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ABSTRACT

Heterogenous nuclear ribonucleoproteins (hnnRNPs)
are abundant proteins implicated in various steps of
RNA processing that assemble on nuclear RNA into
larger complexes termed 40S hnRNP particles. De-
spite their initial discovery 55 years ago, our under-
standing of these intriguing macromolecular assem-
blies remains limited. Here, we report the biochem-
ical purification of native 40S hnRNP particles and
the determination of their complete protein compo-
sition by label-free quantitative mass spectrometry,
identifying A-group and C-group hnRNPs as the ma-
jor protein constituents. Isolated 40S hnRNP parti-
cles dissociate upon RNA digestion and can be re-
constituted in vitro on defined RNAs in the presence
of the individual protein components, demonstrat-
ing a scaffolding role for RNA in nucleating parti-
cle formation. Finally, we revealed their nanometer
scale, condensate-like nature, promoted by intrinsi-
cally disordered regions of A-group hnRNPs. Collec-
tively, we identify nuclear 40S hnRNP particles as
novel dynamic biomolecular condensates.

INTRODUCTION

Eukaryotic cell compartmentalization evolved to increase
the efficiency of cellular pathways by enriching required

components in a confined space. This subcellular up-
concentration governing cellular activities can occur either
within membranous or membrane-less organelles (1). Many
pathways, especially those related to RNA metabolism,
take place in membrane-less macromolecular assemblies or
organelles, also known as biomolecular condensates. Nu-
clear processes are often compartmentalized in biomolecu-
lar condensates (2), of which nucleoli (3), Cajal bodies (4),
paraspeckles (5) and nuclear speckles (6) are best known.
Both RNA and RNA binding proteins (RBPs) can un-
dergo a phenomenon called liquid-liquid phase separation
(LLPS) (7), which has recently been widely implicated in
promoting formation of such biomolecular condensates (8).

RBPs undergoing phase separation often contain
condensate-promoting intrinsically disordered region
(IDR) and tethering domains required for binding to
RNA. Examples include the IDRs of heterogeneous
nuclear ribonucleoproteins (hnRNPs) Al and A2BI1 that
undergo LLPS by forming in vitro micrometer size droplets
(9,10). HnRNPs are a large group of abundant nuclear
proteins that coat the pre-mRNA and play a major role
in transcription, splicing, 3’ end processing, export and
RNA degradation (11-14). Six hnRNPs form the core of
40S hnRNP particles that package nuclear RNA and were
named as Al, A2, BI, B2, CI and C2 (15). C1 and C2 are
isoforms that form (C1);C2 tetramers (16,17). Likewise, A2
and B1 are isoforms (18), and A2/B1 as well as A1/B2 also
assemble with a 3:1 ratio in the context of the 40S hnRNP
(19,20). 40S hnRNP particles were initially isolated from
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rat liver nuclear extracts and shown to sediment as a major
peak at 40S on sucrose density gradients, (21). This peak
is composed mainly of single spherical particles with a
diameter of about 20 nm (22), initially referred to as ‘infor-
mofers’ (23) and later termed ‘40S hnRNP particles’ (24).
Interestingly, addition of RNAse inhibitors re-distributed
the 408 peak to a series of distinct peaks of higher density,
suggesting a beads-on-a-string-like arrangement of 40S
hnRNP particles on RNA (25). Consistent with this
idea, the lengths of the RNA fragments extracted from
the higher density peaks also increased in increments of
about 700 nucleotides per additional 40S hnRNP particle
(24,25). Moreover, in RNase treated nuclear extracts,
hnRNP particles were reconstituted upon addition of
in vitro transcribed RNA of about 700 nucleotides (26).
Because hnRNPs are of comparable abundance as histones
and the overall architecture of 40S hnRNP particles is
reminiscent to nucleosomes, it was proposed that 40S
hnRNP particles represent ‘ribonucleosomes’ that might
play important roles in RNA compaction and in regulating
RNA processing (27).

In contrast to these early reports indicating that the 40S
hnRNP particles might constitute the functional entities,
most of our current knowledge about the different func-
tions of hnRINPs is based on studies of individual hnRNP
proteins, and it remains largely unknown how individual
hnRNPs interact with each other and with RNA to form
hnRNP particles. To address this, we employed and opti-
mized protocols for affinity purification of native 40S hn-
RNP particles from human embryonic kidney (HEK) 293
cells and identified their protein composition by label-free
quantitative mass spectrometry (MS). In line with the early
papers, we show that the integrity of the particles depends
on co-purified, short RNA fragments, and that particles dis-
sociated by treatment with micrococcal nuclease (MNase)
can re-assemble on in vitro transcribed RNA into 40S parti-
cles. Moreover, we reconstituted hnRNP-like particles from
purified components and showed that their size and C to
A-group hnRNPs stoichiometries are almost identical to
the particles purified from cells. Furthermore, we show a
combined role of the RNA recognition motifs (RRMs) of
A-group hnRNPs and IDRs for the formation of higher-
order structures, pointing at IDR-driven phase separation
as a possible mechanism of the particle assembly. Finally,
we map a part of the IDR to the M9 nuclear localization
signal (28) and suggest it to act as a possible interaction in-
terface for the 40S hnRNP particle biogenesis.

MATERIALS AND METHODS
Cell lines

HEK?293 Flip-In T-REx cells (Invitrogen #R78007) were
cultured as a monolayer in DMEM/F-12 medium (Gibco
#32500043) supplemented with 10% FCS, 100 U/ml peni-
cillin and 100 pg/ml streptomycin (37°C, 5% CO,, humid-
ified incubator). HnRNP C and hnRNP Al constructs in-
cluding alternatively spliced introns were gene synthesized
(General Biosystems) and cloned into pcDNAS/FRT/TO
3xFLAG (C) plasmid (29).

Cells stably expressing hnRNP C-3xFLAG, or 3xFLAG-
hnRNP Al were established using pcDNAS/FRT/TO
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vector-based protocol accordingly to manufacturer’s in-
structions.

Immunoprecipitation (IP)

For IP, dox-induced HEK?293 Flip-In T-REx cells were
grown on 15 cm dish till full confluency (4 x 107). After
harvesting, the cell pellet was resuspended in the lysis buffer
(90 mM NacCl, 0.5% Triton X-100, 50 mM HEPES pH 7.4,
protease inhibitor cocktail and 250 U of RNAsin (NxGen
Rnase inhibitor, 50 000 U, Lucigen 30281-2) and sonicated
3 x 5 s (Vibra-Cell Processor, Sonics). Next, the lysate was
clarified by centrifugation (16 100 x rcf, 10 min, 4°C) and
incubated with anti-FLAG beads (M2 antibodies coupled
to Dynabeads M-270 Epoxy) for 1 hour with rotation at
4°C (cold room). The beads were washed in the lysis buffer
and proteins eluted either in presence of 3XFLAG peptide
(1 mg/ml), or loading buffer (1.5x LDS, 50 mM DTT).

Protein electrophoresis and silver staining

Protein samples were prepared in 1.5x LDS loading
buffer (Invitrogen #NP0008) supplemented with 50 mM
DTT and heated up at 75°C prior to loading. The sam-
ples were loaded onto 4-12% Bis—Tris gel (Invitrogen
#WG1401BOX) and run in 1x MOPS running buffer at
200 V. After electrophoresis, the gel was fixed and stained
with silver nitrate.

Purification of 40S hnRNP particles

HEK?293 Flip-In T-REx cells expressing hnRNP C-
3xFLAG (or 3xFLAG-hnRNP A1) were grown in cell fac-
tories (Nunc #140410) and 24 h before harvesting, the
medium was supplemented with 1 pg/ml doxycycline to
induce expression of tagged protein. Cells were harvested
by trypsinization, aliquoted into 2 g pellets, frozen and
stored at —80°C. Immunoprecipitation of tagged hnRNPs
was performed as above. Natively eluted proteins (3xFLAG
peptide elution) were loaded onto 15-35% glycerol gradi-
ent and centrifuged for 16 h at 26 400 rpm, 4°C (SW 41
Ti rotor, Beckman Coulter). Fractions were collected using
the piston gradient fractionator (BioComp Instruments)
and analyzed by protein electrophoresis and silver stain-
ing. For GraFix gradients, the heavy solution was supple-
mented with 0.2% glutaraldehyde (Sigma-Aldrich #G5882-
10X1ML). Fractions were collected using the piston gra-
dient fractionator (speed: 0.2, distance: 3.71, number of
fractions: 24; BioComp Instruments), and cross-linking was
quenched with 50 mM Tris 7.5, and analyzed by pro-
tein electrophoresis (26-well 4-12% Bis-Tris gel, Invitrogen
#WG1403BOX) followed by silver staining.

In vitro transcription and purification of RNA

To generate the 717 nucleotides long human B-globin
(HBB) RNA, the corresponding DNA fragment was syn-
thesized by GenScript, adding GGGATC to the 5’ end to fa-
cilitate efficient transcription initiation, and inserted in the
pTx1 vector. For run-off in vitro transcription, the plasmid
was linearized with EcoRV.
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For producing the 984 nucleotides long RPL35A RNA,
a fragment of RPL35A intron 3 was PCR-amplified from
genomic DNA of HEK293 Flip-In T-REx cells using
the following primers: Fwd_HindIIl 5-TATATAAAG
CTTGCATTTTGTTAATGCCTTAAAATTATGGG-3
and Rev_Xhol 5-ATATATCTCGAGAGACAATAGGA
TTTGCTCTTGTTGTC-3'. The resulting PCR product
was cleaved with HindIII and Xhol and inserted into the
corresponding restriction sites of pcDNA3.1(+).

In vitro run-off transcription reactions using T7 RNA
polymerase were performed first in small-scale (50 pl; to de-
termine optimal MgCl, concentrations) and then in large-
scale (10 ml) following a standard protocol. After 3 h in-
cubation at 37°C, transcripts were purified by denaturing
anion-exchange chromatography using HPLC. An aliquot
of each sample was analyzed for correct length and purity
by denaturing PAGE. The in vitro synthetized RNAs de-
salted by three rounds of butanol precipitation, lyophilised,
resuspended in water and stored at —80°C. See Supplemen-
tal Information for the sequences of the HBB and RPL35A
RNAs.

Protein expression in bacteria and purification

DNA encoding full-length human hnRNP Al (AA 1-320)
or UP1 (AA 1-196), with an N-terminal His6-tag and a
TEV cleavage site, were cloned into pET28a between the
BamHI and Xhol restriction sites (30). DNA encoding
full-length human hnRNP A2 (AA 1-341), with an N-
terminal His6-tag, a TEV cleavage site and a GBl-tag,
was cloned into pET24a between EcoRI and Xhol re-
striction sites by BioCat GmbH. All constructs were ex-
pressed in BL21(DE3) codon-plus (RIL) cells. The cells
were grown in LB media at 37°C to ODggp ~0.6 and induced
by adding a final concentration of 0.5 mM isopropyl-b-D-
thiogalactopyranoside. After induction, cells were grown
for 6 h at 30°C and harvested by centrifugation. Cell pel-
lets were resuspended in lysis buffer (50 mM Tris—HCI pH
8.0, 1 M NaCl, 30 mM imidazole, 0.5 mM DTT) and lysed
by sonication. Lysate was centrifuged for 45 min at 17 000
rpm at 4°C. Supernatant was loaded on a gravity flow Ni-
NTA column, His-hnRNP Al was eluted with an imida-
zole gradient. The fractions containing protein were pooled
and dialysed against lysis buffer for 19 h at room temper-
ature. During this time, His-TEV protease was added to
the pooled sample at a 1:100 (w/w) protease:hnRNP Al
ratio. The dialysed product was loaded on a gravity flow
Ni-NTA column to remove His-TEV protease and cleaved
His6-tag from hnRNP Al sample. Pure protein was dial-
ysed against 40S reconstitution buffer (50 mM HEPES 7.4,
150 mM NaCl, 1 mM DTT) and concentrated to required
concentrations with a Vivaspin 10 000 MWCO (Sartorius
Stedim Biotech).

In vitro reconstitution of 40S hnRNP particles

Recombinantly expressed hnRNP Al and A2B1 were
mixed with in vitro transcribed RNA and incubated 30
min on ice prior to loading on a glycerol gradient. When
added, hnRNP C tetramer was purified from 2 g of cells. To
obtain a prep free of other proteins, the mixture was treated
with RNase A before elution.

Western blot

After electrophoresis, proteins were transferred onto a ni-
trocellulose membrane (Invitrogen #IB23001) using the
iBlot 2 Dry Blotting System (Invitrogen #1B21001). Mem-
brane was first blocked in 5% powdered milk /TBS-T for
1 h at RT then incubated with the primary antibodies
overnight at 4°C. After washing with TBS-T, the membrane
was incubated with the secondary antibodies for 1 h at room
temperature. After washing with TBS-T, the membrane was
dried and scanned using the Odyssey Infrared Imaging Sys-
tem (LI-COR Biosciences).

Immunofluorescence

HEK?293 Flip-In T-REXx cells were seeded into the poly-D-
lysine-coated chamber slide (SPL Life Sciencies #30104) at
10° cells per chamber in growth medium supplemented with
I pg/ml doxycycline for protein induction. After 24 h, cells
were fixed (4% formaldehyde in PBS) (sigma #) and per-
meabilized (0.5% Triton X-100 and 6% FCS in PBS). In-
cubation with primary antibodies (1:500, anti-FLAG M2
in 0.1% Triton X-100 and 6% FCS in PBS) was performed
for 1 h at room temperature on a rocking table. Next, the
cells were washed 3 x with PBS and incubated with the sec-
ondary antibodies (Alexa Fluor 594, or 488, chicken anti-
mouse in 0.1% Triton X-100 and 6% FCS in PBS) as above.
After washing, cells were stained with DAPI, then dried and
mounted using the mounting medium (Vector Laboratories,
Vectashield H-1000-10). Images of slides were taken using
the Leica microscope.

PLA assay

Proximity ligation assay was performed using the Duolink
(Sigma-Aldrich #DUO092008) kit accordingly to manufac-
turer’s instruction.

Mass spectrometry

For the analysis of hnRNP C-3xFLAG interactome, IP
was performed in triplicate for RNase A-treated and un-
treated conditions. Eluates were run 1 cm into 4-12% Bis—
Tris gel, stained with blue silver (31) and excised as ver-
tical, 3 x 8 mm gel bands. Excised bands were further
cut into smaller cubes and proteins were trypsinized us-
ing an in-gel digestion protocol (32). Digests were an-
alyzed on a QExactive instrument with identical condi-
tions as described elsewhere (33). Mass spectrometry data
was interpreted with MaxQuant against the human Swis-
sProt protein sequence database (version 2017_12) with car-
bamidomethylation of cysteine set as static modification
and protein N-terminal acetylation, oxidation of methio-
nine, and deamidation of asparagine and glutamine set as
variable modification. All other settings and statistical eval-
uation of differential LFQ intensities were as previously
described (33).

For label free quantitative mass spectrometry, proteins
from fraction 9 were precipitated overnight at —80°C with
1 volume of acetone and 0.1 volume of 100% (w/v) TCA.
Precipitated material was pelleted by centrifugation and
washed 3 times with cold acetone. Samples were dried



in SpeedVac, reconstituted in 8 M Urea, 100 mM Tris
pH8 and double digested with LysC and trypsin as de-
scribed elsewhere (34). The digests were analyzed by lig-
uid chromatography (LC)-MS/MS (PROXEON coupled
to a QExactive HF mass spectrometer, ThermoFisher Sci-
entific) with three injections of 5 .l digests. Peptides were
trapped on a pPrecolumn C18 PepMapl00 (5 wm, 100
A, 300 pm x 5 mm, ThermoFisher Scientific, Reinach,
Switzerland) and separated by backflush on a C18 col-
umn (5 pwm, 100 A, 75 pm x 15 cm, C18) by applying a
90-min gradient of 5% acetonitrile to 40% in water, 0.1%
formic acid, at a flow rate of 350 nl/min. The Full Scan
method was set with resolution at 60 000 with an auto-
matic gain control (AGC) target of 1E06 and maximum
ion injection time of 50 ms. The data-dependent method
for precursor ion fragmentation was applied with the fol-
lowing settings: resolution 15 000, AGC of 1E05, maxi-
mum ion time of 110 milliseconds, mass window 1.6 m/z,
collision energy 28, under fill ratio 1%, charge exclusion
of unassigned and 1+ ions, and peptide match preferred,
respectively.

The samples were processed by the four search engines
Comet (35), Xtandem (36), MSGF (37) and Myrimatch
(38) against the manually curated Swiss-Prot (39) database
[release 2017_12 for 20180201_MD (Figure 1E), release
2018_07 for 20180724_MD (Figures 2D and 3E), and release
202003 for 20200901 _MD (Figure 4E)] concatenated to re-
versed decoy sequences. Search parameters were set to high
resolution parameters, namely 10 ppm and 20 ppm for the
peptide and fragment mass tolerance, respectively; cleavage
rule was set to strict trypsin, allowing for 3 missed cleavages;
allowed modifications were fixed carbamidomethylation of
cysteines, variable oxidation of methionines and acetylation
of protein N-termini, plus deamidation of asparagines and
glutamines for the 20180720_MD samples. Each search was
followed by the application of the PeptideProphet (40) tool
from the Transproteomics pipeline (41), followed by the ap-
plication of iprophet (42) from TPP in order to combine the
search results, which were filtered at the false discovery rate
of 0.01; furthermore, the identification was only accepted if
at least two of the search engines agreed on the identifica-
tion. Protein inference was performed with ProteinProphet
(43) from TPP. For those protein groups accepted by a false
discovery rate filter of 0.01, a Normalized Spectral Abun-
dance Factor (44) was calculated based on the peptide to
spectrum match count; shared peptides were accounted for
by the method of Zhang et al. (45). The per gene aggrega-
tion was performed based on the protein prophet report, so
that a PSM sum per gene is calculated from the weighted
sums of all the PSMs attributed to the ID group, and the
NSAF calculated based on the length of the longest protein
of the ID group. The results were plotted using the Prism 9
software.

Electron microscopy specimen preparation

For single-particle analysis, fractions 7-11 were re-
immunoprecipitated to remove the glycerol, using anti-
FLAG beads, and eluted in 50 ul using 0.125 mg/ml
3xFLAG peptide and otherwise identical buffer conditions.
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Negative staining EM, data collection and analysis

Samples for negative staining (46) were prepared on Quan-
tifoil R2/2 holey carbon grids covered with a continues car-
bon foil. Before staining, the grids were glow discharged
with negative polarity, 25 mA for 45 s. 5 pl of sample was
deposited on the grid, incubated between 30 s and 10 min
(depending on the concentration of the sample), before ex-
cess sample was removed using Whatman paper and the
grid was washed with distilled water twice for 30 s. Af-
ter blotting, the grid was twice floated on 1% uranyl ac-
etate solution for 30 s and then dried under an incandes-
cent lamp. Negative staining micrographs of the hnRNPC
IP eluate (Supplementary Figure S1D) were recorded on a
TFS Morgagni 269 microscope operated at 100 kV. The neg-
ative staining analysis of gradient-purified hnRNP particles
was performed on a Thermo Fisher Scientific Tecnai F20
electron microscope (200 keV) using a Falcon II camera at
the ETH ScopeM facility. Micrographs were recorded at a
magnification of 62000x, with a pixel size of 1.7 A/pixel at
an electron dose of 110-140 e/A%. Number of micrographs,
particles, for each sample are listed in Supplementary Ta-
ble S1. Defocus was determined using gctf (47). Particles
were manually selected and used to train a neural network
in crYOLO 1.7.6 (48), which was then used to automati-
cally pick the particles. Accuracy of particle picks was con-
firmed by visual inspection. Particles were binned and ex-
tracted and subsequently subjected to 2D classification in
Relion 3.1 (49,50). Particles of samples of endogenous 408,
A1FL + RNA, and UP1 + RNA were classified into 25
classes. For comparison, particles of endogenous and re-
constituted samples were intitially classified into 100 classes.
After removal of junk classes, 5000 particles were selected
randomly from the remaining particles and subjected to a
further round of 2D classification into 25 classes.

Cryo-EM data collection

Endogenous hnRNP complexes stabilized using the GraFix
method were vitrified for Cryo-EM using the Thermo
Fisher Scientific Vitrobot mark IV plunge freezer, on Quan-
tifoil Cu R2/2 grids covered with 1 nm continuous carbon
support film. 3.6 pl sample were applied to the glow dis-
charged grids and plunge-frozen after an incubation time
of 10 s using a blotting time of 3 s, at 95% humidity and at
4°C. Data were collected with a Thermo Fisher Scientific Ti-
tan Krios microscope operating at 300 keV, equipped with
a GIF-Quantum energy filter (used slit width of 20 eV). Im-
ages were recorded on a K3 camera operating in counting
mode (105k magnification, pixel size 0.84 A/pix), with an
exposure time of 1.8 s and a total dose of 82 e/A”. A tar-
get defocus range of —1.8 wm to —3 wm was used to collect
7382 micrographs. 5732 micrographs were selected for pro-
cessing based on power spectra quality judged by visual in-
spection, quality of the movie-alignments and the CTF de-
terminations. Defocus was determined using gctf (47). From
representative micrographs of each sample, particles were
manually selected and used to train a neural network in crY-
OLO 1.7.6 (48), which was then used to automatically pick
171 698 particles, which were subjected to 2D classification
into 100 classes in Relion 3.1 (49,50).
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RESULTS

Affinity purification of hnRNP C reveals its association with
A-group hnRNPs

HnRNP C protein, together with hnRNP Al and A2BI,
was initially identified as a core component of hnRNP par-
ticles (15) and suggested to nucleate its formation upon
binding to RNA (51). Available methods for purification
of endogenous hnRNP C protein are based either on an-
ion exchange chromatography (16) or immunoprecipitation
(IP) using a monoclonal antibody (52), none of which al-
lows for its native elution. To affinity-purify hnRNP C, we
therefore established HEK293 Flip-In T-REx cells stably
expressing hnRNP C-3xFLAG and employed anti-FLAG
antibody coupled beads for IP (Figure 1A) (29). Impor-
tantly, we included the endogenous hnRNP C intron 34
(HNRNPC-230 ENST00000557201.5) that undergoes al-
ternative splicing, leading to the generation of isoforms C1,
C2 and C3, as confirmed by western blot (Figure 1A). Since
endogenous hnRNP C forms a tetramer (16,17), we per-
formed IP of hnRNP C-3xFLAG followed by RNase A
treatment and glutaraldehyde crosslinking to test whether
the tagged version of the protein also forms tetramers
(Figure 1B). The eluate contained many proteins, most of
which co-purified in an RNA-dependent manner (Figure
1B, compare lanes 1 and 3). RNase A-treated hnRNP C-
3xFLAG co-immunoprecipated 3xFLAG-tagged isoforms
Cl, C2 and C3 but also untagged, endogenous isoforms
Cl and C2 (Figure 1B, lane 3), indicating that tagging
does not affect the oligomerization properties of hnRNP
C protein and also allows for an interaction between en-
dogenous and tagged proteins. Upon combining RNase
A-treatment with glutaraldehyde crosslinking, all hnRNP
C bands collapsed into one, corresponding in size to an
hnRNP C tetramer (Figure 1B, lane 4), providing further
support for their existence. We obtained virtually identical
results using N-terminally tagged protein (Supplementary
Figure S1A). Based on the design and stoichiometry of iso-
forms expressed from our construct in comparison with the
endogenous proteins, we conclude that the cellular abun-
dance of isoforms C1, C2 and the less well characterized
C3 is determined by alternative splicing events of the in-
trons 3-4, more specifically by alternative 5’ splice site se-
lection. According to our results, it is plausible that the cel-
lular abundance of hnRNP C isoforms reflects their stoi-
chiometry within the tetramer, however, with our approach
we could not directly address that. Notably, we did not find
any evidence for A-group hnRNPs to form stable tetramers
(Supplementary Figures SIB and C), in contrast to a previ-
ous report (20).

Intracellular localization of 3xFLAG-tagged protein is,
as endogenous hnRNP C (52), also restricted mainly to the
nucleoplasm (Figure 1C). To gain further insights into the
interactome of hnRNP C-3xFLAG, we next performed IP
in the presence or absence of RNAse A, followed by MS
analysis. As shown in Figure 1D, most of the co-purified
proteins associate with hnRNP C in an RNA-dependent
manner, which was confirmed by the MS analysis (Fig-
ure 1E) and indicates that hnRNP C tetramers are part of
larger RNP-like assemblies. Importantly, we identified the
A-group hnRNPs A2B1 and A1 as the most abundant inter-

action partners of hnRNP C (Figure 1E), apart from other
hnRNPs and RBPs that co-purified with lower abundance.
Negative staining electron microscopy (EM) of this IP
sample showed particles of different sizes and shapes (Sup-
plementary Figure S1D). A large proportion of them are
spherical particles of ~20 nm diameter (see encircled in red
and blue) resembling the previously reported 40S hnRNP
particles (22,26), while smaller particles (see encircled in yel-
low) could represent partially dissociated substructure of
408 particles or unrelated hnRNP C-containing complexes.
Since all previous studies reporting on 40S hnRNP parti-
cles were performed on extracted nuclei and none have ad-
dressed their existence in vivo, we applied proximity ligation
assays (PLA) to test if the major 40S protein constituents
co-localize inside cells. PLA results in a punctate signal if
two proteins localize within 40 nm distance. We tested dif-
ferent combinations of antibodies against hnRNP C, A2B1
and A1 (Figure 1F) and all conditions resulted in the detec-
tion of puncta in the nucleoplasm, indicating the presence of
nuclear assemblies composed of hnRNP C, A2B1 and Al.
Notably, their concentration and intensity appeared higher
in the vicinity of the inner nuclear membrane, which is in
line with previous results based on the immunofluorescent
labeling of hnRNP C and confocal microscopy (53).

Biochemical characterization of 40S hnRINP particles

Given the heterogeneity of particle sizes in the IP samples
(Supplementary Figure S1D), we next aimed at enriching
our samples specifically for 40S hnRNP particles. To this
end, we fractionated the IP eluates on a linear glycerol gra-
dient, separated the fractions by SDS-PAGE followed by
silver staining, performed MS analysis and electron mi-
croscopy (Figure 2A) (54). To maximally preserve the 40S
hnRNP particle integrity, cells were lysed by sonication at
90 mM NaCl (Barnett S.F. et al., 1990) and in the presence
of RNAse inhibitors. Using this workflow, we were able to
isolate 40S hnR NP particles from cells expressing either hn-
RNP C-3xFLAG or 3xFLAG-hnRNP Al (Figure 2B). In
both cases, we observed a strong enrichment of particles,
revealed by the characteristic pattern of hnRNP protein
bands migrating around 40, 60 and 120 kDa, in fractions
7-11, with a peak around fraction 9. This result is consis-
tent with published IPs of hnRNP C using a monoclonal
4F4 antibody (52,595), indicating the robustness of our ap-
proach. Based on the relatively broad distribution of the
particles over five fractions, we hypothesize that native 40S
hnRNP particles are heterogeneous assemblies with vari-
able density, mass and/or shape. This observation is consis-
tent with previous studies using sucrose gradient sedimen-
tation to fractionate HeLa nuclear extracts (15).

To gain information regarding protein abundance in the
40S hnRNP particles and compare the particles purified us-
ing two different bait proteins, we analyzed fractions 9 from
both gradients (Figure 2C). Interestingly, label-free quanti-
tative MS analysis revealed an almost identical protein com-
position and quantity between the two purifications, except
for hnRNP C and Al, which were overrepresented in the
respective purification in which they served as the bait pro-
tein (Figure 2D). This analysis indicated that the core of 40S
hnRNP particles is composed predominantly of hnRNPs
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of the C and A families and identified hnRNP H3, A1L.2,
L, D, U and K as additional components present at lower
stoichiometries. As estimated by MS analysis, the cellular
abundance of A-group hnRNPs reflects their stoichiome-
try within the hnRNP particle (Supplementary Figure S2A
and B). Additionally, partial knockdown of hnRNP A2B1,
but not of A1, slightly changed the migration of the hnRNP
particle in the gradient towards the lighter fractions (Sup-
plementary Figure S2C-E), confirming that hnRNP A2BI
is a component of the 40S particle.

For assessing the overall size and shape of the 40S hn-
RNP particles, IP eluates were continuously cross-linked
with glutaraldehyde during gradient centrifugation follow-
ing the GraFix protocol (56) and factions 7-11 were ana-
lyzed by negative staining EM. Remarkably, the spherical
particles look indistinguishable to those initially reported
(Figure 2E) (22): They appear as globular macromolecu-
lar assemblies with a diameter of ~22 nm. This was val-
idated by cryo-EM with 40S hnRNP particles embedded
in vitreous ice (Supplementary Figure S2F). However, ex-
tensive 2D-classification trials did not align (Figure 2E and
Supplementary Figure S2F), reflecting strong heterogeneity
at this level of single-particle analysis. Similarly, 3D refine-
ments failed to converge to a single structural solution, in-
dicating a continuum of structural states and a high level
of intrinsic heterogeneity and/or flexibility of these parti-
cles. Collectively, the EM analyses suggest that 40S hnRNP
particles do not exhibit a rigid structure but constitute het-
erogenous and rather amorphous assemblies. Yet, we found
the relatively homogenous size and overall shape of the sam-
ple unexpected, especially since hnRNP A-group proteins,
which are major constituents of the particle, are known to
phase separate in vitro into large (often tens on microme-
ters) droplets (9,10).

40S hnRNP particles are dynamic, RNA-dependent assem-
blies

HnRNP particles were initially shown to bind and form on
pre-mRNA (55). More recently, the CLIP-Seq analyses of
hnRNP C, Al and A2B1 proteins revealed the intronic se-
quences of pre-mRNAs as their primary binding sites (57—
60). Based on the available literature, we hypothesized that
intronic RNA plays an important role in 40S hnRNP par-
ticle formation. Furthermore, following our observation on
the RNA-dependence of the hnRNP C-3xFLAG interac-
tome, we decided to include RNase A treatment of the elu-
ate in our 40S hnRNP particle isolation workflow (Figure
3A). The protein pattern visible throughout the gradient
(untreated sample) collapsed into the top fractions upon ad-
dition of RNase A. This effect was confirmed using the UV
254 nm readout during the gradient fractionation procedure
(Figure 3B), highlighting the requirement of RNA for the
particle integrity.

Next, we decided to test whether the particle can re-
assemble on in vitro transcribed RNA. Eluates from the hn-
RNP C-3xFLAG IP were treated with MNase to degrade
associated endogenous RNAs. After inhibiting MNase with
EGTA, we added a 717 nucleotides long fragment of in vitro
transcribed human B-globin pre-mRNA spanning exon 1,
intron 1 and exon 2 [analogous to the previously used mouse
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B-globin RNA (26); see Supplemental Information], and
fractionated this mixture on a glycerol gradient. As seen
by SDS-PAGE followed by silver staining and UV 254
nm readout, the 40S hnRNP particle re-assembled spon-
taneously, with a peak signal in fraction 9 (Figure 3C and
D). This finding led us to conclude that RNA nucleates the
formation of 40S hnRNP particles, by acting as a scaffold
recruiting hnRNPs and allowing for higher-order assem-
bly of RNAs and proteins. To confirm that, we analyzed
gradient fraction number 9 by MS and compared it to the
endogenous particle (Figure 3E). Interestingly, the compo-
sition and protein abundance of the reconstituted particle
turned out to be almost identical to its endogenous coun-
terpart.

Since our workflow of isolating 40S particles preserves
the RNA scaffold (Figure 3A), we analyzed RNA frag-
ments isolated from the hnRNP C-3xFLAG gradient frac-
tions (Figure 3F). Material extracted from fractions 7-11
contains RNA species in a size range of 50-250 nucleotides,
with a peak around 120 nucleotides. Notably, the same size
range of RNA fragments was shown to hold together the
hnRNP particles upon partial RNAse degradation (55).
Taken together, our data points towards a very dynamic na-
ture of 40S hnRNP particles. These nuclear protein-RNA
assemblies strictly depend on the integrity of the RNA to
which they bind, and when the RNA scaffold is degraded,
hnRNPs most likely become free to associate with new
binding target.

40S hnRNP particles are a novel class of nuclear condensates

Biomolecular condensates are defined by the propensity of
their components to locally up-concentrate certain factors
to fulfill their function (61). IDRs of hnRNP Al and A2B1
have recently been shown to undergo LLPS (9,10). Their
biophysical disposition to form droplets in vitro together
with their RNA-binding capabilities (62) may drive the as-
sembly of 40S hnRNP particles. Knowing the relative abun-
dance of the 40S hnRNP particle components (Figures 2D
and 3E), we decided to test their role in particle formation
using proteins purified either from HEK?293 cells (hnRNP
C tetramer) or proteins recombinantly expressed and puri-
fied from bacteria (hnRNP A1l and A2B1). We first focused
on full-length hnRNP A1 protein (A1FL) and its UP1 vari-
ant missing the IDR (Figure 4A) (63). Their migration on a
glycerol gradient was assessed in the presence of an in vitro
transcribed 1000 nucleotides intronic sequence (a fragment
of RPL35A pre-mRNA; see Supplemental Information).
Interestingly, A1FL alone, in the absence of RNA (A1FL —
RNA), was unable to form higher-order structures and did
not enter the gradient (Figure 4B), whereas upon addition
of the RNA (A1FL + RNA), A1FL formed complexes mi-
grating deeper into the gradient (fraction 7). UP1 on its own
(UP1 — RNA), similarly to A1FL, did not enter the gradi-
ent. When mixed with the RNA (UP1 + RNA), it entered
the gradient but migrated mostly till fraction 3. Fractions 7
(A1FL + RNA) and 3 (UP1 + RNA) were additionally an-
alyzed with GraFix cross-linking followed by negative stain
electron microscopy (Supplementary Figure S3A). We were
able to detect bigger particles only in the case of the A1FL
but not with the IDR-missing UP1. These observations sug-
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gest that UP1 can bind the RNA via its two RRMs, but only
A1FL is able to form higher-order structures upon binding
to RNA. This points towards a specific role of the IDRs
in the formation of higher-order hnRNP-like particles. In-
triguingly, when supplementing the above-mentioned mix-
tures with hnRNP C tetramer, we observed the formation
of 40S hnR NP-like particles similar in migration to endoge-
nous 40S hnRNP particles (with a peak in fraction 9) only
in presence of AIFL (C + A1FL + RNA) but not with UP1
(C+ UPI + RNA) (Figure 4C). We conclude that formation
of 40S hnR NP particles is promoted by hnRNP C tetramers
and A-group hnRNPs upon binding to the RNA scaffold.
Next, we sought to reconstitute the 40S hnRNP parti-
cle from purified packaging core components. We mixed
recombinantly expressed full-length hnRNP Al (A1FL),
A2B1 (A2FL), hnRNP C tetramers (C) isolated from
HEK?293 cells, and in vitro transcribed RPL35A RNA. The
mixture was then fractionated on a glycerol gradient (Fig-
ure 4D). Strikingly, the migration pattern of the formed
complex resembled that of the endogenous particle (with a
peak in fraction 9) and the ratio between hnRNP C and
hnRNP A-group proteins was almost identical, as deter-
mined by label-free quantitative MS (Figure 4E and Sup-
plementary Figure S3B). The in vitro reconstituted particles
were also compared to their endogenous counterparts with
negative stain electron microscopy using cross-linked sam-
ples (Supplementary Figure S3C) and they both appeared
to be very similar in size and their overall globular shape,
pointing towards their dynamic and universal nature to as-
semble spontaneously in the presence of RNA. The parti-
cles, although globular and of an estimated size of around
20 nm, are still heterogenous in nature, therefore obtain-
ing a high-resolution cryo-EM structure at this stage was
not feasible. Collectively, we demonstrate that the IDRs of
A-group hnRNPs are required for the particle formation,
since the particle cannot form with UP1, suggesting that
408 particle formation involves LLPS. We also demonstrate
that RNA plays a scaffolding role and together with the
low-complexity domains of hnRNP A-group proteins con-
tributes to the assembly of the 40S hnRNP particle.

The M9 NLS of A-group hnRINPs is crucial for interactions
within the 40S hnRNP particle

The M9 region present within the IDR of hnRNP Al
was initially identified as a non-canonical nuclear local-
ization signal (NLS) (28) and shown to be recognized by
Transportin-1 (TNPOI, also known as Karyopherinp2) for
its import to the nucleus. In the nucleoplasm, Ran GTPase
displaces TNPO1 from the IDR of hnRNP Al (64), ren-
dering the protein available to bind its RNA substrates and
interact with other proteins. TNPO1 was also shown to pre-
vent LLPS of FUS by binding to its M9 NLS (65). We
therefore reasoned that the M9 region possibly plays an im-
portant role in mediating interactions between A-group hn-
RNPs in the context of the 40S hnRNP particle formation.
Additional evidence on the importance of the M9 region in
IDR-mediated interactions has recently been provided from
cryo-EM analysis of hnRNP A1 amyloid fibrils (66). To test
the proposed role of the M9 region in mediating interac-
tions between major components of the 40S hnRNP parti-

cle, we established HEK293 Flip-In T-Rex cells stably ex-
pressing 3xFLAG-tagged hnRNP A1 WT (A1 WT), or an
Al variant in which the M9 region was replaced by 3x SV40
NLS (A1 SV40, Figure 4F). We confirmed by immunoflu-
orescence microscopy that both constructs localized to the
nucleoplasm as expected (Figure 4G). hnRNP A1 WT co-
purified endogenous hnRNP A1, A2B1 and C (Figure 4H).
Intriguingly, their levels were significantly reduced when Al
SV40 was used as bait protein (Figure 4H). We conclude
that the M9 region is not only responsible for the correct
nuclear localization of hnRNP A1l protein but also for its
interaction with other hnRNP proteins and thereby for the
formation of the 40S hnRNP particle as depicted in our
model (Figure 41).

DISCUSSION

Our affinity purification of hnRNP particles led to the re-
discovery of the ribonucleosome, a hnRNP particle sedi-
menting around 40S that has been first described 55 years
ago (21). Using state-of-the-art label-free mass spectrome-
try analysis allowed us to identify the protein composition
of these 40S hnRNP particles (Figure 1). 40S hnRNP par-
ticles are mainly composed of hnRNP A and C proteins
and the particles can be affinity purified by expressing ei-
ther tagged hnRNP C or hnRNP A1l (Figure 2). Despite of
their overall defined size and shape, structural heterogeneity
prevented the determination of a high-resolution structure
of the 40S hnRNP particle by single particle cryo-EM ap-
proaches.

In line with the early papers, we showed that the integrity
and the assembly of the 40S hnRNP particle depends on
RNA: the affinity-purified particles dissolved upon diges-
tion of the RNA and spontaneously re-assembled in vitro
upon addition of an in vitro transcribed RNA (Figure 3).
Moreover, hnRNP particles with a size and stoichiomet-
ric ratio between hnRNP A and C proteins that is indis-
tinguishable from the affinity-purified 40S hnRNP particles
could also be reconstituted from purified components (Fig-
ure 4A-E). We further demonstrated that the IDR of hn-
RNP Al proteins is required for the in vitro assembly of
these particles, suggesting that the assembly of the 40S hn-
RNP particles might occur through an IDR-driven phase
separation mechanism. Corroborating the crucial role of
the hnRNP A1 IDR for the formation of 40S hnRNP par-
ticles, we finally revealed that the M9 NLS, which resides
within the IDR of hnRNPAL, is necessary for the in vivo in-
teraction of hnRNP A1 with hnRNP C, hnRNP A2BI1, and
itself (Figure 4G-H).

Collectively, the results presented herein indicate that
the 40S hnRNP particles represent a novel example of
nanometer scale, nuclear biomolecular condensates form-
ing upon hnRNPs binding to target RNA. The plausible
function of the 40S hnRNP particle could be analogous
to the chromatin compaction, suggested to also be LLPS-
driven and mediated by multivalent nucleosome interac-
tions (67). RNA compaction by 40S hnRNP particles could
be a prerequisite for RNA processing in the crowded, nu-
clear environment. Indeed, IDR-mediated multivalent hn-
RNP assemblies were shown to control alternative splicing
(68,69), supporting this idea. Follow-up studies will address



the cellular functions of the 40S hnRNP particles and the
transcriptome-wide identification of the 40S hnRNP parti-
cle binding sites.
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