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SUMMARY

hnRNPUL1 is a nuclear RNA-binding protein involved in both pre-mRNA splicing and DNA double-strand
break repair. Using AlphaFold, we show that hnRNPUL1 has a central folded region consisting of tightly juxta-
posed SPRY and dead polynucleotide kinase (dPNK) domains flanked by intrinsically disordered regions
(IDRs). The dPNK domain binds both nucleotides and RNA. Remarkably, polynucleotide kinase activity
can be reactivated with a single amino acid substitution. Mutations altering nucleotide binding also change
the ability of the entire protein to bind RNA and regulate homotypic versus heterotypic protein interactions
driven by the IDRs. A mutation that prevents nucleotide binding also destabilizes the protein. In a small num-
ber of amyotrophic lateral sclerosis patients, we identify rare coding variants in the HNRNPUL1 gene, which
alter the ability of hnRNPUL1 to bind nucleotides, RNAs, and FUS. Together, these data establish that
hnRNPUL1 utilizes its dPNK domain to regulate interactions with itself, RNA, and other proteins.

INTRODUCTION

The heterogeneous nuclear ribonucleoproteins (hnRNPs) bind
heterogeneous nuclear RNA and are largely composed of pre-
mRNA species.’ They play roles in transcription, RNA process-
ing, stability, localization, and translation.? hnRNPUL1 is one of
the largest hnRNPs, sharing sequence homology with hnRNPU
and hnRNPUL2. It was originally identified as a protein whose
overexpression overcame the mRNA export block imposed by
adenovirus infection of cells® and was subsequently found to
associate with the mRNA export factor Nxf1 * However, its role
in cellular mRNA export is currently unclear. hnRNPUL1 is also
involved in DNA double-strand break (DSB) repair, where it is
recruited to sites of damage via NBS1. As part of the MRE11-
RAD50-NBS1 (MRN) complex, NBS1 promotes RNA polymer-
ase Il (RNA Pol ) transcription at DSBs, leading to the produc-
tion of dilncRNAs.® Further, hnRNPUL1 has been shown to
work together with hnRNPUL2 to drive DNA end resection,
ATR signaling, and recruitment of BLM helicase, though its mo-
lecular role in these processes remains unclear.® hnRNPUL1 is
involved in pre-mRNA splicing, specifically alternative splicing,
though the molecular mechanisms are again not understood.”"®
Itis further implicated in the repression of histone gene transcrip-

tion in cell cycle-arrested cells through an interaction with the U7
snRNP,° and a large-scale analysis of chromatin binding identi-
fied hnRNPUL1 as the most highly enriched nuclear RNA-bind-
ing protein on snRNA genes, indicating a potential role in their
biogenesis. '’

Sequence variants in hnRNP genes lead to multiple diseases,
including frontotemporal dementia and neurodevelopmental dis-
orders.""™"® Several hnRNPs are implicated in amyotrophic
lateral sclerosis (ALS), including FUS, hnRNPA2B1, and
hnRNPA1. A hallmark of these proteins is a prion-like domain
that can self-associate and phase separate.'® Interestingly,
hnRNPUL1 has a C-terminal prion-like domain with similar
biochemical properties to FUS and is predicted to phase sepa-
rate at physiological concentrations.' Moreover, hnRNPUL1
binds the ALS-causative FET family of proteins (FUS, EWSR1,
and TAF15)."%" |t is also sequestered by C9orf72 repeat expan-
sion RNA, which is commonly associated with ALS,'” and,
recently, an hnRNPUL1 variant (p.P54Q)'® was identified among
a cohort of ALS patients. Together, these data suggest that
hnRNPUL1 may play a role in ALS. In addition, hnRNPUL1 is
implicated in B cell precursor acute lymphoblastic leukemia
(ALL), where a chromosomal translocation fuses the hnRNPULA1
CTD to the DNA-binding domain of MEF2D to generate an
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Figure 1. hnRNPUL1 has a central folded domain that binds to nucleotides

(A) Domain model of hnRNPULA1.

(B) AlphaFold3 model of the predicted central folded domain of hnRNPUL1 (200-601). The SPRY region (200-417) is shown in gold, and the dPNK region is shown
in light blue.

(C) Surface charge representation of the interface between the isolated hnRNPUL1 SPRY and dPNK regions. Surface potential calculated and displayed using
“Coulombic” command in ChimeraX, expressed as kcal/(mol-e) at 298 K.

(D) Surface charge representation of the central folded domain of hnRNPUL1(415-600), overlaid onto PNKP (307-522) in complex with DNA and ATP
(PDB: 3ZVN), with an RMSD for aligned Ca pairs of 0.971 A. A basic patch leading into the binding pocket is encircled.

(legend continued on next page)
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aberrant transcription factor.'*" Finally, hnRNPUL1 was identi-
fied as a candidate gene in two siblings with congenital limb
malformations.”

Despite a number of functional studies implicating hnRNPUL1
in diverse processes such as mRNA export, DNA repair, and tran-
scription, there is surprisingly little structural or biochemical infor-
mation describing this protein. Inspection of the Uniprot entry for
hnRNPUL1 (Q9BUJ2) reveals an N-terminal annotated SAP
domain (amino acids [aa] 3-37) for which there is an NMR struc-
ture (PDB: 1ZRJ) and an SPRY domain (aa 191-388). Further-
more, the original work describing hnRNPUL1? identified a cen-
tral nucleotide-binding region, adjacent to the more recently
annotated SPRY domain, with characteristic Walker A and B mo-
tifs,?? hereafter abbreviated as WA and WB, respectively. This
study® also identified RGG boxes associated with RNA binding,
and these sites are subject to arginine methylation by
HRMT1L2.?°> The ENCODE project utilized eCLIP to analyze the
RNA-binding activity of hnRNPUL1 in vivo, which revealed exten-
sive binding to intronic RNA and other non-coding RNA spe-
cies,”* consistent with its reported role in alternative splicing.”*®
However, it remains uncertain whether hnRNPUL1 binds to spe-
cific sequence motifs or structures within RNA in vivo.

Here, we used a mixture of AlphaFold modeling and biochem-
ical assays to characterize hnRNPUL1 and examine the impact
of coding variants on its biological activity. We identify a single
globular central folded domain, which regulates the RNA- and
protein-binding activity of adjacent intrinsically disordered re-
gions (IDRs).

RESULTS

The core of hnRNPUL1 shares structural homology with
mammalian polynucleotide kinase phosphatase

A schematic of the domains of hnRNPUL1 is presented in
Figure 1A. Based on biochemical results discussed later, we
named the central nucleotide triphosphate (NTP)-binding region,
dPNK, for dead polynucleotide kinase. Protein sequence anal-
ysis using IUPred3®° confirmed the presence of an ordered cen-
tral region flanked by disordered N- and C-terminal arms, termed
IDR1, and a carboxy-terminal domain (CTD). Both IDR1 and the
CTD harbor RG/RGG peptides associated with RNA-binding ac-
tivity, labeled RGG1 and RGG2° (Figures 1A and S1A).

In the absence of experimentally derived structural informa-
tion, we used AlphaFold v3.0°” to predict structures of the cen-
tral folded domains of hnRNPUL1 (Figure 1B). The model indi-
cates that the SPRY and dPNK regions of hnRNPUL1 come
together in the tertiary structure to form a single globular domain,
joined by electrostatic interactions, as well as hydrophobic con-
tacts, at their interface (Figure 1C). The SPRY-dPNK region was
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modeled with an average pLDDT value of 91.1, with small pre-
dicted aligned errors between 5 and 10 A, indicating a high de-
gree of confidence in the quality of prediction (Figures S1B

and S1C).
To characterize the hnRNPUL1 folded core, we searched for
structural homologues with  known functions, using

PDBeFold®® and Phyre2.?° We failed to detect homologues to
the entire SPRY-dPNK core; however, Phyre2 aligned the
hnRNPUL1 dPNK region to the kinase domain of mammalian
polynucleotide kinase phosphatase (PNKP), with >90% confi-
dence (Figure S1D). The AlphaFold model was superimposable
onto the apo-PNKP structure (PDB: 3ZVL) with a root-mean-
square deviation (RMSD) of 0.8 A across 284 Ca pairs. The
dPNK domain displays a large surface basic patch lining the
entrance into a pocket, which corresponds to the ligand-binding
pocket of the PNKP kinase (Figure 1D). The polynucleotide ki-
nase domain of PNKP binds two types of ligands, NTPs and nu-
cleic acids with -OH 5’ ends; hence, we assessed hnRNPUL1’s
ability to bind both.

hnRNPUL1 binds NTPs

We tested NTP binding to hnRNPUL1, using UV crosslinking of
a-32P ATP to mutant or truncated forms of the protein. We
used FLAG-tagged proteins directly purified from human cells
for these experiments because preliminary assays using pro-
teins purified from E. coli yielded poor biological activity. For
clarity, we use the term “mutants” to describe engineered
changes in the coding sequence with resulting changes in the
amino acid sequence, whereas we use the term “variant” to
describe protein sequence changes identified through
sequencing of individuals. We tested mutants with a disrupted
WA motif (G433A, K434A, and T435A), hereafter referred to as
WA, and a disrupted Walker B motif (D505A), hereafter referred
to as WB,,, (Figure S1E). hnRNPUL1 formed a discrete protein-
ATP complex, even in the absence of its positively charged argi-
nine-rich CTD, implying a direct interaction via the SPRY-dPNK
domain (Figure 1E). The WA, mutation reduced ATP binding,
while WB,,, enhanced it. The D505 residue mutated in WB,, is
predicted to hydrogen bond with both the WA residue T435
and the water molecules around the ATP pocket (Figure S1E).
Disrupting this interaction network may lead to a local conforma-
tional change, either driving the enhanced ATP binding or pre-
venting its release. We tested hnRNPUL1’s NTP preference
with a competition assay by using non-hydrolysable analogs of
both ATP and GTP (Figure 1F). Both competitors displaced the
a-32P-ATP in a concentration-dependent manner, although the
ATP analog emerged as a stronger competitor. This finding is
consistent with the ability of bacteriophage T4 PNK to use a
range of NTPs as phosphate donors.*°

(E) ATP-binding assay using a->2P ATP UV crosslinked to different forms of hnRNPUL1. Inset: Quantification of band intensities relative to WT, with p values
calculated using the unpaired t test (n = 3). Data are represented as the mean + SEM.

(F) Nucleotide competition of full-length hnRNPUL1 UV crosslinked to a-22P ATP and varying amounts of non-hydrolysable ATP or GTP analogues. Inset:
Quantification of band intensities relative to an untreated control, with p values calculated using the unpaired t test (n = 3). Data are represented as the mean +

SEM.

(G) Tryptophan fluorescence quenching of WT or mutant SPRY-dPNK truncations upon titration of ATP. Data are represented as the mean + SEM. Statistical

significance is shown by **, indicating p < 0.01, and ***, indicating p < 0.001.
See also Figure S1.
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Figure 2. The SPRY-dPNK domain binds RNA

(A) Structural comparison between the ligand pockets of the hnRNPUL1 AlphaFold3 model (blue) and PNKP (violet, PDB: 3ZVN). Residues of the WA (gold) and
WB motifs are shown in stick form, along with the conserved residues T507 and R516. Dashed lines denote hydrogen bonds.

(B) UV crosslinking of WT or mutant SPRY-dPNK to 5’ ®2P-labelled RNA oligonucleotide. Inset: Quantification of band intensities relative to WT, with p values
calculated using the unpaired t test (n = 3). Data are represented as the mean + SEM.

(C) AlphaFold3 predictions of the hnRNPUL1 (191-612, top) and hnRNPU (268-686, bottom) SPRY-dPNK cores highlighting RNA-interacting peptides identified
in various global mass spectrometry studies. More details in Figure S2.

(legend continued on next page)
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To estimate the binding affinity for ATP of the dPNK mutants,
we monitored the intrinsic tryptophan fluorescence change of
the SPRY-dPNK domains upon titration of ATP. Binding con-
stants derived for wild-type (WT) and WB,,, proteins supported
the UV crosslinking results: Kgwm = 164 + 22 nM and
Kawsm) = 19 = 8.5 nM, with WA, showing negligible binding
(Figure 1G). Two tryptophan residues, W477 and W437, are
located close to the ATP-binding site and likely contribute to
the fluorescent signal quenching through conformational
changes in their local microenvironment (Figure S1F). Moreover,
W477 is located in a region predicted with low confidence
(<70%) in the AlphaFold model (Figure S1C), which may arise
from local flexibility of this region due to a ligand-induced confor-
mational change. Such a motion can be modeled on the known
apo- and ligand-bound structures of PNKP, where ATP binding
elicits closing of the structure around the binding pocket®’
(Figure S1F).

hnRNPUL1 harbors a novel RNA-binding domain in the
hnRNP family

The structural homology between dPNK and PNKP raises the
possibility that hnRNPUL1 could bind nucleic acids via the cen-
tral ligand pocket independently of the RGG-containing CTD and
SAP domains. Superimposition of the AlphaFold model onto the
ligand-bound PNKP structure (PDB: 3ZVN) revealed two struc-
turally conserved residues located within hnRNPUL1’s basic
patch, T507 and R516 (Figure 2A). The equivalent T423 and
R432 in PNKP are involved in stabilizing and positioning the
phosphate backbone of a single-stranded DNA oligonucleotide
5 end bound to PNKP’s kinase domain.®"'

We tested the nucleic acid-binding activity of hnRNPUL1 with
UV crosslinking of the SPRY-dPNK truncation to a %P end-
labelled RNA oligonucleotide in the absence of NTPs
(Figure 2B). Because hnRNPUL1 has been previously shown to
bind RNA homopolymers,® and eCLIP?* revealed binding across
a wide range of RNA substrates, we chose a non-specific RNA
sequence for these studies, as detailed in STAR Methods. The
SPRY-dPNKyt domain bound the RNA oligonucleotide, while
WA, and WB,, displayed reduced and enhanced binding,
respectively. Because these assays were carried out in the
absence of NTPs, the different binding activities associated
with WA, and WB,,, mutants may arise from subtle disruption
of the dPNK fold at its core, which is expected as the residues
involved are predicted to form a hydrogen-bonding network
with ATP and a metal ion (Figure S1E). Mutation of the two
conserved basic patch residues T507A and R516A significantly
decreased RNA binding to the SPRY-dPNK domain, indicating
conservation of nucleic acid-binding sites between hnRNPULA1
and PN6KP.

Further supporting the SPRY-dPNK cores of hnRNPUL1 and
the related protein hnRNPU as RNA-binding domains, peptides
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from these regions have been recently identified in global mass
spectrometry studies of RNA-binding proteins®?~° (Figure 2C).
More RNA-crosslinked peptides were mapped to hnRNPU’s
core compared to hnRNPUL1, which may reflect the intracellular
abundance of each protein (~2 x 10° hnRNPU copies and
1.8 x 10° hnRNPUL1 copies per Hela cell®®). Additional RNA-
binding peptides were mapped in hnRNPU family of proteins
to the SAP, IDR1, and the well-characterized RGG RNA-binding
domains (Figure S2), indicating that this protein family contacts
RNA through multiple domains in vivo.

To explore the interplay between ATP and RNA binding to
hnRNPUL1’s SPRY-dPNK pocket, we assessed binding to
5’-monophosphorylated RNA in the presence of ADP or ATP
(Figure 2D). ATP effectively outcompeted RNA binding in a con-
centration-dependent manner, while ADP was found to be a
poor competitor, indicating that the pocket can accommodate
up to 3 phosphate groups and that NTPs may play a role in
RNA ligand turnover. The arrangement of ADP and a 5’-monoPi
RNA accessing the binding pocket from opposite sides was remi-
niscent of the inverted 5’ m’G cap structure of mMRNA. Therefore,
we investigated whether an m’G cap analogue could access
hnRNPUL1’s substrate pocket. Unlabeled GTP effectively dis-
placed the bound radioactive GTP, whereas the m’G cap analog
did not, indicating that hnRNPUL1 is unlikely to accommodate a
5’ cap structure in its SPRY-dPNK pocket (Figure 2E, left). As a
control, m”G efficiently displaced GTP from the cap-binding pro-
tein CBP20 in this type of assay (Figure 2E, right).

Reactivation of the hnRNPUL1 dPNK domain

Despite the high structural homology between the dPNK domain
of hnRNPUL1 and the equivalent domain of PNKP, we noted a
key difference in the substrate-binding pockets of the two pro-
teins. The catalytic D396 of PNKP is an asparagine at the struc-
turally equivalent position in hnRNPUL1 (Figure 3A). Notably a
D396N mutation in PNKP abolishes its polynucleotide kinase ac-
tivity.®” Therefore, we speculated that reversing N456 to aspar-
tate may restore the polynucleotide kinase activity to
hnRNPUL1. An active polynucleotide kinase would be expected
to hydrolyze ATP in the presence of a substrate nucleic acid.
Remarkably, the N456D mutant displayed ATPase activity,
which was considerably higher than the background activity
seen with the WT and WA,,, proteins (Figure 3B). While ATPase
activity was observed for the N456D mutant, even in the absence
of exogenous added RNA, it is possible that residual RNA co-pu-
rified with the proteins. The 5’-OH group provided by either co-
purifying or exogenously added RNA may act as acceptor of
the y phosphates released by ATP hydrolysis. Strikingly, a kinase
assay revealed that hnRNPUL1\4s6p and T4 PNK were able to
phosphorylate both RNA and dsDNA substrates with free
5-OH ends (and overhangs), but hnRNPUL1 WT and WA,
lacked this ability (Figure 3C).

(D) UV crosslinking of hnRNPUL1 ACTD to a 5 32P-labelled RNA oligonucleotide and varying amounts of ATP or ADP. Inset: Quantification of band intensities for

two replicates, with the bar showing the mean value.

(E) Competition assay with hnRNPUL1 ACTD (left) or CBP20 as positive control (right) UV crosslinked to y->P GTP and varying amounts of unlabeled GTP or m’G
cap analogue. Inset: Quantification of band intensities for two replicates of the experiment in the left relative to an untreated control with the bar showing the mean

value.
See also Figure S2.
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(C) Kinase assay using full-length hnRNPUL1 variants, y-2P ATP and RNA or dsDNA oligonucleotide substrates with free 5’ ends and 5’ overhangs. T4 PNK is

used as positive control.
See also Figure S3.

These results validate the structural model prediction and
confirm that hnRNPUL1 is a dPNK in its natural form. Moreover,
they demonstrate that hnRNPUL1 is among a few RNA-binding
proteins that can specifically recognize the free 5’ end of an
RNA, along with 5-3' exonucleases Xrn1, Xrn2, and DXO and
polynucleotide kinases such as CLP1, Grc3, and NOL9.%4%?
Despite the extensive sequence homology and predicted
structural homology, hnRNPU could not be reactivated as a
polynucleotide kinase by using a structurally equivalent N512D
mutation (Figure S3). Moreover, hnRNPUL2, which naturally
carries a glutamate at the position of N456 in hnRNPULA1,
showed no polynucleotide kinase activity (Figure S3). Together,
these results suggest that there are other differences, not readily
detectable by the alignment of predicted structures of the dPNK
domains of hnRNPU and hnRNPUL2, that prevent polynucleo-
tide kinase activity.

Mutations in the dPNK domain alter RNA-binding activity
of full-length hnRNPUL 1

Next, we examined the RNA-binding effects of ligand pocket
mutations on full-length hnRNPUL1 in the absence of NTPs.
High-molecular weight protein-RNA complexes appeared after

6 iScience 29, 115360, April 17, 2026

in vitro UV crosslinking (Figure 4A, arrows) and were absent
from the ACTD condition, suggesting that the multiple disor-
dered RNA-binding regions of the protein, especially the CTD
(Figure S2), contribute to the formation of those large complexes.
Consistent with this, the isolated CTD, which binds to RNAs,
though less efficiently than the full-length protein, also had a ten-
dency to form high-molecular weight complexes, which stuck in
the well of the gel but were nevertheless capable of binding the
RNA (Figure 4B). Deletion of the CTD dramatically reduced the
RNA-binding activity (Figure 4A). This highlights the importance
of RGG2 for the overall RNA-binding activity of the full-length
protein. Strikingly, the full-length WA,,, exhibited a substantial
enhancement of RNA-binding activity compared with WT. This
is in marked contrast to the RNA-binding activity with the
isolated SPRY-dPNK domain (Figure 2B), where WA, reduced
the RNA-binding activity. The WB,,, showed increased RNA-
binding activity in all replicates, but the substantial variation be-
tween replicates led to the low statistical significance. Together,
these data suggest that the dPNK domain may regulate the RNA-
binding activity associated with the CTD.

We also investigated the RNA-binding activity of WT, WA,
and WB,, ex vivo by crosslinking-immunoprecipitation (CLIP),
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using FLAG-tagged versions, which allowed stringent immuno-
precipitation of protein-RNA complexes, limited on-bead RNase
A trimming and %2P end-labelling, and visualization by SDS-
PAGE (Figure 4C, left). On the basis of eCLIP data from the
ENCODE project,>* we expect hnRNPUL1 to crosslink with a
broad range of RNAs in this assay including protein coding and
long non-coding RNAs. In this assay, both WA,, and WB,,
showed drastic enhancement of the RNA-binding activity
compared with WT (Figure 4C, right). Both mutants also dis-
played additional protein bands, which persisted through high-
salt (1 M NaCl) washes and produced a signal on the autoradio-
gram, which may correspond to proteolytic fragments of
hnRNPULT1 or tightly interacting proteins. Overall, these results
indicate that WA, and WB,,, enhance RNA interactions involving
the CTD.

A number of proteins, such as the mRNA export factors Alyre
and Nxf1,** which have arginine-rich RNA-binding peptides
within IDRs, form intramolecular interactions with their adjacent
folded domains. In the case of Nxf1, the intramolecular interac-
tion suppresses its RNA-binding activity. To investigate whether
hnRNPUL1 CTD might form an intramolecular interaction, we as-
sayed for an interaction between GST-hnRNPUL1 (aa 100-600),
which includes regions of IDR1, along with the SPRY-dPNK do-
mains, and the CTD (Figure 4D). We used this construct because
we found that a more truncated SPRY-PNK domain produced in
E. coli was poorly expressed with limited solubility. GST-
hnRNPUL1 (aa 100-600) bound the CTD, indicating an intramo-
lecular interaction. This interaction was not blocked by the
addition of exogenous RNA. However, the CTD or the GST-
hnRNPUL1 (aa 100-600) may have co-purified with host RNA.
Therefore, we carried out the pulldown assay in the presence of
RNase A and observed a robust increase in the amount of CTD
pulled down with GST-hnRNPUL1 (aa 100-600).This was also
the case with the GST fusion carrying WB,,,. This indicates that
RNA binding and the intramolecular interaction are mutually
exclusive. Thus, we considered that the WA, and WB,,, dPNK do-
mains may release the CTD, leading to the increased RNA binding
observed in vivo (Figure 4C). However, this was not readily
detectable using a pulldown assay (Figure 4D), and, therefore,
a more subtle conformational change may be responsible.

f43

iScience

Rare hnRNPUL1 coding variants in a cohort of ALS
patients
The earlier identification of a rare coding variant of hnRNPUL1 in
an ALS patient'® led us to screen cohorts of familial (n = 1,022,
ALS variant server) and sporadic (n = 4,366)45 ALS patients for
additional rare pathogenic coding variants within hnRNPUL1,
which may contribute to the disease. We defined “rare” based
on the minor allele frequency of <1% in population databases*®
and “pathogenic” based on the combined annotation-dependent
depletion score of >10.*” Twenty-one heterozygous variants iden-
tified using these criteria are shown (Figure S4A and Table S1).
Notably, variant p.R541* involved a severe truncation, suggesting
the loss of hnRNPUL1 function, whereas the effects of other var-
iants were unclear. While some variants we identified in ALS pa-
tients have also been identified within the gnomAD*® database
of human exome and genome sequencing data, their frequency
in the general population is < 1 per 10,000 individuals. Despite
this, the identification of hnRNPUL1 variants in ALS patients
does not conclusively demonstrate their role in disease causation.
We investigated the effects of the p.R468C variant on ligand
binding to the full-length protein. The variant amino acid, located
near the ATP-binding pocket (Figure 4E), showed enhanced ATP
binding compared with WT (Figure 4F). In the absence of ATP,
RNA binding was found to be unaffected between full-length
p.R468C and WT (Figure 4G, right 2 lanes), as seen with the iso-
lated SPRY-dPNK domain (Figure 2B). However, in the presence
of ATP, p.R468C bound RNA considerably better than the WT
protein (Figure 4G, left 2 lanes) and so behaved in a similar
manner to WB,,,. p.R468C lies within the flexible loop modeled
to be involved in an ATP-induced conformational change
(Figures 1G, S1C, and S1F). The AlphaFold3 model predicts
that the mutation Arg—Cys would ablate the hydrogen-bonding
network of the side chain (Figure S4B), which may perturb the
motion of that region, altering the capacity of the protein to
bind both ATP and RNA. Together, these data demonstrate
that mutations and a variant that disrupt the hydrogen-bonding
network within the dPNK domain (WA,,, WB,,, and p.R468C),
potentially triggering conformational changes, all result in
enhanced RNA binding, irrespective of whether the mutations/
variant enhance or reduce NTP binding.

Figure 4. Nucleotide binding regulates interactions with RNAs

(Aand B) In vitro UV crosslinking of full-length hnRNPUL1 (WT, WA,,, and WB,,,) and a ACTD truncation (A) or full-length hnRNPUL1 and the CTD (610-856) (B) to a
5' 32P-|abelled RNA oligonucleotide. Arrows point to high-molecular weight protein-RNA complexes trapped at the bottom of the wells. Inset: Quantification of
band intensities relative to WT, with p values calculated using the unpaired ¢ test (n = 3).

(C) Left: Workflow for investigating ex vivo RNA binding of full-length hnRNPUL1 (WT, WA,,, and WB,,,), with GFP used as negative control. HEK293T cells
overexpressing N-terminal FLAG-tagged versions of those proteins were UV crosslinked, followed by stringent FLAG immunoprecipitation, limited RNase A
digestion, and %P end-labelling of the resulting RNA fragments on the beads and analysis by SDS-PAGE. Created in https://BioRender.com. Right: Results of
ex vivo UV crosslinking of full-length hnRNPUL1 proteins to cellular RNA. Inset: Quantification of band intensities relative to WT, with p values calculated using the
unpaired t test (n = 3). Data are represented as the mean + SEM.

(D) Pulldown of FLAG-tagged hnRNPUL1 CTD (610-856), using WT or mutant hnRNPUL1 SPRY-dPNK core (100-600). The bait protein carries an N-terminal GST
tag and C-terminal 6xHis. Reactions were performed by incubation with RNase A (1.5 pM) or RNA oligonucleotide (70 nM) as indicated. Inset: Quantification of
band intensities relative to untreated WT pulldown, with p value calculated using the unpaired t test (n = 3). Data are represented as the mean + SEM. Statistical
significance is shown by ns = p > 0.05, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001.

(E) Detail of the hnRNPULT1 ligand pocket bound to ATP. Side chains of R468 and the WA (gold) and WB motifs are shown in stick form.

(F) UV crosslinking of full-length hnRNPUL1 proteins to a->2P ATP. Inset: Quantification of mutant band intensity relative to WT, with p value calculated using the
unpaired t test (n = 3). Data are represented as the mean + SEM.

(G) UV crosslinking of full-length hnRNPUL1 proteins to a 5’ ®2P-labelled RNA oligonucleotide in the presence or absence of excess ATP. Inset: Quantification of
band intensities relative to WT for two replicates, with the bar showing the mean value.

See also Figure S4.
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We assessed the potential structural impact of other
hnRNPULT1 variants observed in ALS patients within the SPRY-
dPNK core compared with the WT model (Figure S4). Of the 9
missense variants, only 3 were predicted to fully ablate
hydrogen-bonding networks: p.N264S, p.S287A, and p.R468C.
Variants p.S230T, p.S249N, and p.R357Q were predicted to
result in one less hydrogen bond, while p.I580T was conversely
predicted to introduce an additional side-chain to main-chain
interaction with p.V530. The remaining two missense variants,
p.P395S and p.D588Y, did not contribute to side-chain interac-
tions in the missense or WT models, and their impact on
hnRNPULT1 function remains to be determined.

The dPNK domain governs hnRNPUL1 homotypic versus
heterotypic interactions

Several mass spectrometry studies have identified hnRNPUL1
as a binding partner for the FET (FUS, EWS, and TAF15) family
of proteins,'>*9" which are mutated in ALS patients.>> A co-
immunoprecipitation experiment in the presence of RNase A
confirmed a robust protein-protein interaction with FET proteins
for both hnRNPUL1 and the related protein hnRNPU (Figure 5A).
To explore the interaction between FUS and hnRNPUL1 in a
reciprocal way, we immunoprecipitated FUS in the presence
and absence of RNase A to identify protein-protein interactions
(Figure 5B). In the absence of RNase A, an FUS immunoprecip-
itate did not exhibit readily detectable levels of hnRNPUL1; thus,
in steady state, only a small proportion of FUS was associated
with  hnRNPUL1. However, in the presence of RNase A,
hnRNPUL1 was readily detectable in an FUS immunoprecipitate,
and this interaction was dependent on the presence of the RGG2
domain in hnRNPUL1. We infer from these results that the RGG2
domain of hnRNPUL1 forms mutually exclusive interactions with
RNA and FUS. FET proteins are known to form biomolecular
condensates in vivo, and hnRNPUL1 is also predicted to phase
separate'. Therefore, it is possible that the observed co-immu-
noprecipitation of hnRNPUL1 with FET proteins is indirect by vir-
tue of purification of a biomolecular condensate, rather than a
direct protein-protein interaction between hnRNPUL1 and the
FET proteins. Nevertheless, such interactions are not dependent
on RNAs.

Many RNA-binding proteins including hnRNPU form both ho-
motypic and heterotypic interactions.®*** To examine the inter-
play between these interactions, we immunoprecipitated FLAG-
hnRNPUL1 in cells expressing Myc-hnRNPUL1 while also
screening for interactions with FUS (Figure 5C). In the absence
of RNase, a hnRNPUL1 homotypic interaction was readily
detectable with WT, WA,,, and ACTD mutants, together with

iScience

the isolated SPRY-dPNK domain. However, this homotypic
interaction was disrupted when the WA, mutation was com-
bined with ACTD. The isolated CTD showed a very weak interac-
tion with full length Myc-hnRNPUL1. On screening for heterotyp-
ic interactions with FUS, a robust interaction was detected with
both WT and WA, but neither with the ACTD mutant nor with the
isolated SPRY-dPNK domain. Strikingly, the combination of the
WA, and ACTD mutations restored binding to FUS, albeit at
significantly reduced levels compared with full-length WT and
WA,.. The switch from homotypic (ACTD) to the heterotypic
(ACTD/WA.) FUS interaction driven by the WA, mutation re-
veals that the SPRY-dPNK domain regulates homotypic versus
heterotypic interactions. Because a key domain involved in
FUS interactions is the hnRNPUL1 CTD (Figure 5C), these data
are consistent with the idea that the dPNK domain regulates
the activity of the CTD. However, given that the ACTD/WA,,
but not the isolated SPRY-dPNK domain, could also bind FUS,
it can be inferred that the N-terminal regions, including the
SAP and IDR1, also contribute to FUS interactions and that these
are also regulated by the SPRY-dPNK domain. We further inves-
tigated homotypic versus heterotypic interactions in the pres-
ence of RNase to discriminate between direct and RNA-bridged
interactions. While the homotypic interactions with WT and WA,
mutants were preserved, interactions with other regions of
hnRNPUL1 were significantly reduced, indicating that RNA sta-
bilized these interactions (Figure 5C). The exception to this was
the isolated CTD, which still formed a substantial homotypic
interaction with full-length hnRNPUL1, consistent with the intra-
molecular interaction observed earlier between the CTD and aa
100-600 (IDR1-SPRY-dPNK) (Figure 4D).

During the course of these experiments, we noted that FLAG-
hnRNPUL1 constructs carrying the WA, mutation (Figure 5C,
top) presented discrete truncations, which were absent from
the equivalent WT constructs. For example, full-length WA,
has a prominent discrete C-terminal truncation, with a size very
similar to the ACTD construct. These data, combined with the
observation that WT hnRNPUL1 has no detectable ATPase or
polynucleotide kinase activity, suggest that NTP binding serves
to stabilize the SPRY-dPNK fold. The disruption of NTP binding
by WA, and the accompanying destabilization of the fold may
trigger release of the flanking IDRs, making them more suscep-
tible to proteolysis, leading to the discrete truncated proteins
observed.

We further assessed the impact of SPRY-dPNK domain muta-
tions and variants identified in ALS patients on interactions with
FUS by using the ACTD construct, which is acutely sensitive to
mutations in the SPRY-dPNK domain for such interactions

Figure 5. The dPNK domain governs homotypic vs. heterotypic interactions

(A-D) Western blot analyses.

(A) FLAG-hnRNPU/UL1 and FLAG-GFP immunoprecipitations from FLP-In cell lines with stable expression of the FLAG-tagged constructs probing for

interactions with the FET protein family.

(B) FUS immunoprecipitations from HEK293T cells expressing myc-tagged hnRNPUL1 mutants and lacZ. (C) FLAG immunoprecipitations from HEK293T cells
co-transfected with Myc-hnRNPUL1 (full length) and FLAG-tagged GFP or hnRNPUL1 constructs as indicated. Inset: Quantification of log2 fold change of IP
signal relative to full-length WT conditions, with p value calculated using the unpaired t test (n = 3). Data are represented as the mean + SEM.

(D) FLAG immunoprecipitations from HEK293T cells transfected with GFP or mutant FLAG-hnRNPUL1,c1p. RNase A was added to cell lysates prior to IPs as
indicated. Inset: Quantification of IP signal relative to hnNRPUL1 ACTD conditions, with p value calculated using the unpaired t test (n = 3). Data are represented
as the mean + SEM. Statistical significance is shown as ns = p > 0.05, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001.
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(Figure 5D). In the absence of RNase, each mutant/variant
showed an enhanced interaction with FUS compared with the
WT ACTD protein, with WB,,, and p.R468C showing the stron-
gest interactions. Strikingly, in the presence of RNase, WA,
bound FUS better than the other mutants/variants. Notably,
the two variants that more strongly bound ATP—WB,, and
p.R468C —showed substantially reduced FUS interaction rela-
tive to WA, in the presence of RNase, as did the p.R357Q variant
lying within the SPRY domain, indicating that these interactions
were at least partially bridged by RNA. In contrast, the WA, inter-
action with FUS was enhanced following RNase treatment.
Because the isolated SPRY-dPNK domain failed to bind FUS
(Figure 5C), we conclude that the ability of the ACTD constructs
to bind FUS in these assays is mediated by the SAP-IDR1 re-
gions of hnRNPUL1. This activity is regulated by the SPRY-
dPNK domain, and mutations/variants in this domain alter this
regulatory activity.

DISCUSSION

We have shown that hnRNPUL1 harbors a central tightly
juxtaposed SPRY-dPNK domain fold, which can bind, but
not hydrolyze, NTPs. However, ATP binding significantly
altered the intrinsic tryptophan fluorescence, as previously
observed for hnRNPU,** suggesting a potential conforma-
tional change on nucleotide binding. Such a conformational

interaction with its essential partner
Pcf11 in 8 end processing.”® As the
intranuclear concentration of ATP is
very high, it is not clear how nucleotide binding to hnRNPULA1
might be regulated in vivo, though it may be coupled with RNA
interactions (Figure 2) or altered in response to energy starva-
tion. Alternatively, ATP may always be bound and simply act
as a co-factor to maintain the structure and stability of the
dPNK domain and flanking disordered regions.

Strikingly, full-length hnRNPUL1 purified directly from human
cells binds ATP with >200-fold higher affinity than that reported
for hnRNPU.°® However, we noted that the earlier study utilized a
fragment of hnRNPU lacking the tightly juxtaposed SPRY
domain. Whether the truncation of hnRNPU led to partial disrup-
tion of the NTP-binding fold or whether hnRNPU genuinely binds
ATP with such lower affinity is currently not clear. Comparison of
the sequences and predicted structures (Figures 2 and S2) re-
vealed substantial homology and no obvious reason for differ-
ences in the nucleotide-binding affinity based on their ligand-
binding clefts.

While a mutation that disrupted nucleotide binding (WA,,,) led
to enhanced interactions with proteins such as FUS and RNA
via both IDR1 and the CTD, the WB,, and p.R468C mutant/
variant, which bind ATP better than the WT protein, also
showed dramatically enhanced RNA binding and IDR1-medi-
ated interactions with FUS. A common feature of all these mu-
tants is disruption of the hydrogen-bonding network within the
dPNK fold. The predicted conformational changes within the
dPNK domain associated with this disruption led to rampant

iScience 29, 115360, April 17,2026 11



https://BioRender.com

¢? CellPress

OPEN ACCESS

protein or RNA ligand binding via the flanking IDR1 and
CTD. Therefore, a major function of the dPNK domain may
simply be to sequester the flanking IDR1 and CTD regions
and prevent excessive association with either RNA or other
proteins, with ATP stabilizing the dPNK fold to maintain this
activity. The use of a central folded domain to sequester
and regulate the activity of flanking RGG boxes containing
IDRs is not unique to hnRNPUL1. Two mRNA export factors,
Alyref*® and Nxf1,** also exhibit this activity. Moreover,
FUS forms head-to-tail interactions driven by cation-x interac-
tions, which, in turn, is driven by a C-terminal IDR containing
RGG peptides and an aromatic rich N-terminal domain.®”
Thus, self-regulation of RGG domains within IDRs may be
more widespread, maintaining the correct balance of ligand
interactions as well as stabilizing the IDRs, protecting them
from proteolytic attack in their ligand-free state. Consistent
with this latter idea, we observed significant degradation on
hnRNPULT1 in a variety of truncations carrying the WA, muta-
tion (Figure 5C).

The dPNK domain of hnRNPUL1 has the ability to bind the 5’
end of uncapped RNAs. Such RNAs are produced during 3’
cleavage of pre-mRNAs, and the downstream RNA is subse-
quently degraded by Xrn2 to drive RNA Pol Il transcription
termination.®® Furthermore, hnRNPUL1 was previously identi-
fied in a purified 8 processing complex.”® Therefore, it is
conceivable that hnRNPUL1 may antagonize the activity of
Xrn2 in vivo, though this remains to be confirmed. Alternatively,
rather than docking an RNA 5’ end, the dPNK domain, together
with the associated SPRY domain, may act as a more general
RNA-binding domain. In support of this, mass spectrometry
approaches have identified peptides within the SPRY-dPNK
region that bind RNA (Figure S2), and a recent unbiased
mass spectrometry study looking for proteins binding RNA
G-quadruplexes identified the dPNK domain of hnRNPUL1.5°
Within FUS, sequence-independent unstructured RNA-binding
RGG boxes lie adjacent to two folded domains, which bind
RNA selectively—the RNA recognition and zinc finger motifs.
The RGG boxes play a role in destabilizing RNA structures
and dramatically increase the overall FUS RNA-binding affin-
ity.°" By analogy, it is conceivable that hnRNPUL1 uses its
dPNK domain to bind structured RNAs such as RNA
G-quadruplexes, with the adjacent RGG boxes enhancing the
RNA-binding affinity. This may account for why hnRNPUL1
binds ALS-associated C9orf72 repeat expansion RNA,'” which
is known to form RNA G quadruplexes.®?

A significant number of the hnRNPUL1 variants we observed
were within the two IDRs, IDR1 and the CTD, and this is observed
in ALS genes such as FUS and TDP43.%® The formation of bio-
molecular condensates through intrinsically disordered domains
is a common feature of RNA-binding proteins, and this property
influences their activity in splicing regulation through modulation
of both protein and RNA interactions.®® Therefore, the multiple
IDR1 and CTD variants in hnRNPUL1 may alter its activity in
alternative splicing regulation.”® Similarly, we have shown that
mutations/variants within the folded SPRY-dPNK region alter
RNA and protein binding for hnRNPUL1, which again are likely
to impact its activity in RNA splicing, DNA damage repair, and,
ultimately, cellular fitness.
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Limitations of the study

As we do not have access to individual-level genotyping from
sufficient numbers of non-ALS individuals, we were unable to
perform a statistically significant gene burden test to establish
that the hnRNPUL1 variants we have observed are ALS specific.
However, we noted that they occur in <1 per 10,000 individuals
with the gnomAD database but at >10-fold higher frequency in
the ALS cohorts we examined. Furthermore, we have not estab-
lished the RNA-binding specificity of the individual RNA-binding
domains of hnRNPUL1. For example, it is not clear whether the
dPNK domain binds to the 5’ end of an RNA in the manner that
PNKP would in vivo, or whether, on losing polynucleotide kinase
activity, the dPNK domain, along with the adjacent SPRY
domain, forms a more general RNA-binding domain. Further
in vivo studies using isolated domains and measuring RNA-bind-
ing activity using CLIP approaches may resolve these questions.
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GMP-PNP Millipore, Sigma Cat# G0635; CAS: 148892-91-5

ADP Millipore, Sigma Cat# A-5285; CAS: 72696-48-1

GTP Millipore, Sigma Cat# G8877; CAS: 36051-31-7
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Glutathione Sepharose 4B
Costar Spin-X Centrifuge Tube Filters
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Cat# M0236S
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Cat# 8161

Critical commercial assays

Gibson assembly cloning kit
Q5 Site-Directed Mutagenesis Kit

New England Biolabs
New England Biolabs

Cat# E5510S
Cat# E0554S

Deposited data

Uncropped gel images This paper https://doi.org/10.17632/rh3prrcskn.1
Experimental models: Cell lines

HEK293T ECACC Cat# 12022001
Flp-In T-Rex 293 Invitrogen Cat# R78007
Tetracycline-inducible FLAG-hnRNPU Flp-In 293 This paper N/A
Tetracycline-inducible FLAG-hnRNPUL1 Flp-In 293 This paper N/A
Oligonucleotides

RNA sequence: mono-Pi oligo: This paper N/A
GCUUGCAUGCCUGCAGGCC

AGCCUCAAUCACAUC

DNA oligo sequence: kinase substrate fw: This paper N/A
CTTCAGGATGGAAG

DNA oligo sequence: kinase substrate rv: This paper N/A
GTGACCATCTTCCA

Recombinant DNA

PPGKFLPobpA Flp recombinase Addgene Cat# 13793
pcDNA™S5/FRT Mammalian Expression Vector Invitrogen Cat# V601020
pcDNA5-FRT 3xFLAG hnRNPU This paper N/A
pcDNAS5-FRT 3xFLAG hnRNPULA1 This paper N/A
pcDNA5-FRT 3xFLAG hnRNPUL1 WA, This paper N/A
pcDNA5-FRT 3xFLAG hnRNPUL1 WB,,, This paper N/A
pcDNA5S-FRT 3xFLAG hnRNPUL1 N456D This paper N/A
PcDNA5-FRT 3xFLAG hnRNPUL1 R468C This paper N/A
pPcDNA5-FRT 3xFLAG hnRNPUL1 ACTD This paper N/A
PcDNAS5-FRT 3xFLAG hnRNPUL1 ACTD WA, This paper N/A
pPcDNA5-FRT 3xFLAG hnRNPUL1 ACTD WB,,, This paper N/A
pcDNA5-FRT 3xFLAG hnRNPUL1 ACTD R468C This paper N/A
pcDNA5-FRT 3xFLAG hnRNPUL1 ACTD R357Q This paper N/A
pPcDNA5-FRT 3xFLAG SPRY-dPNK This paper N/A
pcDNA5-FRT 3xFLAG SPRY-dPNK WA, This paper N/A
pcDNAS-FRT 3xFLAG SPRY-dPNK WB,,, This paper N/A
pcDNAS-FRT 3xFLAG SPRY-dPNK T507A This paper N/A
pPcDNA5-FRT 3xFLAG SPRY-dPNK R516A This paper N/A
pcDNAS-FRT 3xFLAG SPRY-dPNK R468C This paper N/A
pcDNA5-FRT 3xFLAG RGG-PLD This paper N/A
pcDNA5-FRT 3xFLAG GFP This paper N/A
pcDNABS.1/myc-HisA ThermoFisher Cat# V80020
pPcDNAB.1/myc-HisA- hnRNPUL1 This paper N/A
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pcDNAB.1/myc-HisA- hnRNPUL1 ARGG2 This paper N/A

pcDNAB.1/myc-HisA- LacZ This paper N/A

pGEX-6P-1 Amersham Cat# 27-4597-01

PGEX-6P-1 hnRNPUL1 100-g00 6XxHis This paper N/A

pGEX-6P-1 hnRNPUL1 100600 WA 6xHis This paper N/A

pPGEX-6P-1 hnRNPUL1 109_g00 WB, 6xHis This paper N/A

Software and algorithms

ChimeraX 1.9 Meng et al.®® https://www.rbvi.ucsf.edu/chimerax/
RRID:SCR_015872

GraphPad Prism 10.5.0 NA https://www.graphpad.com/
RRID:SCR_002798

AlphaFold v3.0 Abramson et al.?® https://alphafoldserver.com/about
RRID:SCR_025885

BioRender NA https://BioRender.com
RRID:SCR_018361

ImageJ Schneider et al.®® https://imagej.net/ij/
RRID:SCR_003070

Image Lab NA http://www.bio-rad.com/en-us/sku/

1709690-image-lab-software
RRID:SCR_014210

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
TheHEK293TcelllinewaspurchasedfromtheEuropeanCollectionofAuthenticatedCellCultures(ECACC)andtheFIp-In-T-Rex293celllinewas
purchasedfromlinvitrogen.BothcelllineswereroutinelytestedforMycoplasmacontaminationbutwerenotfurtherauthenticatedfollowingpur-
chase.Celllinesweregrownat37°Cwith5% CO,inDulbecco’smodifiedEaglemedium(DMEM)with 10%fetalbovineserum(FBS).

METHOD DETAILS

Cloning and mutagenesis

hnRNPUL1 full length and truncation constructs, as well as GFP, were cloned into the pcDNA 5/FRT plasmid with an N-terminal
3xFLAG tag sequence using the Gibson assembly method according to the manufacturer’s instructions. Separately, the hnRNPUL1
region 100-600 was cloned by Gibson assembly into the pGEX-6P-1 vector with an N-terminal GST tag and a C-terminal hexahis-
tidine tag. Point mutations were introduced using the Q5 Site-Directed Mutagenesis kit following the manufacturer’s instructions. All
plasmids generated in this study were validated by Sanger sequencing.

Generation of FIpIN FLAG-hnRNPUL1 stable Cell lines

FlpIn-293 (10,000 cells) were seeded in a 6-cm dish and cultured in Tet-free FBS DMEM for 24 h at 37 °C before transfection with
2.4 ng FRT vector and 3.6 pg FlpIn recombinase (pPGKFLPobpA) using Turbofect transfection reagent. Cells were split into two
10-cm dishes 48 h later. Selection medium (DMEM containing 15 pg/mL Blasticidin and 0.1 mg/mL Hygromycin) was supplied until
individual colonies grew, which were transferred to wells in 24-well plates and expanded to allow screening via Western blotting.
FLAG-tagged protein expression was induced for 48 h using tetracycline (1 pg/mL).

Transfection

Cells were seeded 24 h before transfection to achieve ~70% confluency at the time of transfection. Lipofectamine 2000 was used to
transfect cells at 5 pl/2.5 pg of DNA in a mixture of serum-free DMEM for a final volume of 1:10 to the dish volume. Cells were harvested
48 h later. For protein overexpression in mammalian cells, HEK293T were seeded in 10 cm dishes, similarly. Cells were transfected with
a mixture of PEI:DNA of 3.5:1 (w/w) in serum-free DMEM for a final volume of 1:6 to the dish volume and harvested 48 h later.

Bacterial protein expression

E.coli BL21 cells were transformed with pGEX6P1 vectors harboring hnRNPUL1409.600 truncations were used to inoculate Terrific
Broth at 37 °C at a 1:100 dilution from an overnight starter culture. At OD600 = 0.6, protein expression was induced with 1 mM
IPTG and allowed to progress overnight at 18 °C.
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Immunoblotting

Western blotting was performed on Amersham Protran nitrocellulose membrane with a Trans-Blot Turbo Transfer System. Proteins
were transferred at 25 V, 1.3 mA for 22 min. Blots were incubated in TBST +5% milk for 1 h, then with primary antibody for 1 h, washed
in 1x TBST 3 x 5 s and 3 x 5 min. Incubation (1 h) with secondary antibody (at 1:10,000) coupled to horseradish peroxidase (HRP)
followed. Membranes were washed as before, placed in ECL detection reagent for 1 min and exposed in a Bio-Rad Chemidoc
System.

Purification of FLAG-tagged proteins

HEK293T cells were lysed in 5 pellet volumes IP Lysis buffer (IPLB) (50 mM HEPES-NaOH pH 7.5, 100 mM NaCl, 0.5% Triton X-100,
1 mM EDTA pH 8.0, 10% Glycerol, 1 mM DTT, EDTA-free Protease Inhibitors) and nuclei were sheared by aspiration with a 26-gauge
needle. hnRNPUL1 WA,,, and WB,, lysates were digested with 500 U benzonase at 37 °C for 30 min. Lysates were centrifuged at
16,200x g for 5 min and supernatants transferred onto 100 uL FLAG agarose beads pre-washed with IPLB. Beads were incubated
at 4 °C for 2 h, washed with 2 x 1 mL IPLB and treated with 4 pg RNase A at 37 °C for 30 min. Beads were washed with 3 x 1 mL IP
wash buffer (IPLB +1 M NaCl) and once with 1 mL IPLB. Proteins were eluted in 300 pL IPLB +0.25 pg/pL 3xFLAG peptide at 4 °C. The
in vitro experiments presented in Figures 1, 2, and 3, S3, 4A, 4B, 4E, and 4F utilised the FLAG-tagged proteins purified as
described here.

RNA oligonucleotide labeling

An RNA oligonucleotide with 5" hydroxyl was end-labelled with T4 PNK. The reaction contained 0.5 uM RNA, 16.7 uM %2P y-ATP, 10 U
T4 PNK in commercial T4 PNK buffer (NEB) and was incubated at 37 °C for 1 h, then RNA was separated on a 20%
polyacrylamide +6 M urea gel in 0.5x TBE buffer (0.44 M Tris, 0.44 M Boric Acid, 1 mM EDTA, pH 8.0). The RNA was cut from the
gel and crushed, then extracted by overnight soaking in 400 pL RNA gel extraction buffer (1 M NaCH3;COO™, 1 mM EDTA). The su-
pernatant was filtered through a Spin-X centrifuge tube and precipitated with 1 mL 100% ethanol and 5 pg glycogen. After 1 h at
—20 °C, the RNA was centrifuged at 16,200x g for 30 min. The pellet was washed with 1 mL 75% ethanol, centrifuged at 16,200x
g for 7 min, air dried and resuspended in 100 pL nuclease-free water.

NTP crosslinking and competition assays

ATP UV-crosslink

Proteins (0.3 pM) were mixed in NTP reaction buffer (NTP RB: 50 mM Tris-HCI pH 8.0, 100 mM NaCl, 10 mM MgCl,, 1 mM DTT) and
55 nM 32P y-ATP. Reactions were incubated on ice for 15 min and UV-crosslinked on ice for 30 min at 254 nm. Crosslinked proteins
were separated on an 8% gel by SDS-PAGE, stained and dried at 80 °C for 30 min. Dried gels were exposed on a phosphorimager
screen, which was developed on a TyphoonFLA 7000 laser scanner.

NTP competition

Full-length hnRNPUL1 (1.6 pM) was mixed in NTP RB with 55 nM 2P y-ATP and AMP-PNP or GMP-PNP non-hydrolysable compet-
itors (final concentrations: 0.55, 5.5 and 27.7 pM). Reactions were mixed for 15 min on ice and UV-crosslinked for 30 min. Complexes
were separated on a 10% gel by SDS-PAGE and processed as before.

GTP/m’G cap analog competition

hnRNPUL1 ACTD (1 uM) was mixed in NTP RB with 10 nM a-22P GTP and GTP or m’G cap analog competitors at 0.1, 1 and 10 pM.
Samples were incubated at 37 °C for 15 min and UV-crosslinked on ice for 30 min. Complexes were separated on a 10% gel by
SDS-PAGE and processed as before.

RNA UV-crosslinking and competition

RNA UV-crosslink

SPRY-dPNK or full-length proteins (0.5 pM) were mixed in RNA binding buffer (15 mM HEPES pH 7.9, 100 mM NaCl, 5 mM MgCl,,
0.2 mM EDTA, 0.05% Tween 20, 10% glycerol) with ~25 nM 5'-labelled RNA oligonucleotide and 8 U RNAse inhibitor. Reactions
incubated on ice for 10 min, then UV-crosslinked on ice for 15 min. Subsequently, proteins were separated on a 10% gel by
SDS-PAGE and processed as before.

ATP/ADP competition

hnRNPUL1 ACTD (0.5 pM) was incubated in NTP RB with ~25 nM 5'-labelled RNA oligonucleotide, 8 U RNase inhibitor and ATP or
ADP competitors at 10, 100 and 1,000 pM. Reactions were incubated at 37 °C for 10 min and UV-crosslinked on ice for 15 min. Com-
plexes were separated on a 10% gel by SDS-PAGE and processed as before.

Ex vivo RNA crosslinking

One 10-cm dish of HEK293T cells was transfected with each protein. Before harvesting, the cells were washed with PBS and UV-
crosslinked on ice for 15 min. Purification of FLAG-tagged proteins proceeded as before, but without enzymatic treatments. On-
bead RNase A digestion (8 U/condition) was performed at 37 °C for 10 min, followed by 3 washes in IPLB +1 M NaCl and RNA
end-labelling with 3.3 nmol ®2P y-ATP and 1 U T4 PNK in T4 PNK RB for 10 min. Residual ATP and T4 PNK were removed with 3
washes in IPLB +1 M NaCl, followed by elution with 0.25 pg/uL 3xFLAG peptide, separation by SDS-PAGE and phosphorimaging.
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Kinase assays and thin-layer chromatography

Kinase assays

Proteins (0.5 uM) were mixed in NTP RB with 0.5 uM dsDNA or an RNA oligonucleotide, carrying 5" hydroxyl groups and 15 nM 2P
y-ATP. The T4 PNK control contained 10 U enzyme in T4 PNK RB instead. Reactions were incubated at 37 °C for 30 min and sepa-
rated on a 12% 6 M urea polyacrylamide gel in 0.5X TBE. The gel was exposed on a phosphorimager screen for 1 h and developed as
before.

TLC

ATP hydrolysis reactions were performed in NTP RB with 0.5 pM protein, 0.8 nM 32P y-ATP and 0.5 pM RNA oligonucleotide (as spec-
ified). Reactions were incubated at 37 °C for 30 min and quenched with 0.25 M EDTA and 10 pL xylene cyanol. Proteinase K (20 ng)
and 100 mM Tris pH 7.5 were added and proteins were digested for 30 min at 37 °C. T4 PNK and apyrase positive controls were
performed differently. T4 PNK reactions were carried out in T4 PNK RB, +0.5 pM RNA oligonucleotide, 0.8 nM 32P y-ATP and
10 U T4 PNK. The apyrase control reaction contained 5 ug apyrase and 0.8 nM 32P y-ATP in NTP RB. Reactions were incubated
at 37 °C for 30 min, then quenched with 0.25 M EDTA and 20 pL xylene cyanol. PEI-cellulose plates were pre-run in 0.4 M phosphate
buffer pH 5.5 and dried. Equal amounts of radioactivity were spotted on PEI plates and run in the same buffer, dried and exposed on a
phosphorimager screen for 1 h and developed as before.

Fluorescence spectroscopy

SPRY-dPNK proteins were buffer-exchanged into 50 mM Tris pH 8.0, 100 mM NaCl. Measurements were carried out with 0.5 pM
proteins in 50 mM Tris pH 8.0, 100 mM NaCl, 10 mM MgCl,, 5 mM DTT. Tryptophan fluorescence was measured with a Cary Eclipse
fluorometer (Agilent), excitation wavelength = 280 nm and emission spectra = 300-400 nm with spectral resolution of 5 nm and photo-
multiplier set to high. Background fluorescence was measured from the reaction buffer and subtracted from the final results. Each
protein was measured in apo form, then ATP was titrated into the solution. Final ATP concentrations tested were: 10, 25, 50, 74, 99,
246, 491, 735 and 978 nM. After each titration, proteins were incubated for 1 min at 37 °C and emission spectra recorded in triplicate.
Five values around the emission peak (347-352 nm) were averaged for each spectrum and fluorescence quenching (AFluorescence)
was calculated for each set of triplicate measurements. Curves were fitted in Graphpad Prism 8.3.0 corresponding to a One site—
Specific binding equation.

GST-hnRNPUL1 pulildown

Bacterial cells were resuspended in 1 mL GST lysis buffer (1X PBS, 0.1% Tween 20) and sonicated (5 x [3s-ON/3s-OFF]) at 25%
amplitude with a Fisherbrand Model 120 Sonic Dismembrator. Lysates were centrifuged at 16,200x g for 5 min and incubated
with 120 pL. GSH beads for 30 min at 4 °C. Beads were washed 3x with 1 mL GST lysis buffer, then split into 10 pL aliquots and mixed
with purified FLAG-CTD in RB100 buffer (25 mM HEPES pH 7.5, 50 mM NaCl, 10 mM MgCl,, 1 mM DTT, 0.05% Triton X-100, 10%
Glycerol) supplemented with RNase A (1.5 pM) or RNA oligonucleotide (70 nM) as indicated. Reactions were incubated at 37 °C for
30 min, supernatants washed with 2x 200 pL PBS and eluted with 2 bead volumes of 50 mM Tris pH 8.0, 40 mM GSH, 200 mM NaCl,
10% glycerol. Eluates were analyzed by SDS-PAGE and Western blotting.

FLAG-tagged Protein co-IP

FLAG-agarose (50 pL) was blocked by rotating overnight at 24 rpom and 4 °C in IPLB +1% BSA. Cells were lysed and supernatant
loaded onto beads and incubated at 4 °C for 2 h. For RNase A-treated samples, 0.25 mg/mL RNase A was supplemented during
the co-immunoprecipitation and washes before elution. Bound complexes were eluted in 60 pL IPLB +100 pg/mL 3xFLAG peptide
by rotation at 4 °C for 1 h. Eluates were analyzed by SDS-PAGE and Western blotting, with input samples representing 0.1-0.5% of
protein concentration loaded onto the beads. For FUS immunoprecipitations, 4 pg of FUS antibody was bound to 40 pL of Protein G
Dynabeads and used similarly to FLAG-agarose in co-immunoprecipitation experiments but eluted using 3 M Arg.HCI pH 3.5 and
neutralised with 1 M Tris-HCI pH 8.0.

Graphics generation
Structural models were analyzed and molecular models rendered using UCSF ChimeraX v1.9. Diagrams were drawn using
BioRender.com.

QUANTIFICATION AND STATISTICAL ANALYSIS
The construction of all graphs used Graphpad Prism v10.5.0. Error bars are SEM and individual data points are plotted. An unpaired t
test was used to determine statistical significance between groups where p values are represented as follows: ns = p > 0.05,

*=p<0.05 " =p<0.01 and ** = p < 0.001. n = the number of biological replicates. The specific statistics and details can be found
in each figure legend.
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