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Abstract

Intrinsically disordered proteins and proteins containing intrinsically disordered
regions are highly abundant in the proteome of eukaryotes and are extensively
involved in essential biological functions. More recently, their role in the organi-
zation of biomolecular condensates has become evident and along with their
misregulation in several neurologic disorders. Currently, most studies involving
these proteins are carried out in vitro and using purified proteins. Given that in
cells, condensate-forming proteins are exposed to high, millimolar concentrations
of cellular metabolites, we aimed to reveal the interactions of cellular metabolites
and a representative condensate-forming protein. Here, using the arginine—gly-
cine/arginine-glycine-glycine (RG/RGG)-rich cold inducible RNA binding pro-
tein (CIRBP) as paradigm, we studied binding of the cellular metabolome to
CIRBP. We found that most of the highly abundant cellular metabolites, except
nucleotides, do not directly bind to CIRBP. ATP, ADP, and AMP as well as
NAD", NADH, NADP*, and NADPH directly interact with CIRBP, involving
both the folded RNA-recognition motif and the disordered RG/RGG region. ATP
binding inhibited RNA-driven phase separation of CIRBP. Thus, it might be ben-
eficial to include cellular metabolites in in vitro liquid-liquid phase separation
studies of RG/RGG and other condensate-forming proteins in order to better
mimic the cellular environment in the future.
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1 | INTRODUCTION
Intrinsically disordered proteins (IDPs) and proteins har-
boring intrinsically disordered regions (IDRs) constitute
33% of the eukaryotic and 44% of the human proteome.'”
* Their functional implications include essential biologi-
cal processes like cell signaling,*® gene transcription,®
RNA splicing,”® and cell cycle regulation.”'® Over the
last decades, a number of studies have demonstrated the
essential role of IDPs/IDRs in the formation of biomolec-
ular condensates also referred as membraneless organ-
elles.*'>!? Ribonucleoprotein (RNP) granules, such as
stress granules (SGs), P-bodies, Cajal bodies, or para-
speckles constitute a large class of these condensates and
are composed of a dynamic assembly of RNA and RNA-
binding proteins (RBPs)."*** IDRs in RBPs can undergo
liquid-liquid phase separation (LLPS) in vitro which con-
stitute a physical mechanism allowing the formation of
these biological assemblies with dynamic, liquid-like
behavior in vivo.'*'®'7 Mutations in these regions are
often associated with aberrant localization of RBPs and
the formation of pathological aggregates,'*'®' and asso-
ciate with a large variety of diseases including cancers
and neurodegenerative diseases.'®*° Therefore, these
RBPs are considered as potential therapeutic targets and,
thus, there is a need for a better understanding of the cel-
lular mechanisms involved in the regulation of the for-
mation of RNP granules in vivo as well as RBPs LLPS
in vitro. Cellular metabolites are one of the most abun-
dant molecules in living cells with a total intracellular
concentration of about 200 mM in mammalian iBMK
cells.?! Therefore, in this study we addressed the question
whether some of these highly abundant metabolites
could regulate LLPS of RBPs in vitro.

Arginine-glycine/arginine-glycine-glycine
(RG/RGQG) rich regions constitute a large fraction of IDRs
in RBPs and have been shown to contribute to LLPS
in vitro and associate with several biomolecular conden-
sates in vivo,”>?* respectively. Furthermore, recent stud-
ies demonstrated that adenine triphosphate (ATP), a
highly abundant cellular metabolite, can directly bind to
the RG/RGG region, as well as the RNA-recognition-
motif (RRM) of the RBP fused in sarcoma (FUS), thereby
affecting both FUS LLPS and fibrillirization.***> Whether
ATP regulates phase separation of other RBPs containing
RG/RGG regions and whether this is a general mecha-
nism controlling their association with RNP granules is
still unclear. Furthermore, whether other metabolites
bind RBPs and share similar LLPS-modulatory functions
as ATP remains unknown.

We recently showed that the RG/RGG region of the
cold inducible RNA binding protein (CIRBP) is essential

o WILEY-12

to mediate both CIRBP phase separation in vitro and
stress-granule association in cells.?® We therefore used
CIRBP as model system to study the influence of human
cell metabolites on CIRBP LLPS. CIRBP consists of a con-
served folded RNA recognition motif (RRM, 1-90), a dis-
ordered RG/RGG region (90-137) and a disordered
arginine-serine-tyrosine (RSY) rich region (138-172)
(Figure 1a). CIRBP belongs to the family of cold shock
proteins.?”?® In response to cellular stresses like ultravio-
let irradiation, mild cold shock and hypoxia, the expres-
sion level of CIRBP is upregulated®>' and CIRBP is
translocated from the nucleus to the cytoplasm where it
associates with SGs.** Cytoplasmic CIRBP stabilizes and
protects mRNA from stress conditions.**** In addition, it
is involved in cancer development by acting both as
tumor promotor and tumor suppressor in different bio-
logical contexts.*

Using nuclear magnetic resonance (NMR) spectros-
copy we showed that among the most abundant cellular
metabolites, only ATP, ADP, and AMP (nucleotides) and
NAD+, NADH, NADP+, and NADPH (dinucleotides)
directly bind to CIRBP and that this involved both the
RRM as well as the RG/RGG rich region. Using turbidity
assays and differential interference contrast (DIC)
microscopy we showed that ATP binding prevents CIRBP
LLPS by competing with RNA-driven RG/RGG phase
separation. Summarizing, our study provides new mecha-
nisms involved in the regulation of phase separation of
RBPs as well as a better comprehension of the role of cel-
lular metabolites involved in such processes.

2 | RESULTS
2.1 | HelLa cell metabolites contain
binding partners of CIRBP

In order to validate our hypothesis that CIRBP can inter-
act with cellular metabolites, we tested binding of
extracted HeLa cell metabolites to a solution of recombi-
nant and isotope labeled CIRBP using NMR spectros-
copy. Stepwise addition of HeLa metabolites extract
resulted in progressive chemical shift perturbations
(CSPs) of several CIRBP 'H-"’N HSQC cross-peaks
(Figure 1a), indicating the direct interaction between
CIRBP and some yet undefined HeLa metabolites. To
determine which metabolites are specifically involved in
the interaction, we further performed NMR analysis of
HeLa metabolites extract upon addition of CIRBP. The
analysis revealed minor CSPs of 'H metabolite peaks
upon stepwise addition of CIRBP. The affected peaks
were assigned to the 'H peaks corresponding to ADP as
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HeLa Cell metabolites contain binding partners of CIRBP. (a) "H-'>N HSQC spectrum of '’N-labeled CIRBP at 17 pM

without (black) or with addition of 1 or 4 units of HeLa metabolites extract (pink and magenta, respectively). Overlay of 1D 'H-CPMG

spectra of HeLa metabolites extract in absence (cyan) or presence of increasing concentrations of CIRBP ranging from 8.5 to 25.5 pM

(orange, magenta and green) and zoomed in a region corresponding to ADP and NAD+ in (b) and lactate, alanine and glutamate in (c)

well as NAD™ (Figure 1b). Most of the other metabolite
'H peaks remained unaffected upon addition of CIRBP,
including those of the most abundant metabolites lactate,
alanine and glutamate (Figure 1c). This shows that the

2.2 | CIRBP interacts directly with (di)
nucleotides, but none of the other highly
abundant cellular metabolites

In order to validate our results, we screened the most
abundant metabolites in mammalian cells for CIRBP
binding. It has been previously shown that among them

majority of Hela metabolites do not contribute to CIRBP
binding aside from a specific subset including the nucleo-
tides ADP and NAD™.
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and across organisms, amino-acids followed by central
carbon metabolites and nucleotides are by far the most
abundant with concentrations up to 64 mM for gluta-
mate.”’ Although lactate concentrations were not
included in these studies, it is among the most abundant
metabolites in cells and included in our study. Consistent
with our results obtained for the HeLa metabolite
extract, ADP and NAD"' showed binding to CIRBP
(Figure 2a,c). Moreover, the other tested nucleotides
(ATP, AMP) as well as dinucleotides (NADH, NADP™
and NADPH) showed significant binding to CIRBP, as
demonstrated by CSPs of several CIRBP "H-"°N cross-
peaks upon addition of the respective nucleotides
(Figure 2a,c,e). It is worth noting, that the same set of
signals is shifted upon (di)nucleotide addition, with
ATP and NADPH showing the strongest shifts. This
indicates that the binding mode is similar between these
(di)nucleotides and that ATP and NADPH have the
highest affinity for CIRBP (Figure 2b,d,f). ATP binding
to CIRBP is in the fast exchange regime with an associ-
ated Kp of 2.9 + 1.4 mM (Figure 3a,b). The highest CSPs
are associated with the CIRBP residues 10Val, 12Gly,
51Phe, 81Gln, and 83Gly and most of the affected and
assigned CIRBP 'H-'>N cross-peaks correspond to
amino-acids clustering within a positively charged sur-
face comprising p-strands p1, f3, and p4 of the CIRBP
RRM (Figure 3c). Interestingly, 83Gly is the most
affected CIRBP amino acid both with isolated (di)nucle-
otides and HeLa metabolite extract (Figures 1a and 2a,c,
e), confirming that the CSPs observed upon addition of
HeLa metabolites extract are mainly due to the (di)
nucleotide components. In agreement, addition of the
other highly abundant cellular metabolites, including
alanine, aspartate, glutamine, glutamate, lactate, and
glucose did not change the 'H-'>N HSQC spectrum of
CIRBP, indicating that none of them interact with
CIRBP with a comparable or higher affinity (Figure 3d).

Summarizing we showed that among the most con-
centrated cellular metabolites, only nucleotides binds

directly to CIRBP whereas amino acids and central car-
bon metabolites do not show any binding.

2.3 | The RRM and RG/RGG region of
CIRBP are involved in (di)nucleotide
binding

To explore how independent regions of CIRBP are
involved in (di)nucleotide binding, we purified isolated
CIRBP regions, CIRBP** (1-90), CIRBPR¢ (90-137)
and CIRBP®SY (138-172) and tested their binding to
(di)nucleotides using NMR. Addition of ATP and
NAD™" to a solution of isotope labeled CIRBP®®Y did
not affect the "H-'">’N HSQC spectrum, indicating that
the CIRBP RSY region is not involved in ATP and
NAD™" binding (Figure 4a). In contrast, upon addition
of (di)nucleotides, we observed CSPs of several CIRBPRCC
as well as CIRBP**™ 'H-'>N cross-peaks (Figures 4b,c,
5a-d, and 6a-f), indicating direct interaction between
both the RRM and the RG/RGG region of CIRBP with
these (di)nucleotides. In case of AMP, NAD' and
NADH, CSPs of CIRBPR®® 'H-!N cross-peaks are
weak and distributed along the entire RG/RGG region.
This suggests unspecific binding of AMP, NAD", and
NADH to the CIRBP RG/RGG region. As for CIRBP
full-length, the same set of signals of the RRM were
shifted upon (di)nucleotide addition, with ATP and
NADPH showing the strongest effect (Figure 6b,d,e).
This indicates that the binding mode is similar between
these nucleotides for both CIRBP full length and the
isolated RRM, with ATP and NADPH harboring the
strongest affinity. Furthermore, using '°N{'H} heter-
onuclear NOE experiments of isotope labeled CIR-
BPREC in presence or absence of ATP, we observed
higher heteronuclear NOE values of a set of CIRBPR9¢
'H-'N cross-peaks upon ATP addition indicating
increased rigidity of the RG/RGG region in the ATP
bound state (Figure 4d).

FIGURE 2

CIRBP directly interacts with (di)nucleotides. (a) "H-'*N HSQC spectrum of *N-labeled CIRBP at 17 uM without (black) or

with addition of 10 mM of either AMP, ADP, or ATP (pink, orange, and cyan, respectively). Chemical shift perturbations (CSPs) of the
'H-'*N HSQC CIRBP cross-peaks between the CIRBP free and either AMP, ADP or ATP bound forms are shown in a bar-plot in (b).
Unassigned residues are indicated in grey. The CIRBP region between amino-acids 91-172 is not shown as most of the corresponding "H-'°N
HSQC CIRBP cross-peaks are unassigned. (c) "H-">’N HSQC spectrum of '*N-labeled CIRBP at 17 uM without (black) or with addition of

10 mM of either NAD ™ or NADH (green and violet, respectively). CSPs of "H-'>N HSQC CIRBP cross-peaks between free CIRBP and either
NAD"- or NADH-bound forms are shown in bar-plots in (d). Unassigned residues are indicated in grey. The CIRBP region between amino-
acids 91-172 is not shown as most of the corresponding "H-'N HSQC CIRBP cross-peaks are unassigned. (e) "H-'*N HSQC spectrum of '°N-
labeled CIRBP at 17 uM without (black) or upon addition of 10 mM of either NADP* or NADPH (blue and magenta, respectively). CSPs of
the "H-'N HSQC CIRBP cross-peaks between free and either NADP™ or NADPH bound forms are shown in a bar-plot in (f). Unassigned
residues are indicated in grey. The CIRBP region between amino-acids 91-172 is not shown as most of the corresponding "H-">’N HSQC
CIRBP cross-peaks are unassigned. CIRBP, cold inducible RNA binding protein
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Summarizing, we showed that both the CIRBP RRM
as well as the RG/RGG region can independently interact
with (di)nucleotides.

2.4 | ATP binding to the CIRBP RG/RGG
region attenuates RNA binding and is
regulated by arginine methylation

We previously showed that the RG/RGG region of CIRBP
can directly interact with RNA.?® Given that both ATP

and RNA are negatively charged, we hypothesized that
they could share similar binding modes and compete
together for CIRBP RG/RGG binding. We therefore per-
formed an NMR-based competition assay to access
whether ATP competes with RNA while binding to CIR-
BPRCC, Line broadening of CIRBPRYS 'H-'*N cross-peaks
was observed upon addition of unlabeled (UG),, RNA to
a solution of isotope labeled CIRBPRCC, (Figure 7a, left
panel) which indicates direct interaction between the
CIRBP RG/RGG region and (UG),, RNA, as previously
shown.?® In contrast, presence of an excess of ATP leads
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30 pM without (black) or upon addition of 10 mM of either NAD™ or NADH (green and violet, respectively). CSPs of H-'>N HSQC
CIRBPRSC cross-peaks between free and either NAD" or NADH bound forms are shown in a bar-plot in (b). The unassigned residues are
indicated in grey. (c) "H-">N HSQC spectrum of *N-labeled CIRBP*® at 30 yM without (black) or upon addition of 10 mM of either
NADP" or NADPH (blue and magenta, respectively). CSPs of "H-'N HSQC CIRBPR®C cross-peaks between free and either NADP ™" or

NADPH bound forms are shown in a bar-plot in (d). unassigned residues are indicated in grey

to reappearance of the CIRBPR®® 'H-'>N cross-peaks,
indicating that ATP can compete with (UG),, RNA for
binding to the RG/RGG region of CIRBP in the experi-
right panel,

mental conditions tested (Figure 7a,

Figure 7b).

As we and others, previously demonstrated that
PRMT1-mediated arginine methylation of the RG/RGG

region regulates its binding to RNA,*® we next aimed to
assess whether it can also influence ATP binding. We
therefore in vitro methylated CIRBP RG/RGG using
recombinant PRMT1, purified the methylated protein

(metCIRBPREC) and tested its binding to ATP by NMR

spectroscopy. Addition of ATP to a solution of isotope
labeled ,e(CIRBPRS® showed similar effects on the
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FIGURE 7 ATP binding to the CIRBP RG/RGG region attenuates RNA binding and is regulated by arginine methylation. (a) 'H-'>N
HSQC spectrum of **N-labeled CIRBPR® at 30 uM in presence or absence of 10 mM ATP (right and left panel, respectively) and without
(black) or with addition of 15 pM (UG),, RNA (orange, violet). The intensity ratio of the "H-'>N HSQC CIRBP®® cross-peaks between the
ATP (orange) or ATP/RNA (violet) free and bound forms are shown in a bar-plot in (b). The unassigned residues are indicated in grey.

(c) 'H-">N HSQC spectrum of **N-labeled o, CIRBPR®® at 30 uM in presence (orange) or absence of 10 mM ATP (black). CSPs of the 'H-'*N
HSQC methylated 1, CIRBP*® (orange) or unmethylated CIRBP*® (blue) cross-peaks between the ATP free and bound forms are shown
in a bar-plot in (d). The unassigned residues are indicated in grey. CIRBP, cold inducible RNA binding protein

'H->*N HSQC spectrum of ;,c,CIRBPR®® as compared to 2.5 | ATP modulates LLPS of CIRBP

the same experiment performed with unmethylated CIR-

BPRSC, suggesting that methylation of the RG/RGG We previously showed that CIRBP can phase separate
region of CIRBP has minor impact on its interaction with ~ in vitro in the presence of RNA.*® As we have shown that
ATP molecules (Figure 7c,d). ATP can efficiently compete with RNA for CIRBP

FIGURE 6 The RRM of CIRBP is involved in (di)nucleotide binding. (a) "H-'>N HSQC spectrum of *N-labeled CIRBP**™ at 30 uM
without (black) or upon addition of 10 mM of either AMP, ADP or ATP (magenta, orange, and blue, respectively). CSPs of "H-">’N HSQC
CIRBP®®™™ cross-peaks between free and either AMP, ADP or ATP bound forms are shown in a bar-plot in (b). Unassigned residues are
indicated in grey. (c) "H-'>N HSQC spectrum of *N-labeled CIRBP**™ at 30 uM without (black) or upon addition of 10 mM of either NAD ™"
or NADH (green and violet, respectively). CSPs of 'H-"*N HSQC CIRBP*®™ cross-peaks between free and either NAD™ or NADH bound
forms are shown in a bar-plot in (d). Unassigned residues are indicated in grey. (e) "H-'>N HSQC spectrum of °*N-labeled CIRBPR*™ at

30 uM without (black) or upon addition of 10 mM of either NADP" or NADPH (blue and magenta, respectively). CSPs of "H->N HSQC
CIRBP®®™ cross-peaks between free and either NADP™ or NADPH bound forms are shown in a bar-plot in (f). Unassigned residues are
indicated in grey. CIRBP, cold inducible RNA binding protein
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binding, we hypothesized that ATP can also regulate its
propensity to phase separate.

To this end, we monitored phase separation of puri-
fied CIRBP in a turbidity assay, which uses the optical
density of a protein solution as a measure of phase sepa-
ration. In line with a previous study,”® titration of
(UG)1, RNA to a sample with a fixed CIRBP concentra-
tion (17 pM) led to a progressive turbidity increase at
low RNA concentrations, whereas higher amounts of
RNA had a suppressive effect on CIRBP LLPS
(Figure 8a). Addition of increasing amounts of ATP to
RNA-bound and phase separated CIRBP led to a
concentration-dependent decrease in turbidity, demon-
strating that ATP inhibits CIRBP LLPS (Figure 8b). In

order to further validate these findings, we monitored
CIRBP phase separation by DIC microscopy. In the
presence of substoichiometric amounts of RNA, CIRBP
immediately formed small condensates that increased
in size over time, most likely due to fusion of conden-
sates, and indicating their “liquid-like” behavior
(Figure 8c). In line with the turbidity assay, addition of
ATP was able to suppress CIRBP condensate formation
(Figure 8c).

Summarizing, our data clearly demonstrate that ATP
interferes with LLPS of CIRBP in vitro and likely with
SGs recruitment in cells. This is probably due to interfer-
ence between ATP and RNA-mediated enhancement of
CIRBP LLPS.

(a) CIRBP [17 uM] (b) CIRBP [17uM] + RNA [7.5 uM]
0.4 0.25
—~ 0.3+ ~ 020 A
S >
o2 T 0.15 A
G5 02 %
(©) O 0.10 T
0.1 0.05 -
0.0 T T T T T T T + T 0.00 T T T T T
1 2 5 75 10 15 20 25 30 0 1 2 5 10
RNA Concentration [uM] ATP concentration [mM]
(©) 5 min (d)

10 min

CIRBP + RNA

CIRBP + RNA + ATP

LLPS

no LLPS

FIGURE 8 ATP modulates LLPS of CIRBP. Turbidity assay to quantify phase separation of full-length CIRBP with fixed CIRBP
concentration (17 pM) and increasing RNA concentration in (a), with fixed CIRBP and RNA concentration (17 and 7.5 pM, respectively) and
increasing ATP concentration in (b). Values represent means +SEM (n = 3). (c) DIC microscopy images of CIRBP at 17 uM in presence of
7.5 pM RNA and/or 5 mM ATP. Scale bar, 10 pm. (d) Model of ATP/RNA-mediated regulation of CIRBP LLPS. CIRBP, cold inducible RNA
binding protein; DIC, differential interference contrast; LLPS, liquid-liquid phase separation



ZHOU ET AL.

3 | DISCUSSION

Here we showed using NMR spectroscopy that CIRBP,
one of the constituent of SGs**** directly interact with
several (di)nucleotides present in HeLa cell metabolite
extracts (Figure 1b). In contrast, other highly abundant
metabolites which do not contain an aromatic moiety did
not show any detectable binding to CIRBP despite their
negatively charged nature. Hence, the carboxyl groups
from lactate and other negatively charged amino acids
are insufficient to mediate interaction with CIRBP, and
possibly other RG/RGG-containing proteins (Figure 1c).
In addition, none of the other highly abundant metabo-
lites alanine, glutamine, or glucose was found to bind to
CIRBP. Therefore, our data suggest that both the aro-
matic and the phosphate moieties of (di)nucleotides con-
tribute to efficient CIRBP interaction allowing
recognition of this class of metabolites. To our knowl-
edge, this is the first study demonstrating that the large
majority of cellular metabolites do not bind RBP.

Here, we showed that both the RRM and the
RG/RGG region of CIRBP can independently interact
with (di)nucleotides (Figures 4b,c, 5, and 6). Binding of
(di)nucleotides to the C-terminal disordered RG/RGG
region and RRM of CIRBP might involve (a) cation-z
interactions between adenosine aromatic cycles and argi-
nines of the RG/RGG rich region or arginines/lysines of
the RNA-binding interface of the RRM,>?>%’
(b) electrostatic contacts between the phosphate groups
and/or ribose sugars of the nucleotides and arginines/
lysines,***® (c) = — # stacking interactions between aden-
osine aromatic cycles and aromatic amino-acids highly
populated in the IDR regions of RBPs*”***® and a combi-
nation thereof. These interactions make (di)nucleotides
probably divalent or multivalent ligands.*' Similar inter-
actions have been shown for the RBP FUS, where ATP
can also efficiently interact with both the RRM and the
C-terminal disordered RG/RGG region.***> Therefore, it
is tempting to speculate that (di)nucleotide binding to
such RNA-binding domains® can be generalized to the
large class of RBPs. The affinity of CIRBP for the tested
(di)nucleotides can be estimated to be in the millimolar
range. Among them, and to our knowledge, only ATP
has been reported to reach millimolar intra-cellular con-
centrations.>! Nevertheless, further studies are required
to define the exact (sub)cellular, and context-specific con-
centrations of these metabolites. Therefore, we cannot
infer whether the observed binding for other tested
metabolites would be functionally relevant in vivo.

Besides, we observed an increase in rigidity of the
CIRBP RG/RGG region upon ATP binding (Figure 4d)
implying that RG/RGG regions undergo local ordering
in presence of nucleotides. Disordered proteins and
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nucleotides might originate earlier than folded proteins
during evolution,** nucleotides might thereupon act as
folding chaperones, templates or inducers to enable dis-
ordered proteins reaching a suitable conformation for
further interactions,* as well as increasing solubility of
unstructured proteins, thus counteracting their propen-
sity to form pathological aggregates.**~*°

In this regard, and besides its function as co-factor for
enzymes,”” ATP has more recently been shown to play a
function as biological hydrotrope.** Here, we showed,
using turbidity assays and DIC microscopy, that ATP can
efficiently dissolve CIRBP liquid droplets, thus interfering
with CIRBP LLPS (Figure 8b,c). Such “chaperone” func-
tion of ATP has been shown for others RBPs, including
FUS, TAF-15 and hnRNPA3.** These proteins share com-
mon features such as RG/RGG regions and RRMs, but
the underlying ATP-driven ‘“chaperone” mechanisms
remain unclear. CIRBP RRM possesses the features of a
canonical RRM with a typical pl1-al-p2-p3-a2-p4 topol-
ogy and three conserved aromatic side chains (9Phe,
49Phe, and 51Phe) located on p-strand 1 and 3 which are
essential for RNA binding (Figure 3c).** The CIRBP RRM
surface has been proposed, based on homology modeling,
to mediate CIRBP binding to RNA.*® This is in agreement
with the electrostatic potential surface of the CIRBP
RRM showing a stretch of positively charged residues
between the p-strands 3 and 4 (Figure 3c). The same
surface is responsible for ATP binding (Figure 3c). There-
fore, it is tempting to speculate that ATP binding to the
RRM will impair RNA binding.

Our data indicates that ATP-mediated regulation of
LLPS involves the CIRBP RG/RGG, but how this is
linked to the in vivo situation remains unclear. We and
others previously showed that RNA regulates LLPS of
RG/RGG regions through the formation of inter-
molecular contacts.”**° Therefore, our data provide
new mechanistic evidences suggesting that the intra-
cellular ATP/RNA ratio can influence RNP granule bio-
genesis, shifting the equilibrium toward granule forma-
tion or dissociation (Figure 8d). Concentrations of RNA
and ATP in cells change upon cellular stress®® or
aging.** During oxidative stress, ATP is depleted from
the cell and this correlates with CIRBP recruitment into
SGs, a specific class of RNP granules.”’51 Therefore, our
findings provide first clues allowing a better under-
standing of the regulation of biomolecular condensates.
They suggest that cellular concentration of nucleotides
and derivatives govern intra-cellular LLPS propensity of
multiple RBPs containing RG/RGG regions via interfer-
ing with RNA binding. This might be of great biological
interest as the mechanisms allowing RNP granule for-
mation and dissociation are mis-regulated in a plethora
of diseases.
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4 | MATERIALS AND METHODS

41 | Plasmids

Expression constructs for the fragments of wild type
human CIRBP (1-172), CIRBP®®M (1-90), CIRBPR¢C
(68-137) and CIRBP*®Y (138-172) were generated by syn-
thesis of the corresponding optimized CIRBP DNA con-
structs (Genscript) and insertion of these into
pETM11-Hisg¢-protein A vector containing a Tobacco
Etch Virus (TEV) protease cleavage site after protein
A. The expression construct for the fragment of rat
PRMT1 (11-353) in pET28b-Hiss vector was previously
described.*

4.2 | Protein expression and purification
For expression of recombinant unlabeled or '°N-*C
labeled Hisg-protein A tagged constructs, the different bac-
terial expression vectors were transformed into Escherichia
coli (E.coli)BL21-DE3 Star strain and 1 L expression cul-
tures were grown in lysogeny broth (LB) medium (for
unlabeled proteins) or in minimal medium supplemented
with 2 g of *C4H;,06 (Cambridge Isotope Laboratories)
and 1 g of *NH,CI (Sigma) (*’N-"3C labeled proteins) at
37°C until OD (600)nm of 0.8 and further induced with
0.5 mM isopropyl p-D-1-thiogalactopyranoside (IPTG)
followed by protein expression for 16 hr at 20°C
(CIRBPR*™, CIRBPR®C, CIRBP®Y and PRMT1) or 1.5 hr
at 37°C (CIRBP). Cell pellets were harvested and sonicated
either in denaturating lysis buffer (50 mM Tris-HCl
pH 7.5, 150 mM NaCl, 20 mM Imidazole, 6 M urea) for
disordered protein fragments (CIRBPR“® and CIRBP*®Y)
or in non-denaturating lysis buffer (50 mM Tris-HCl
pH 7.5, 150 mM NaCl, 20 mM imidazole, 2 mM tris
(2-carboxyethyl)phosphine [TCEP]) for folded protein frag-
ments (CIRBP, CIRBP*®™™ and PRMT1). For CIRBPRRM
and full-length CIRBP, cell lysates were incubated for
30 min at room temperature with RNase A (Life Technolo-
gies) before centrifugation. Supernatants of Hisg-protein A
CIRBP, CIRBP*®™, CIRBPR°C, CIRBP®Y were applied on
a nickel-nitrilotriacetic (Ni-NTA) agarose resin (Qiagen)
compacted in gravity columns and eluted with 50 mM
Tris-HCI pH 7.5, 1 M NaCl, 500 mM imidazole, 2 mM
TCEP, 0.04% NaN; containing buffer. Eluted Hiss-protein
A tagged CIRBP and individual regions were cleaved with
TEV protease overnight at 4°C. Untagged CIRBP was
diluted 10 times in 50 mM Tris, pH 7.5, 6 M Urea con-
taining buffer, isolated using a HiTrap Heparin HP affinity
column (Cytiva) and eluted with a buffer containing
50 mM Tris, pH 7.5, 1 M NaCl, 6 M Urea. CIRBP was
buffer exchanged in a 10X-salt buffer containing 50 mM

NaH,PO,/Na,HPO,, pH 6.5, 1,500 mM NaCl and fur-
ther diluted 10 times in the same buffer without NaCl
prior usage. Untagged CIRBP®SY, CIRBP*“® and CIR-
BP*®*M were isolated using a second affinity purification
using Ni-NTA beads. A final size exclusion chromatog-
raphy purification step was performed in the buffer of
interest on a gel filtration column (Superdex 75 GE
Healthcare for CIRBP*®™™ and CIRBPR®“® and Superdex
peptide, GE Healthcare for CIRBP®SY),

The supernatant of Hiss-PRMT1 after cell lysis was
applied on a 5 ml HisTrap HP column (GE Healthcare)
at 4°C and eluted with 50 mM Tris-HCI, pH 7.5, 1 M
NaCl, 500 mM imidazole, 2 mM TCEP, 0.04% NaN,
containing buffer. A final size exclusion chromatogra-
phy purification step was performed in the buffer of
interest on a gel filtration column (Superdex 200 GE
Healthcare).

Protein concentrations were estimated from their
absorbance at 280 nm, assuming that the & at 280 nm
was equal to the theoretical € value.

4.3 | Cell culture

HeLa cells (ATCC, Guernsey, UK) were seeded on 1.5H
high precision glass cover slips (Marienfeld-Superior) and
cultured in DMEM supplemented with 2 mM glutamine,
1% PS (100 U/ml penicillin, 100 pg/ml streptomycin) and
10% fetal bovine serum (FBS). Cells were maintained in a
humidified incubator at 37°C with 5% CO.,.

4.4 | Cell metabolite extraction

HeLa cells pellets were suspended in 2:1, ice-cold metha-
nol:H,O mixture, and transferred to a tube containing
Precellys beads (1.4 mm zirconium oxide beads, Bertin
Technologies, Villeurbanne, France) for homogenization
by Precellys 24 tissue homogenizer (Bertin Technologies,
Montigny-le-Bretonneux, France). After centrifugation at
13,000 rpm for 45 min (4°C), the supernatant was trans-
ferred to a fresh tube, and the samples were lyophilized
at <1 Torr, 850 rpm, 25°C for 10 hr in a vacuum-drying
chamber (Savant Speedvac SPD210 vacuum concentra-
tor), with an attached cooling trap (Savant RVT450 refrig-
erated vapor trap) and vacuum pump (VLP120) (Thermo
Scientific, Waltham, MA). The lyophilized metabolites
were redissolved into a buffer containing 50 mM
NaH,PO,/Na,HPO, at pH 6.5. The concentration of 10 pl
redissolved metabolites extract diluted in 500 pl NMR
sample was defined as one arbitrary concentration unit,
which was measured to contain 126 pM lactate in three
replicates.
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4.5 | Turbidity assay

CIRBP and RNA (12 x UG repeats) samples were pre-
pared in 50 mM NaH,PO,/Na,HPO, pH 6.5, 150 mM
NaCl. Turbidity measurements were conducted at 620 nm
in 96-well plates with 90 pl samples using a BioTek Power
Wave HT plate reader (BioTek). Each experiment was per-
formed in three replicates.

4.6 | Differential interference contrast
microscopy

CIRBP and RNA (12 x UG repeats) samples were pre-
pared in 50 mM NaH,PO,/Na,HPO, pH 6.5, 150 mM
NaCl. Thirty microliter of sample was plated on a 30 mm
No. 1 round glass coverslip and mounted on an Observer
D1 microscope with 100x/1.45 oil immersion objective
(Zeiss). Protein droplets were viewed using HAL 100 halo-
gen lamp, and images were captured with an OrcaD2
camera (Hamamatsu) using VisiView 4.0.0.13 software
(Visitron Systems GmbH). Droplet formation was
induced by addition of RNA.

4.7 | Invitro arginine methylation
CIRBPR®C and Hiss-PRMT1 were equilibrated in methyl-
ation buffer containing 50 mM Na,HPO,/NaH,PO,,
pH 8.0, 150 mM NaCl, 2 mM DTT. Fifty micromolar CIR-
BPRSC was incubated with 25 yM Hise-PRMT1 in pres-
ence of 2mM S-Adenosylmethionine (New England
biolabs) for 16 hr at room temperature. Untagged methyl-
ated CIRBPR®C (,.CIRBPR®®) was then isolated from
Hise-PRMT1 performing a second affinity purification
using Ni-NTA beads and further equilibrated in the
buffer of interest. ,CIRBPR®C was analyzed using NMR
'H-3C HSQC spectrum to confirm the CIRBP methyla-
tion status.

4.8 | NMR spectroscopy

All protein samples were equilibrated in buffer con-
taining 50 mM NaH,PO,/Na,HPO,, 150 mM NaCl at
pH 6.5. All spectral acquisitions were performed at 298 K
on a 600 MHz Bruker Avance Neo NMR spectrometer
equipped with a TXI 600S3 probehead. Spectra were
processed using Topspin 4.1.

The Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequence was used to acquire 'H 1D NMR spectra with
pre-saturation for water suppression (cpmgprld, 512 scans,
73,728 points in F1, 11,904.762 Hz spectral width, 1,024

o WILEY-1

transients, recycle delay 4 s) for all HeLa metabolites bind-
ing analysis.

2D "H-""N HSQC pulse program using water flip-back
and preservation of equivalent pathways (PEP)
(hsqcetfpf3gpsi, 64 scans for CIRBP and 32 scans for
CIRBP fragments, 128 points in F1, 1,024 points in F2,
1949.318 Hz spectral width in F1, 9,615.385 Hz spectral
width in F2, 1,024 transients) was used to analyze all pro-
tein binding and titrations studies.

Phase sensitive ge-2D 'H,'N HSQC (hsqcnoef3gpsi,
16 scans, 128 points in F1, 1,024 points in F2,
1,278.772 Hz spectral width in F1, 9,615.385 Hz spectral
width in F2, 1,024 transients) was used to acquire heter-
onuclear N{'H} NOE of CIRBP*®®. The !’N{'H}
heteronuclear NOE experiments were recorded with a
saturation period/total interscan delay of 3.0 s.

Normalized CSPs of CIRBP "H-'°N cross-peaks upon
binding to (di)nucleotides were calculated according to
the following equation:

(on)°

CSP = —,
10

(Bn)* +

where &y is the 'H chemical shift difference between
CIRBP 'H-"’N cross-peaks in the bound and free states
and Sy is the >N chemical shift difference between
CIRBP 'H-'°N cross-peaks in the bound and free states.
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