surface and hydro-
gen bonds to Q144 (β0), D193 (β2), T212 (β3), E166
(β1), and a coordinated water molecule (Figure S12).
Consistent with these interactions, R195A showed
CSPs across the β-sheet surface, particularly for resi-
dues G143–R145 (β0), Y147 (α0), V167–F168 (β1),
and D193–L196 (β2) near the substitution site
(Figure S12a–c). R195A has a significantly reduced Tm
(ΔTm �9.0 ± 1.4�C) compared to WT (Figures 3b and
S12e). Together, these data support the importance of
stable association between Next and RRM subunits for
protein solubility and thermal stability.

We next performed alanine substitutions to residues
in loop0 to investigate the importance of conserved res-
idues in the tryptophan cage on eRRM1 thermal stabil-
ity (Figure 3c). A construct substituting Y156 to alanine
(Y156A) showed CSPs for residues D153–S154
(loop0), G162–I163 (loop0), and C214 (loopβ3-α2)
(Figure S13a–c). A minor reduction in Tm was observed

F I GURE 3 Impact of sequence variation on eRRM1 thermal stability using thermal denaturation studies. (a–c) Thermal denaturation plots
for (a) WT (colored in black) and Ext (colored in gray) constructs; (b) alanine substitutions to residues at Next–RRM interface; (c) alanine
substitution of loop0 residues in the tryptophan cage motif; (d) W192A construct (colored in red) shows severe reduction in thermal stability;
(e) bar plot summarizing melting temperature data for constructs compared to WT eRRM1.

TAB LE 2 Thermal melting statistics.

Construct Protein boundary (aa) Tm (�C)

WT 121–246 59 ± 1

N-terminal extension and truncation

Ext 116–246 62 ± 1

RRM1 162–246 ND

Point substitutions at the Next–RRM1 interface

R133A 121–246 55 ± 1

R145A 121–246 ND

R195A 121–246 50 ± 1

Y177A 121–246 47 ± 0.1

Point substitutions in loop0

P150A 121–246 49 ± 0.9

P151A 121–246 46 ± 0.2

Y156A 121–246 57 ± 1

P161A 121–246 52 ± 0.7

W192A 121–246 40 ± 0.2

Note: ND due to insoluble expression.
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relative to WT (ΔTm �2.0 ± 1.4�C) (Figures 3c and S13d).
P161A shows significant CSPs for residues I163–T165
(loop0), T212 (β3), and G215 (β3) (Figure S14a–c), with a
modest reduction in Tm (ΔTm �7.0 ± 1.2�C) (Figures 3c
and S14d). In the P150A construct, CSPs were observed
for residues T137–L138 (β-1), Y147–G149 (loop0), and
S157 (loop0) (Figure S15a–c). Similar CSPs were
observed for the P151A construct, particularly residues
G149, Y156, G158, and Q160 (loop0) (Figure S16a–c). In
the P151A construct, residues W192 and L194 also
showed significant CSPs. Both P150A and P151A con-
structs show substantial reductions in Tm (ΔTm �10.0
± 1.3�C and ΔTm �13 ± 1.0�C, respectively) (Figures 3c,
S15d, and S16d).

W192 is located both at the Next–RRM interface,
with backbone interactions to G149 (β0), and in the
tryptophan cage as the central residue. Alanine substi-
tution of the central W192 (β2) residue in the trypto-
phan cage (W192A) dramatically reduced sample
stability, resulting in precipitation within 24 h and a
severe reduction in thermal stability (ΔTm �19
± 1.0�C) with reduced melting cooperativity (Figures 3d
and S17). Significant CSPs are observed in loop0 and
across the β-sheet, particularly in β3 and β1 strands
(Figure S17a–c). In summary, all point substitutions
that disrupt observed sidechain interactions at the Next–

RRM interface and loop0 result in reduced thermal sta-
bility (Figure 3e). Y177A, P151A, and W192A substitu-
tions showed the greatest reductions in thermal
stability, indicating their significance in eRRM1 folding

through stabilizing the Next–RRM interface and trypto-
phan cage motif interactions, respectively. Together,
these results show the importance of the stable forma-
tion of the Next–RRM interface and tryptophan cage
motif on eRRM1 protein folding.

2.4 | Point substitutions enhance
conformational dynamics in loop0 and
Next–RRM interface

We used solution NMR spectroscopy to investigate WT
eRRM1 conformational dynamics at fast (ps–ns) time-
scales. Longitudinal (R1) and transverse (R2)
relaxation rates were measured for amide nitrogen res-
onances and 1H-15N heteronuclear NOE values for
backbone amide resonances at 25�C (Figure 4a–c).
These data together show an overall highly ordered
protein with a flexible N-terminal residue G121 and
C-terminal residues N245–N246. Similarly, 1H-15N
NOE values of the Ext construct gradually reduce
approaching the N-terminus, with a minimum value for
residue E117, consistent with G121 as the N-terminal
boundary of the eRRM1 (Figure S8e). 1H-15N NOE
values are slightly elevated for residues K146–G148
(β0) in Ext compared to WT, indicating that the addi-
tional N-terminal residues result in increased order in
β0 at the Next–RRM interface. N-terminal residue D123
(α1) has similar values as structured regions, consis-
tent with the hydrophobic contact observed between

F I GURE 4 hnRNPR eRRM1 conformational dynamics show an ordered protein with flexible ends. (a–c) Plots of WT eRRM1. (a) R1

relaxation rates; (b) R2 relaxation rates, with labeled residues indicating sites of chemical exchange; (c) 1H-15N NOE values. (d–f) 1H-15N NOE
values for WT eRRM1 (colored in black) and point substitution constructs (d) Y177A (colored in yellow), (e) P150A (colored in green), and (f)
W192A (colored in red). The eRRM1 secondary structure topology is depicted above panels (a) and (d). The substitution site is shown as a gray
bar, loop0 is highlighted in light yellow, and differences indicated with a circle.
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P122 and Y177 (α1) in the X-ray crystal structure
(Figure 1e). Loop residues V159–G164 (loop0) and
L201–Q204 (loopβ2-β3) have reduced values, indicat-
ing these loops have fast internal motions. Elevated R2

values are observed for residues Y147 (β0) and V167
(β1), located at β-strand ends that connect to loop0, as
well as residue W192 (β2), located in the tryptophan
cage (Figure 4b). These elevated values indicate addi-
tional contributions to R2 from chemical exchange, which
may be due to slow motions in the β-strand residues
connected to loop0 and at the Next–RRM interface.

We next compared the conformational dynamics of
WT eRRM1 to the point substitution constructs described
above to evaluate the impact on eRRM1 conformational
dynamics. In the Next–RRM interface, 1H-15N NOE values
of R133A and R195A constructs are nearly identical to
WT, indicating no change in fast internal motions
(Figures S9e and S12f) despite both constructs having
reduced thermal stability compared to WT (Figure 3e). In
contrast, in the Y177A construct, 1H-15N NOE values are
reduced for N-terminal residues E124–A125 (α0) relative
to WT, indicating increased mobility at the N-terminus,
particularly in helix α0 (Figures 4d and S18a). These
increased dynamics are likely due to destabilizing the
hydrophobic contact between P122-Y177A and are con-
sistent with the substantial reduction in thermal stability
compared to WT.

We next compared 1H-15N NOE values for loop0
point substitution constructs to evaluate their impact on
eRRM1 conformational dynamics. 1H-15N NOE values
in the Y156A construct are nearly identical to WT, indi-
cating no change in relative internal motions and con-
sistent with this construct’s similar thermal stability to
WT (Figures 3e and S13e). In the P161A construct,
1H-15N NOE values are slightly reduced for loop0 resi-
dues V159–Q160 and G162 that are adjacent to the
substitution site (Figure S14e). Similarly, in both P150A
and P151A constructs, 1H-15N NOE values are reduced
for loop0 residues S157–Q160 (Figures 4e and S16e),

indicating increased dynamics compared to WT. The
W192A construct, which has the most deleterious
impact on thermal stability (Figure 3e), showed sub-
stantially increased dynamics compared to WT
(Figure 4f). In particular, 1H-15N NOE values are
reduced for residues at the N-terminus, loop0, and β2
indicating increased dynamics at the Next–RRM inter-
face and loop0 as a result of replacing the central tryp-
tophan indole ring with an alanine methyl group.

Despite the significant reductions observed in the
melting temperatures of P150A, P151A, Y177A, and
W192A constructs (Figure 3e) the 1H-15N NOE values
overall remained similar to WT 1H-15N NOE
values (Figures 4d–f and S18) indicating similar order
on ps–ns timescales, on which the 1H-15N NOE experi-
ments report. As a control to ensure sufficient equilibra-
tion time during the heteronuclear NOE experiment, we
repeated these experiments with an incremental delay
equal to 10 times the average T1 value (Figure S18).
Nevertheless, the point substitution constructs contin-
ued to show similar 1H-15N NOE values when compared
to WT, with differences localized to loop0 and the
N-terminus. From these data, we conclude that all con-
structs have overall similar fast timescale motions to
WT, with localized increased dynamics at the
N-terminus or loop0. Together, these results indicate
that the reduced thermal stability observed in point sub-
stitution constructs is due to increased dynamics in
loop0. These increased dynamics likely reduce the
association between Next and RRM motifs, leading to a
reduced melting temperature.

2.5 | Missense mutations in Next motif
are associated with cancer

Prior literature has shown disease-associated muta-
tions in hnRNPR at RRM2 (Wang et al. 2024) and the
C-terminal RGG-box repeat (Duijkers et al. 2019;

F I GURE 5 Missense mutations in the Next–RRM interface and loop0 are associated with cancers. (a) COSMIC-annotated missense
mutations mapped onto the eRRM1 secondary structure topology. (b) COSMIC-annotated missense mutations (colored in red with sidechains
shown in stick representation) mapped onto the X-ray crystal structure of the hnRNPR eRRM1 domain.
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Gillentine et al. 2021). To investigate the biomedical rel-
evance of eRRM1, we surveyed the COSMIC (Catalog
of Somatic Mutations in Cancer) database to map
sequence variants onto hnRNPR domains (Sondka
et al. 2018; Sondka et al. 2024). Of the 513 variant
sequences present, there were 172 missense, or single
amino acid residue, mutations (Data S2). Missense
mutations were present in all domains, with 38.4% in the
RGG-box, 16.9% in eRRM1, 16.3% in RRM3, 12.8% in
RRM2, 12.2% in NαB, and 3.4% in linker regions
(Figure S19a,b). Missense mutations are associated
with numerous cancer histology subtypes, most fre-
quently adenocarcinoma (38.3%), not specified (28.8%),
and squamous cell carcinoma (11.9%) (Figure S19c).
Within the eRRM1 domain, missense mutations are
most frequently present in the adenocarcinoma cancer
subtype (37.3%) and are found in the large intestine
(21.6%) and skin (15.7%) (Figure S19d,e). Of the
27 unique missense mutations in eRRM1, 13 were pre-
sent in the Next motif, loop0, and Next–RRM1 interface
residues including at residues P122, T134, G135, G149,
P152, Y156–G158, T165–E166, and R195 (Figure 5).
Our sequence conservation analysis and mutagenesis
studies showed that several of these residues are highly
conserved and required for protein thermal stability, sug-
gesting that destabilization of the eRRM1 may have dis-
ease implications.

2.6 | Comparison of human hnRNPR
eRRM1 to hnRNPR-like protein family

The Hs-hnRNPR eRRM1 X-ray crystal structure is
extremely similar to the predicted AF2 model, with an
overall backbone RMSD of 0.31 Å (Figure 6a). Com-
parison to the previously determined X-ray crystal struc-
ture of the Dm-hnRNPQ eRRM1 (Hobor et al. 2018) also

shows high similarity, with an overall backbone RMSD of
0.50 Å (aa 122–242) (Figure 6b). Differences are
observed in loop0, helix α0 orientation, and the position-
ing of the Next β-turn (Figure 6b), which may be due to a
2 aa deletion between the triple proline repeat and the
aromatic residue in the eRRM1 of Dm-hnRNPQ com-
pared to human hnRNPR and hnRNPQ (Figure 2d).

A solution NMR structural ensemble was reported
for the human hnRNPR-like protein DND1 containing
tandem eRRM1–RRM2 domains bound to an RNA olig-
omer (Duszczyk et al. 2022) (Figure S20). The heavy-
atom RMSD between the Hs-hnRNPR eRRM1 and the
lowest-energy model in the human DND1 (Hs-DND1)
eRRM1 structural ensemble is 1.5 Å for all residues
(aa 16–134) and 0.99 Å for structured residues in the
RRM (Figure 6c). Differences are primarily observed in
the Next motif, particularly helix α0, loop0, and the RRM
loopβ2-β3. These differences are likely due to the dif-
ferent method of structure determination and/or the
presence of RNA substrate. Inspection of the Hs-DND1
NMR structural ensemble shows higher RMSD among
models in loop0 and loopβ2-β3 regions (Figure 6c),
suggesting dynamics in these loops. Similarly, our
NMR relaxation data support fast dynamics in these
loops in the human hnRNPR eRRM1 (Figure 4a–c).
From comparison of these examples of eRRMs for rep-
resentative proteins in the hnRNPR-like family, we
identify the required elements for the eRRM fold to be
(1) the Next motif, which has an αββ topology; (2) elec-
trostatic interactions between the Next and RRM; and
(3) the tryptophan cage motif in loop0.

3 | DISCUSSION

hnRNPR and hnRNPR-like proteins perform essential
roles in RNA processing. However, biophysical and

F I GURE 6 Comparison of predicted and high-resolution structures of eRRM1 domains in the hnRNPR-like family. (a) AF2 model (colored in
gray) superimposed on X-ray crystal structure of Hs-hnRNPR eRRM1; (b) superimposition of Hs-hnRNPR eRRM1 and Dm-hnRNPQ eRRM1
(colored in gray); (c) superimposition of Hs-hnRNPR eRRM1 and DND1 (colored in gray), with the lowest energy model shown on the left and
the structural ensemble shown on the right.
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structural information on hnRNPR is sparse, limiting a
complete understanding of how hnRNPR achieves its
function in RNA transcription and splicing regulation.
Here, we determined the X-ray crystal structure of the
human hnRNPR N-terminal RRM1 and identified an
atypical eRRM consisting of a Next motif that docks
alongside a canonical RRM. We evaluated eRRM1
conformational dynamics using NMR spectroscopy,
which showed an overall ordered protein with flexible
N- and C-termini. However, these dynamics may differ
in the full-length hnRNPR, where the N-terminal end is
linked to the NαB domain and the C-terminal end
is linked to RRM2.

Our work demonstrates that stable association of the
Next motif with the RRM is required for protein solubility
and thermal stability. Point substitutions that disrupt
Next–RRM interactions result in increased dynamics at
the N-terminus and reduced thermal stability. For exam-
ple, alanine substitution of Y177, which destabilizes the
hydrophobic contact to P122, results in increased
dynamics at the N-terminus as well as a substantial
reduction in thermal stability compared to WT. Further,
truncation of the Next motif results in a loss of protein sol-
ubility. These findings are consistent with previous
research that evaluated the impact of N-terminal trunca-
tions in the hnRNPR-like protein A1CF. Truncating the
first 13 residues at the A1CF N-terminus reduced activity
to 33% of full-length A1CF, with a complete loss of activ-
ity when truncating two additional residues (Mehta and
Driscoll 2002). Our data explain this loss of activity due
to truncation of the A1CF eRRM1 domain, which we pre-
dict to begin at residue 14 (Figure S1b).

The eRRM1 is further stabilized by a tryptophan
cage motif in loop0, which positions the Next motif for
docking to the β2-α1 side of the RRM. The tryptophan
cage motif was first identified in the exendin-4 peptide
(Neidigh et al. 2001), later modified to the synthetic
Trp-cage peptide (Neidigh et al. 2002), and to our
knowledge, the eRRM represents the first reported
example of a tryptophan cage motif within a naturally
occurring protein domain. The central tryptophan resi-
due has a dual role in eRRM1 architecture, also partici-
pating in the Next–RRM interface. Loop0 residues are
highly conserved among hnRNPR proteins and
hnRNPR-like family proteins. Using combined NMR
spectroscopy and thermal denaturation studies, we
show that alanine substitutions to loop0 residues lead
to increased local dynamics and reduced thermal sta-
bility. In particular, P150A, P151A, and W192A substi-
tutions showed the largest reductions in thermal
stability compared to WT. While the heteronuclear NOE
experiments showed overall similar internal motions
compared to WT, reduced values were observed in
loop0, indicating increased dynamics at fast timescales
in this region. These increased dynamics arising from

destabilization of the tryptophan cage motif likely
reduce the stable association of the Next motif to the
RRM, leading to reduced thermal stability. Consistent
with our results demonstrating the importance of the
tryptophan cage motif in eRRM folding, loop0 residues
are highly conserved in hnRNPR proteins, as well as
among the hnRNPR-like family. A survey of somatic
mutations in cancer studies shows cancer-associated
mutations in this loop, suggesting that stable formation
of the tryptophan cage in loop0 is necessary for cellular
function.

RRMs often have additional secondary structure
elements that aid in substrate recognition and specific-
ity. Here, the eRRM is a unique example of an exten-
sion that is nearly half the size of the RRM and extends
the β-sheet surface from five strands to seven strands.
The structural basis for hnRNPR eRRM1-RNA recogni-
tion remains unknown, and it remains to be seen how
the hnRNPR eRRM1 coordinates with the NαB and tan-
dem RRMs to bind RNA and protein substrates. How-
ever, a previously determined NMR structure of the
human DND1 eRRM1–RRM2 tandem domain bound to
RNA provides insights into eRRM1-RNA recognition
(Duszczyk et al. 2022). The RNA substrate is sand-
wiched between eRRM1 and RRM2 domains and binds
to the eRRM1 β-sheet surface and loopβ2-β3
(Figure S20). Beyond the canonical interactions with
RNP1 and RNP2 sequences, the RNA substrate also
interacts with β2 residue R88 (R195 in hnRNPR) and
Next β-turn residues N37 and Q39 (T141 and Q144 in
hnRNPR). We anticipate that the hnRNPR eRRM1 may
have a similar mode of RNA recognition in which the
β2-strand, β2-β3 loop, and Next β-hairpin contribute to
binding. The DND1 eRRM1 does not interact with loop0
or Y85, the equivalent residue to W192 in hnRNPR. The
high sequence conservation of the tryptophan cage,
along with our mutagenesis studies, suggests a struc-
tural role rather than a function in RNA recognition.

A comparison of available examples of eRRMs in
the hnRNPR-like family, along with biophysical char-
acterization of the hnRNPR eRRM1, permitted identifi-
cation of the required elements for the eRRM fold,
which were found to be a Next motif that stably associ-
ates with an otherwise canonical RRM and a trypto-
phan cage motif in the intervening loop0. This study
demonstrates the importance of the Next motif for
eRRM folding and solubility, expanding understanding
of atypical RRM structure and folding. Our finding that
the tryptophan cage motif can be stably inserted within
a loop to promote docking of two protein subunits has
the potential to be leveraged for protein design appli-
cations. In summary, this work provides fundamental
biophysical and structural insights into the eRRM1 fold
to begin to characterize its role in RNA processing and
cellular function.
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4 | METHODS

4.1 | Protein construct design and
cloning

The amino acid sequence for human hnRNPR protein
(Uniprot ID O43390-1) was used to generate the gene
sequence optimized for E. coli codon bias and pur-
chased as a gBlock (Integrated DNA Technologies,
IDT). The gene was cloned into a pET vector containing
an N-terminal His-tag, a TEV protease recognition site,
and a kanamycin resistance gene. Forward and
reverse primers, designed using Benchling and ordered
from IDT, were used to clone protein constructs. The
plasmids were then transformed into DH5α cells for
propagation. Afterward, the plasmids were purified from
the DH5α cells using a miniprep plasmid cleanup kit
(Zymo Research). Whole Plasmid Sequencing was
performed by Plasmidsaurus™ using Oxford Nanopore
Technology with custom analysis and annotation. A
complete list of protein sequences used in this study is
provided in Table S1.

4.2 | Protein expression and purification

Plasmids were transformed into E. coli NiCo21(DE3)
competent cells (New England Biolabs). Cells were cul-
tured with shaking in LB broth media with 0.05 mg/mL
kanamycin at 37�C to an OD600 of 0.6. Culture was
transferred to 18�C, expression induced with 0.5 mM
isopropyl β-D-1-thiogalactopyranoside (IPTG), and
grown for 18–20 h with shaking. For NMR experiments,
cells were cultured in M9 media and supplemented with
13C-labeled glucose (Cambridge Isotope Laboratories)
and/or 15N-labeled ammonium chloride (Cambridge Iso-
tope Laboratories). Cells were harvested by centrifugation
at 6000g for 15 min. Cells were resuspended in resuspen-
sion buffer (20 mM Na2HPO4/NaH2PO4, 1.5M NaCl,
20 mM imidazole, 10% glycerol, 1 mM tris(2-carboxyethyl)
phosphine (TCEP), pH 7.0). 0.1 mM PMSF and 1 mg lyso-
zyme were added prior to sonication to lyse cells. After
sonication, soluble and insoluble fractions were separated
by centrifugation at 36,000g for 45 min, and the superna-
tant was filtered using a 0.45 μm syringe filter. Affinity purifi-
cation was performed using a nickel nitriloacetic acid
(Ni-NTA) affinity column (Qiagen) attached to an AKTA™
start system (Cytiva). After loading the supernatant, the col-
umn was washed with 10 column volumes (CV) of resus-
pension buffer followed by elution in a linear gradient with
elution buffer (20 mM Na2HPO4/NaH2PO4, 300 mM NaCl,
1.0M imidazole, 10% glycerol, 1 mM TCEP, pH 7.0). Frac-
tions were analyzed by SDS-PAGE 4–12% Bis-Tris
NuPAGE™ gels (ThermoScientific). To remove the His-
tag, protein was dialyzed against storage buffer (20 mM
Na2HPO4/NaH2PO4, 150 mM NaCl, 1 mM TCEP, pH 6.0)
in the presence of TEV protease (Addgene #92414,

recombinantly expressed and purified in-house) (Raran-
Kurussi et al. 2017) for 3–4 h at room temperature or over-
night at 4�C. After dialysis, cleaved protein was filtered
using a 0.45 μm syringe filter and purified by a second Ni–
NTA purification step (Qiagen). As a final purification step,
proteins were purified by size exclusion chromatography
using a HiLoad 16/600 Superdex 75pg (Cytiva) column
attached to an AKTA™ Pure M25 FPLC system (Cytiva)
in storage buffer. Fractions were analyzed by 4–12% Bis-
Tris NuPAGE™ gel and inspection A260/A280 ratios to
identify fractions with pure protein. Protein concentration
was determined from the absorbance measured at
280 nm using a NanoDrop One™ spectrophotometer
(Thermo Fisher Scientific) using Beer’s law. Pure fractions
were concentrated to 0.1–0.8 mM using a 3 kDa
Amicon™. Expasy ProtParam (Wilkins et al. 1999) was
used to compute protein extinction coefficients, molecular
weights, and theoretical pI values.

4.3 | X-ray crystallography

Proteins were crystalized using the hanging drop vapor
diffusion method. Proteins were prepared in crystalliza-
tion buffer (20 mM HEPES, 150 mM NaCl, 1 mM TCEP
pH = 7.0) at 16 mg/mL. Rod-like crystals appeared
within 48 h and were harvested at 200–300 μm in size.
Crystals formed under reservoir conditions of 0.04M
monobasic potassium phosphate, 20% (v/v) glycerol,
and 8% (w/v) polyethylene glycol 8000 with a 1:1
protein-to-reservoir ratio. Data was collected at 100 K
at the Stanford Synchrotron Radiation Lightsource at
the SLAC National Accelerator Laboratory on beamline
12-2 using 0.72929 Å X-rays with a Dectris Pilatus 6M
detector. Data from a single crystal was used for struc-
ture determination. Data was indexed and integrated
using XDS (Kabsch 2010). Data reduction was per-
formed using Aimless, Pointless, and Ctruncate in the
CCP4 suite (Winn et al. 2011). Phases were deter-
mined using molecular replacement against the X-ray
crystal structure of the drosophila hnRNPQ eRRM
(PDB ID 6ES4) (Hobor et al. 2018). Model building and
refinement was performed using Coot version 0.9.8.94
(Emsley et al. 2010) and PHENIX version 1.21.1
(Liebschner et al. 2019) with TLS refinement (Painter
and Merritt 2006). Final data collection, phasing, and
refinement statistics are reported in Table 1.

4.4 | NMR spectroscopy

NMR experiments were performed at 25�C on a
600 MHz Bruker spectrometer equipped with a triple-
resonance HCN cryoprobe and Avance Neo console.
NMR samples were prepared in storage buffer with
added 5% D2O at 0.3–0.8 mM concentrations in 3 or
5 mm NMR tubes (Norell). Backbone (N, H, Cα, Cβ,
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CO) resonance assignments were performed using
standard triple resonance experiments (Cavanagh 2007;
Reid et al. 1997). Data were processed using NMRPipe
(Shen et al. 2009) and analyzed using NMRFAM-Sparky
1.470 (Lee et al. 2015) in the NMRbox virtual machine
(Maciejewski et al. 2017).

1H-15N heteronuclear nuclear Overhauser effect
(NOE) experiments (hsqcnoef3gpsi) from the Bruker
experimental suite were recorded in an interleaved man-
ner with 32 scans and 2 s incremental delay for 0.5 mM
protein samples. For WT, P150A, Y177A, and W192A
constructs heteronuclear NOE experiments were also
performed with a 7 s incremental delay. The heteronuc-
lear NOE is reported as the residue-specific ratio of peak
intensity between the saturated and unsaturated experi-
ments (Isat/Iunsat). Error was estimated as the standard
deviation of noise in the saturated (σIsat) and unsatu-
rated (σIunsat) experiments (Farrow et al. 1994; Metcalfe

et al. 2004): σNOE
NOE¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σIsat
Isat

2þ σIunsat
Iunsat

2
q

. R1 and R2 values

were obtained from T1 (hsqct1etf3gpsi3d) and T2

(hsqct2etf3gpsi3d) relaxation experiments with
32 scans and 2 s incremental delay. Data was pro-
cessed in NMRPipe (Shen et al. 2009) and relaxation
rates were calculated using the Function and Data
Analysis (FuDA) software package (Hansen
et al. 2007). For T1 experiments, delays were 20ms,
60ms� 2, 200ms, 400ms, 800ms�2, and 1200ms.
T2 loops (2�2, 4, 6, 8, 12� 2, 16) had a 0.01696ms vari-
able delay. Weighted average chemical shift perturbations

were calculated using the equation
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔH2þ0:1ΔN2

p
(Cavanagh 2007).

4.5 | Circular dichroism

Thermal denaturation experiments were performed on
a Jasco815 spectrometer equipped with a Peltier tem-
perature control device. Protein samples were prepared
in storage buffer at concentrations ranging between
18 and 25 μM. CD spectra were collected at 222 nm
with the following parameters: temperature range of
10–90�C (except for the W192A construct, where the
temperature range used was 4–80�C), 1 s hold time,
1.0�C/s ramp rate, 1�C sampling interval, 5 s wait
time, 1 s data integration time, 2 nm band width, and
standard sensitivity. Data were analyzed using in-house
python code (https://github.com/eichhorn-lab). Due to
protein aggregation at temperatures above 70�C, data
from 10 to 70�C (except for W192A, which included data
from 4 to 70�C), were normalized using the equation
(data point � min value)(max value � min value) to
compute percent folded protein. The data was fitted with
a logistic function of 1

1þe
T�Tm

k
, where Tm is the melting

temperature and k is the slope factor. Independent
experiments were performed in duplicate. A complete

list of fitted parameters and replicates for each con-
struct is provided in Table S2.

4.6 | Bioinformatics

The human hnRNPR sequence (O43390-1) was
retrieved from the UniProt database (UniProt 2024) and
used as a query in UniProt BLAST (Altschul
et al. 1990) with default search parameters. Of 250 ini-
tial hits, 25 were excluded to remove redundant entries,
achieved sequences, and multiple isoforms from the
same species. The selected homologous sequences
were then aligned using the EMBL Clustal Omega Mul-
tiple Sequence Alignment (MSA) tool (Goujon
et al. 2010; Sievers et al. 2011). The alignment quality
was visually inspected to ensure accurate residue map-
ping. To assess the evolutionary conservation of indi-
vidual residues, the MSA of the full-length hnRNPR
was analyzed using the ConSurf web server
(Ashkenazy et al. 2016; Yariv et al. 2023) with default
parameters. Conservation scores were mapped onto
the AF2 predicted model (AF-O43390-F1). For cancer-
related missense mutation analysis, data was down-
loaded from the COSMIC database (Sondka
et al. 2018; Sondka et al. 2024) (Data S1). An in-house
python script was used to extract missense mutations,
sort data by cancer histology subtype, primary tissue,
and domain location, and generate plots (https://github.
com/eichhorn-lab).
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