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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) nucleocapsid

protein is an essential structural component of mature virions, encapsulating

the genomic RNA and modulating RNA transcription and replication. Several

of its activities might be associated with the protein's ability to undergo liquid–
liquid phase separation. NSARS-CoV-2 contains an intrinsically disordered region

at its N-terminus (NTE) that can be phosphorylated and is affected by

mutations found in human COVID-19 infections, including in the Omicron

variant of concern. Here, we show that NTE deletion decreases the range of

RNA concentrations that can induce phase separation of NSARS-CoV-2. In addi-

tion, deletion of the prion-like NTE allows NSARS-CoV-2 droplets to retain their

liquid-like nature during incubation. We further demonstrate that RNA-

binding engages multiple parts of the NTE and changes NTE's structural prop-

erties. The results form the foundation to characterize the impact of

N-terminal mutations and post-translational modifications on the molecular

properties of the SARS-CoV-2 nucleocapsid protein.

Statement: The nucleocapsid protein of SARS-CoV-2 plays an important role

in both genome packaging and viral replication upon host infection. Replica-

tion has been associated with RNA-induced liquid–liquid phase separation of

the nucleocapsid protein. We present insights into the role of the N-terminal

part of the nucleocapsid protein in the protein's RNA-mediated liquid–liquid
phase separation.
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1 | INTRODUCTION

The severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) has caused an outbreak of a pandemic.
The SARS-CoV-2 lipid membrane envelopes a positive-
sense, single-stranded 30 kb large RNA genome. The
genome is encapsulated by the nucleocapsid protein
(NSARS-CoV-2). NSARS-CoV-2 is highly abundant and in addi-
tion to its structural role, it might play an important role
in SARS-CoV-2 replication via RNA-driven liquid–liquid
phase separation (LLPS).1–6 From a therapeutic view, tar-
geting NSARS-CoV-2 could be useful to improve the efficacy
of currently available vaccines.7,8

NSARS-CoV-2 consists of two structured domains
flanked by intrinsically disordered regions (Figure 1a).
The structured C-terminal domain is responsible for
NSARS-CoV-2 dimerization and oligomerization.11 The flex-
ible linker between the two folded domains includes a
serine-arginine-rich region (SR-region), which mediates
interaction between the nucleocapsid protein and various
protein and RNA partners.6,12,13 Due to the high

flexibility of the SR-rich linker region, the N-terminal
folded domains are largely decoupled from the C-
terminal dimer,2,14,15 giving the N-terminal domains
enough flexibility to engage in RNA binding. Key to
RNA-binding is a finger-like basic patch in the N-
terminal domain.16 In addition, essentially all parts of the
nucleocapsid protein have been shown to bind RNA or
be involved in binding other partners.16

Most structural biology-focused research has so far con-
centrated on the two folded domains of NSARS-CoV-2, which
are conserved between different coronaviruses.17,18 Less
attention on the other hand has been paid to the disordered
regions of NSARS-CoV-2, despite their suggested roles for
modulating NSARS-CoV-2 activity. For example, the N-
terminal intrinsically disordered tail (NTE) has been sug-
gested to be responsible for the recruitment of NSARS-CoV-2

into stress granules.19 To close this gap, we characterize
here NTE's contribution to NSARS-CoV-2 LLPS and binding
to RNA, and provide insights into its molecular properties
using a combination of phase separation assays, NMR spec-
troscopy and molecular dynamics (MD) simulations.

FIGURE 1 Sequence analysis of the

nucleocapsid protein from the severe

acute respiratory syndrome coronavirus

2 (SARS-CoV-2) coronavirus.

(a) Domain organization of NSARS-CoV-2

with glutamine residues highlighted by

magenta bars underneath. (b and c)

Prediction of prion-like domains in the

nucleocapsid protein of SARS-CoV-2

(b) and the Omicron variant (c) using

the PLAAC algorithm.9,10 Background

and prion-like domains are indicated by

black and red lines, respectively. The

gray rectangle highlights the region with

the strongest differences. (d) NSARS-CoV-2

mutation and phosphorylation analysis.

Amino acid frequency of mutations

using 219,909 sequences from the China

National Center for Bioinformatics.

Mutations present in the Omicron

variant of SARS-CoV-2 are shown in

red. Phosphorylation sites are

highlighted in green. Folded domains

are highlighted by blue and green boxes.
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2 | RESULTS

2.1 | Sequence properties of the N-
terminal intrinsically disordered region of
NSARS-CoV-2

The ability of proteins to undergo LLPS might be con-
nected to sequence properties found in prion-like pro-
teins.20 We applied the PLAAC9,10 algorithm to identify
amino acid sequences with prion-like composition within
the NSARS-CoV-2 sequence. The analysis reveals pro-
nounced prion-like properties in the disordered N-
terminal tail and SR-linker region of NSARS-CoV-2

(Figure 1b), in agreement with previous analyses.5,21

Closer inspection shows that the N-terminal part of
NSARS-CoV-2 contains several glutamine residues, known
to favor prion-like sequence properties.

An important property of viruses is their rapid adap-
tation through mutations. To determine if the NTE of
NSARS-CoV-2 not only has prion-like, potentially LLPS-
promoting properties but also harbors mutations, we ana-
lyzed 219,909 NSARS-CoV-2 sequences. We find that most
mutations are localized in the intrinsically disordered
regions, particularly in the SR-rich linker region
(Figure 1d). Mutations in the SR-region were suggested
to increase the spread of the SARS-CoV-2 virus.22 Nota-
bly, the currently predominant SARS-CoV-2 variant
B.1.1.529 (Omicron; Figure 1c) shares some mutations in
the SR-region with previously characterized variants
(R203K, G204R). In addition, the Omicron variant con-
tains a P13L mutation and a Δ31ERS33 deletion which
enhances the prion-like properties of the NTE
(Figure 1d). Further support for an important role of the
NTE in the life cycle of NSARS-CoV-2 comes from the obser-
vation that, besides the SR-region, it can be phosphory-
lated in SARS-CoV-2 infected cells (Figure 1d).23,24

2.2 | Influence of the NTE on LLPS of
NSARS-CoV-2

Motivated by the above sequence analysis we investigated
the regulatory effect of the NTE on the LLPS of NSARS-CoV-2.
While some studies probed the importance of the NTE for
LLPS and biomolecular condensation of NSARS-CoV-2,5,19,25

its precise role remains unclear. One study suggested that
the NTE contributes to the recruitment—potentially
through LLPS—into stress granules.19 Other studies, how-
ever, showed that multiple regions of NSARS-CoV-2 are impor-
tant for RNA-induced LLPS.5,25 To gain additional insights
into the contribution of the NTE to LLPS of NSARS-CoV-2, we
recombinantly prepared two constructs: the 419-residue
full-length NSARS-CoV-2 protein and a 379-residue construct

with deleted NTE (ΔNTESARS-CoV-2). The negative charge of
polyU is expected to be compensated by the positive charge
of the N protein in order to achieve optimal LLPS. Thus, the
deletion of the NTE, which reduces the predicted net charge
of the protein at pH 7.5 from +25 for the full-length protein
to +20 for ΔNTESARS-CoV-2 (assuming a charge of +1 for
positive residues and �1 for negative residues), is expected
to affect LLPS.

Using the two constructs, we analyzed the effect of the
NTE deletion on LLPS for different protein and RNA con-
centrations. We measured sample turbidities at 350 nm of
both full-length NSARS-CoV-2 and ΔNTESARS-CoV-2 at protein
concentrations up to 50 μM, and in the presence of 0–2 μM
polyU (800 kDa), which serves as a simple substitute for
viral RNA (Figure 2b,c). The obtained phase diagram of the
full-length protein is in agreement with our previously pub-
lished data (Figure 2a).6 In the case of the truncated pro-
tein, we also observed maximum turbidity in conditions
close to charge neutralization (Figure 2b). However, when
we compare in detail the dependence of turbidity on RNA
concentration for 50 μM of protein, a clear difference in
LLPS behavior is observed between the full-length and the
N-terminally truncated protein: only the full-length protein
undergoes LLPS in the presence of 1 μM polyU (Figure 2c).
To exclude the possibility that our observations are limited
to a single experimental condition, we repeated the turbid-
ity measurements of 30 μM ΔNTESARS-CoV-2 in 20 mM
sodium phosphate buffer at pH 6, 7.5, and 8 and in 20 mM
Tris buffer at pH 9, which yielded comparable profiles
(Figure S1). In agreement with the turbidity measurements,
abundant protein-dense droplets were seen by differential
interference contrast (DIC) and fluorescence microscopy
for both proteins at 0.5 μM polyU, but only for the full-
length protein at 1 μM polyU (Figure 2d).

We previously reported that NSARS-CoV-2 droplets
become less dynamic over time.6 We, therefore, repeated
the analysis with ΔNTESARS-CoV-2 by measuring fluores-
cence recovery after photobleaching (FRAP) with freshly
prepared droplets in presence of charge-compensating
amounts of polyU (assuming a charge of �1 per phosphate
group), followed by a second measurement after 1 hour
waiting time (Figure 3). In contrast to the full-length pro-
tein, we observed similar profiles for early and late time
points of ΔNTESARS-CoV-2 droplets, that is, that no change of
dynamics over time occurred. Deletion of the NTE thus
allows NSARS-CoV-2 droplets to retain their liquid-like nature.

2.3 | Structural biases in the NTE of
NSARS-CoV-2

To better understand the molecular basis of the influence
of the NTE on the RNA-induced phase separation of
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NSARS-CoV-2, we characterized the structural properties of
the NTE using NMR spectroscopy and MD simulations.
Based on previous studies, already demonstrating that
the NTE is disordered,5,26,27 we prepared a synthetic pep-
tide that comprises the NTE of NSARS-CoV-2. Focusing on
the isolated NTE region has the advantage of decreased
NMR signal overlap, which arises from the protein's
intrinsically disordered linker and C-terminal regions
(Figure 4a).

Figure 4a shows a superposition of the natural abun-
dance 1H-15N spectrum of the NTE peptide with that of
full-length NSARS-CoV-2 at 5�C. At this low temperature,
only residues from the disordered regions of NSARS-CoV-2

are observable, while the folded N- and C-terminal
domains are broadened beyond detection (Figure 4a).
Overall, more cross-peaks are seen in the spectrum of
full-length NSARS-CoV-2, as expected for highly dynamic
IDP regions of the NTE, the SR-rich linker region and
the C-terminal tail. In addition, good agreement is pre-
sent between many of the cross-peaks of the isolated

NTE (red cross-peaks) and the corresponding cross-peaks
of the 1H-15N spectrum of full-length NSARS-CoV-2 (black
cross-peaks in Figure 4a).

We then obtained the sequence-specific assignment of
the NTE peptide using a combination of two-dimensional
NOESY and TOCSY spectra and mapped it onto the
1H-15N HSQC spectrum (Figure 4a). The analysis showed
that deviations in peak positions between the isolated
NTE and the full-length protein occur mainly at NTE's
termini. Notably, there is little signal overlap between the
chemical shifts of a peptide corresponding to the SR-rich
linker region and the cross-peaks in the 1H-15N HSQC of
full-length NSARS-CoV-2 (Figure S2). In contrast to the
NTE region, the SR-rich linker region likely has different
conformational properties in the isolated state or inter-
acts with one of the folded domains.

Next, we analyzed the presence of transient secondary
structure in the NTE using the assigned NMR chemical
shifts (Figure 4b). We find that residues 13–19 display a
propensity to transiently populate extended/β-structure-

FIGURE 2 The N-terminal disordered region of the nucleocapsid protein of severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) promotes liquid–liquid phase separation. (a) Phase diagram of polyU-induced phase separation of NSARS-CoV-2 in 20 mM phosphate

buffer, pH 7.5, monitored by solution turbidity at 350 nm. Three independent measurements were averaged. The dashed line marks NSARS-

CoV-2/polyU-concentrations at which charge neutralization occurs, when we assume a charge of �1 per phosphate group. Figure adapted

from Savastano A, Ib�añez de Opakua A, Rankovic M, Zweckstetter M. Nucleocapsid protein of SARS-CoV-2 phase separates into RNA-rich

polymerase-containing condensates. Nat Commun. 2020;11:6041. (Figure licensed under: http://creativecommons.org/licenses/by/4.0/.)

(b) Phase diagram of ΔNTESARS-CoV-2 at protein concentration up to 50 μM and in the presence of increasing polyU RNA concentrations

measured as turbidity at 350 nm. Conditions of charge compensation are marked by the dashed magenta line. (c) Absorbance at 350 nm of

50 μM full-length NSARS-CoV-2 or of 50 μM ΔNTESARS-CoV-2 in the presence of 0.1, 0.2, 0.5, 1, 2 μM polyU RNA. Red circles highlight

differences in the LLPS behavior between the two constructs. (d) Differential interference contrast/fluorescence microscopy images

displaying the differences in the phase separation behavior between full-length NSARS-CoV-2 and ΔNTESARS-CoV-2.
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like conformations. The propensity of residues 13–19 for
extended/β-structure-like conformations is in agreement
with chemical shifts reported for NSARS-CoV-2 constructs
comprising the NTE as well as the N-terminal folded
domain and the linker region,26,27 while a previously
reported MD simulation suggested the presence of a tran-
sient α-helix between residues 31 and 38 but did not iden-
tify any β-structure in the NTE.2 The secondary structure
analysis based on chemical shifts did not provide any evi-
dence for α-helical structure between residues 31 and
38 suggesting that its population might be very small or
require additional binding partners for stabilization. In
addition, we observed a pronounced compaction of the
NTE in the MD simulation (Figure 4c; Figure S3). The
hydrodynamic radius of the isolated NTE corresponds to
the value expected for a globular structure of the same
sequence length, in good agreement with experimentally
determined hydrodynamic radius values (Figure 4c;
Figure S4). Previously, MD simulations of the NTE (resi-
dues 1–49) reported a radius of gyration of �18 Å. Com-
parison with our hydrodynamic radius is however
difficult, because the ratio between radius of gyration and
hydrodynamic radius strongly depends on the overall
shape and compaction of IDPs.30

2.4 | RNA interacts with NTE

The above-described influence of the NTE on RNA-
induced phase separation of NSARS-CoV-2 (Figure 2), sug-
gests that the NTE directly binds to RNA. To gain insight
into a potential direct interaction between the NTE and
RNA, we performed an NMR titration of full-length
NSARS-CoV-2 with increasing concentrations of polyU. In
agreement with the previously determined LLPS
properties,1,3,5,6 the NMR sample became highly turbid
when we added 0.5 μM polyU to 50 μM NSARS-CoV-2, and
upon further increase to 1.5 μM polyU the sample turned
transparent again. In parallel to the changes in sample
turbidity, many cross-peaks disappeared from the 1H-15N
HSQC of NSARS-CoV-2 (Figure S5), but partially reappeared
at high RNA concentration (Figure 5a).

The disappearance of the NMR signals at conditions
of LLPS could arise from cluster formation between
NSARS-CoV-2/RNA. Considering that we confirmed droplet
formation at the same protein/RNA concentrations by
microscopy, we reason that the effect predominantly
arises from increased relaxation rates in the protein when
it is concentrated into the viscous phase of NSARS-CoV-2/
RNA droplets.31 Additional 1H-13C XL-ALSOFAST HSQC

(a)

(b)

FIGURE 3 Time-dependent change in

diffusion of phase-separating NSARS-CoV-2.

(a) Left panel, fluorescence recovery of 30 μM
NSARS-CoV-2 droplets formed in presence of

0.3 μM polyU measured at early (red) and late

(blue) time points. Error bars represent standard

deviations for n = 8 and n = 4 for early and late

time points, respectively; right panel,

representative micrographs showing pre- and

post-bleaching. Scale bars = 10 μm. (b) Left

panel, fluorescence recovery of 30 μM
ΔNTESARS-CoV-2 droplets formed in presence of

0.3 μM polyU measured at early (green) and late

(orange) time points. Error bars represent

standard deviations for n = 8 and n = 4 for

early and late time points, respectively; right

panel, representative micrographs showing pre-

and post-bleaching. Scale bars = 10 μm

ZACHRDLA ET AL. 5 of 12

 1469896x, 2022, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pro.4409 by D

eutsches Z
entrum

 Für N
eurodeg, W

iley O
nline L

ibrary on [12/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



experiments further showed that even for the more flexi-
ble methyl groups, RNA-induced LLPS of NSARS-CoV-2

causes severe line broadening (Figure S6).
Despite the strong LLPS-induced broadening of the

cross-peaks in the 1H-15N HSQC spectra of NSARS-CoV-2,
we could follow a few selected residues at increasing
polyU concentrations. This is illustrated for the cross-
peak of G5 in Figure 5b. In the absence of polyU, a single
peak is observed. The peak weakens upon addition of
0.05 μM polyU, that is, at the onset of LLPS (Figure 2b,c).
At the conditions of maximum LLPS (0.5 μM polyU, as
assessed by turbidity; Figure 2b,c) the cross-peak appears
as doublet (Figure 5b). With further increase of the polyU
concentration, the G5 signal at the original position is
further broadened such that only the newly generated
cross-peak remains at the highest tested polyU concentra-
tion (1.5 μM; Figure 5b). The observations suggest that
we detect both an RNA-free conformation and an RNA-
bound conformation in the NTE. The two conformations
are in slow exchange on the NMR chemical shift time

scale. In addition, the RNA-bound conformation of G5
remains sufficiently dynamic in order to be observable in
conditions of strong LLPS. Similar observations were
made for other cross-peaks in the NTE (Figure S7).

Further support for a direct interaction between the
NTE of NSARS-CoV-2 and RNA is accessible at a concentra-
tion of 1.5 μM polyU, that is, the high RNA concentration
at which no LLPS is present anymore (Figure 2b,c) and
from NMR measurements of a protein comprising resi-
due 1–257 of NSARS-CoV-2 without and with RNA
(Figure S8). Removal of the C-terminal dimerization
domain and the C-terminal disordered tail decreases the
formation of C-terminal-mediated oligomerization,
which might be modulated by RNA. At the same time,
this construct contains two other parts of the protein (the
globular RNA-binding domain and the Ser/Arg-rich
region) that are known to bind to RNA, thus enabling to
investigate the binding of RNA to the NTE in the context
of known RNA-binding regions. While the folded N-
terminal domain remains invisible in experiments with

FIGURE 4 The N-terminal region of the nucleocapsid protein of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) forms

a compact structure with transient β-structure. (a) Superposition of 1H-15N HSQC spectra of full-length NSARS-CoV-2 in black and the NTE of

NSARS-CoV-2 in red measured at 5�C with amino-acid assignments. (b) Order parameter, S2, and secondary structure prediction from the

experimental chemical shifts of the NTE peptide of NSARS-CoV-2 using the TALOS+ software.28 The region with transient β-structure is
highlighted in gray. (c) Hydrodynamic radius of the NTE of NSARS-CoV-2 determined by NMR (44 residues) and MD simulations (50 residues).

The upper (blue) and lower (light gray) curves indicate the estimated values for an IDP and a globular protein, respectively.29

(d) Representative structures of the NTE of NSARS-CoV-2 obtained from six independent MD simulations. The occupancy of the most

populated cluster in each of the six MD simulations is indicated on the side.

6 of 12 ZACHRDLA ET AL.
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both protein constructs, likely due to strongly increased
relaxation rates associated to its RNA-binding, many
cross-peaks of NTE residues are visible (Figure 5a). Care-
ful inspection of selected NTE cross-peaks, which are not
severely affected by signal overlap, reveals chemical shift
perturbations and signal broadening across the NTE
sequence (Figure 5c; Figure S8).

3 | DISCUSSION

NSARS-CoV-2 undergoes LLPS with RNA.1–3,5,6 The for-
mation of phase-separated NSARS-CoV-2/RNA-dense con-
densates might influence viral replication,6,32 drive
genome packaging,3 or modulate the stress-response.2,33

It is, therefore, important to gain insight into the
molecular structural basis of RNA-induced NSARS-CoV-2

phase separation. In the current study, we show that
the N-terminal intrinsically disordered region (NTE)
modulates phase separation of NSARS-CoV-2 and changes
the droplet aging properties through direct binding to
RNA. We further provide evidence that RNA-binding

engages multiple parts of the NTE and changes its
structural properties.

The N protein is an essential component of positive-
sense coronaviruses, several of which have been identi-
fied in humans. While N protein's two folded domains
are well conserved among coronaviruses, the intrinsically
disordered regions have little sequence conservation.
They vary in both amino acid composition and sequence
length and thus their physico-chemical properties. The
NTE of NSARS-CoV-2 is rich in asparagine and glutamine
residues, a typical feature of prion-like proteins
(Figure 1b). There is growing evidence that prion-like
regions play an important role in the development of
neurodegenerative diseases through favoring protein
aggregation.34 Notably, the mutations of the Omicron
variant increase the content of the prion-like character in
the NTE. We further show that deletion of the NTE
weakens the ability of NSARS-CoV-2 to form liquid-like
droplets with polyU RNA under conditions of low ionic
strength (Figure 2). Rather than abolishing LLPS, how-
ever, ΔNTESARS-CoV-2 binding saturates at lower RNA
concentrations. This can be rationalized on the basis of a

(a) (b)

(c)

FIGURE 5 RNA-interaction of the N-terminal intrinsically disordered region of NSARS-CoV-2. (a) Superposition of 1H-15N HSQC spectra

of full-length NSARS-CoV-2 without polyU RNA and in the presence of 1.5 μM polyU. Spectra were measured at 5�C. (b) 1H-15N HSQC spectra

of the NSARS-CoV-2-residue G5 in the presence of 0, 0.05, 0.5, 1.0, and 1.5 μM polyU RNA. (c) Chemical shift perturbation of the NTE upon

interaction with 1.5 μM polyU RNA (NTE sequence shown above; unassigned/overlapped residues are displayed in light gray)
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lower net charge upon deletion of the NTE and the
importance of charge neutralization for RNA-induced
LLPS of NSARS-CoV-2.6 In addition, we show that the drop-
lets of the truncated N protein remain fluid in contrast to
the full-length protein.6 Our data, thus, demonstrate that
the NTE can influence difference aspects of the RNA-
induced LLPS of NSARS-CoV-2 in vitro. Experiments in cells
are required to understand, how these in vitro properties
translate to the formation of NSARS-CoV-2-associated con-
densates in infected cells. In combination with previously
published results indicating that the NTE is important for
recruitment of NSARS-CoV-2 to stress granules,19 our work
suggests that the NTE can contribute to different LLPS-
associated activities of NSARS-CoV-2.

In contrast to the N-terminal globular domain of
NSARS-CoV-2,35 the NTE does not contain a known RNA
binding motive. We, however, detected a direct interac-
tion between the NTE and RNA. Electrostatic interac-
tions are likely to be the main driving force for this
interaction, in particular with a positively-charged patch
at the C-terminus of the NTE, which contains three argi-
nine and one lysine residue (Figure 2b). Consistent with
an involvement of this positively charged region in RNA-
binding, the cross-peaks of some of these residues disap-
peared in the presence of RNA due to intermediate chem-
ical exchange. However, the NMR signal perturbations
were not restricted to the C-terminus of the NTE, but
spread over the whole NTE (Figure 5c). In addition, we
observed the presence of two distinct conformations for
several residues likely corresponding to an RNA-free and
RNA-bound form. This indicates that RNA binding to the
NTE is not restricted to residues capable of electrostatic
interactions, in agreement with a recently suggested
RNA-binding mechanism.36 We further note that the
most affected residue of the NTE, S23, is phosphorylated
in vivo,23,24 suggesting that phosphorylation of the NTE
might influence NSARS-CoV-2's ability to phase separate.
Consistent with this hypothesis, we previously showed
that phosphorylation of the SR-region of NSARS-CoV-2 by
the SRSF protein kinase 1 (SRPK1) influences NSARS-CoV-

2 phase separation.6 Modulation of phosphorylation path-
ways thus might influence NSARS-CoV-2 condensation in
infected cells and serve as a useful entry point for thera-
peutic intervention against COVID-19.37

4 | MATERIALS AND METHODS

4.1 | Protein preparation

DNA encoding for NSARS-CoV-2 (UniProtKB - P0DTC9
obtained from ThermoFisher Scientific, GeneArt) was
cloned using BamHI and HindIII restriction enzymes

into a pET28 vector, comprising a Z2 solubility tag and a
N-terminal 6� HIS-Tag for protein purification. BL21
(DE3) competent cells were transformed with the cloned
plasmids, with kanamycin resistance for colony selection
(ThermoFisher Scientific, Invitrogen) and grown in LB
until reaching OD600 of 0.7–0.8. Cell cultures were then
induced with 0.5 mM IPTG and grown overnight at 37�C.
For 15N-labeled protein the cells were grown in LB until
reaching an OD600 of 0.7–0.8, then centrifuged and
washed with M9 salts. Cells were subsequently resus-
pended in minimal M9 medium with 2 g/L of 15NH4Cl as
a sole nitrogen source. After 1 h the cell cultures were
induced with 0.5 mM IPTG and grown overnight at 37�C.
Grown cell cultures were harvested by centrifugation and
either used directly or stored at �80�C. Full-length plas-
mid was used as a template for PCR to clone DNA of
ΔNTESARS-CoV-2 and a shorter construct without the
dimerization domain (residues 1–257) to new plasmids,
which were subsequently expressed and purified using
the same protocol as for the full-length protein.

The cell pellets were resuspended in lysis buffer
(25 mM HEPES, 300 mM NaCl, 1 mM EDTA, pH 8.0)
supplemented with CaCl2, MnCl2, MgCl2, lysozyme,
DNAse I (SigmaAldrich, Roche, 04536282001), and cOm-
plete™, EDTA-free Protease Inhibitor Cocktail
(SigmaAldrich, Roche, 5056489001). All purification steps
were performed at 4�C to avoid precipitation. The cells
were lysed using sonication and the protein solution was
cleared from cell debris by ultracentrifugation at 75,000 g
at 4�C for 30 min (Optima XPN-80, Beckman Coulter).
The supernatant was filtered with 0.2 μm filter and
diluted to reduce the NaCl concentration to 100 mM. The
sample was then loaded onto HiTrap SP HP column
(Cytiva) and the bound protein was eluted with 1 M
NaCl. The flow-through was loaded onto the column sev-
eral times in order to remove bound nucleic acid, as indi-
cated by a ratio A260/A280 > 1, until there was no protein
left. Collected fractions with A260/A280 > 1 were prone to
aggregate, and were therefore kept separately from the
fractions with A260/A280 < 1. Both samples were then
diluted to 500 mM NaCl concentration and loaded onto
HisTrap FF column (Cytiva). The bound protein was
eluted with 500 mM imidazole. After overnight dialysis
(25 mM TRIS, 170 mM NaCl, 5 mM imidazole, pH 8.0)
the His-Tag was cleaved off by a TEV protease
(as confirmed by SDS PAGE gel) and samples were
loaded again onto HisTrap FF column. At this point, the
protein was still binding to the column. Reasoning that a
cut protein bound to the column via electrostatic interac-
tions with a small portion of an uncut protein, the cut
protein was eluted with 300 mM NaCl. The bound uncut
protein was subsequently eluted by 500 mM imidazole.
The last purification step was done using size exclusion

8 of 12 ZACHRDLA ET AL.

 1469896x, 2022, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pro.4409 by D

eutsches Z
entrum

 Für N
eurodeg, W

iley O
nline L

ibrary on [12/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



chromatography, HiLoad 26/600 Superdex 200 pg (buffer
composition: 25 mM TRIS, 300 mM NaCl, pH 8.0). The
A260/A280 ratio of 0.55 measured in the final fractions
confirmed the absence of nucleic acid contamination.
Protein purity was verified using SDS page gel. Samples
were then concentrated and exchanged to either NMR
buffer (50 mM sodium phosphate, 10% D2O, 0.01% NaN3,
pH 6.8) or buffer for phase separation experiments
(20 mM sodium phosphate, pH 7.6).

The synthetic NTE peptide (residues 1–44 of NSARS-

CoV-2) was bought from GenScript. The NTE peptide
purity was estimated to be over 98%. The SR peptide (res-
idues 182–197 of NSARS-CoV-2) was produced as described
previously.6

4.2 | Turbidity measurements

Phase diagrams of full-length NSARS-CoV-2 and ΔNTESARS-

CoV-2 were determined using a NanoDrop spectrophotom-
eter (ThermoFisher Scientific, Invitrogen). Polyuridylic
acid (polyU; molecular weight = 800–1,000 kDa) was
purchased from Sigma-Aldrich (P9528). The same batch
was used throughout the measurements. According to
dynamic light scattering measurements, this batch is
characterized by an average molecular weight of
800 kDa. PolyU (in concentrations from 0 to 2 μM) was
added right before the experiments, followed by thor-
oughly pipetting and measurement of turbidity at 350 nm
UV-Vis. Averaged turbidity values and the error bars
were derived from measurements of three independent,
freshly prepared samples. Turbidity measurements of
30 μM ΔNTESARS-CoV-2 were repeated using 20 mM
sodium phosphate buffer at pH 6, 7.5, and 8 and in
20 mM Tris at pH 9.

4.3 | DIC/fluorescence microscopy

Full-length NSARS-CoV-2 and ΔNTESARS-CoV-2 proteins
were labeled using Alexa-fluor 488™ (green) microscale
protein labeling kits (ThermoFisher Scientific, Invitro-
gen). Small amounts (�0.3 μl) of fluorescently-labeled
NSARS-COV-2 were premixed with unlabeled NSARS-CoV-2

and diluted to 30–50 μM final concentration with 20 mM
sodium phosphate buffer at pH 7.5. 0.3 or 0.5 μM polyU
RNA was added to NSARS-CoV-2 or ΔNTESARS-CoV-2,
respectively, achieving approximately charge compensa-
tion. 5 μl of the sample were subsequently loaded onto a
slide and covered with an 18 mm coverslip. DIC and fluo-
rescent micrographs were acquired on a Leica DM6B
microscope with a 63� objective (water immersion) and
processed using Fiji software (NIH).

4.4 | FRAP measurements

FRAP measurements have been performed on 30 μM
full-length NSARS-CoV-2 or ΔNTESARS-CoV-2 in presence of
0.3 μM polyU in 20 mM sodium phosphate buffer (NaP),
pH 7.5 on a Leica TCS SP8 confocal microscope using a
63� objective (oil immersion) and a 488 argon laser line.
Prior measurement, unlabeled FL- or 41-419 NSARS-CoV-2

were mixed with Alexa Fluor 488 lysine labeled FL- or
41-419 NSARS-CoV-2.

Fluorescence recoveries have been recorded as previ-
ously described.6 Upon addition of polyU, that is, on
freshly formed droplets early time points were recorded
within a time <15 min, late time points have been
acquired after 1 h of sample incubation on the glass.

Regions of interest (ROIs) of �4 μm in diameter have
been bleached with 50% of laser power, recovery was
imaged at low laser intensity (5%). One hundred frames
were recorded with one frame per 523 ms. The data have
been processed using FIJI software (NIH).

FRAP recovery curves were obtained using standard
protocols. Briefly, for each FRAP measurement intensi-
ties for pre-bleaching, bleaching and post-bleaching
ROIs have been measured. A pre-bleaching ROI corre-
sponded to a selected region in the droplet before
bleaching; the bleached ROI corresponded to the
bleached area while the reference ROI corresponded to
an area which did not experience bleaching. The fluo-
rescence intensity measured for each of the described
ROIs was corrected by background subtraction: a region
where no fluorescence was detected was used to calcu-
late the background. Thus, the FRAP recovery was cal-
culated as:

FRAP¼ IBleached� Ibackground
IAv:Prebleaching

:

The value obtained was then corrected by multiplica-
tion with the acquisition bleaching correction factor
(ABCF), calculated as:

ABCF ¼ Ireference� Ibackground
IAv: Reference

:

FRAP curves were normalized according to:

Normalization¼ I tð Þ �min :Intensity Value

1�min :Intensity Value
:

Values were averaged from four recordings for both
early and late time points and the resulting FRAP curves
± standard deviation (std) were fitted for the early time
points to a mono-exponential function:
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y¼ a� 1� exp �b� xð Þð Þþ c:

For the late time points, a bi-exponential function
provided the best fitting:

y¼ a� 1� exp �b�xð Þð Þþ yþa2� 1� exp �b2� xð Þð Þþ c:

The mobile and immobile fractions were calculated
using the parameters a and c derived from each fitting,
according to the following equations:

Mobile fraction¼ aþ c:

Immobile fraction¼ 1�a� c:

4.5 | NMR spectroscopy

NMR experiments were acquired on a 700 MHz Bruker
Avance III spectrometer equipped with a triple reso-
nance TCI CryoProbe with Z-gradient and on an
800 MHz Bruker Neo spectrometer equipped with a tri-
ple resonance TCI CryoProbe with Z-gradient. Experi-
ments were performed at 278 and 298 K. Chemical
shifts of the NTE were assigned using a combination of
two-dimensional TOCSY and NOESY NMR spectra and
transferred to 1H-15N and 1H-13C HSQC to obtain N, Cα

and Cβ chemical shifts. Assigned chemical shifts were
deposited in BMRB database (BMRB ID: 51504). The
hydrodynamic radius of the NTE was determined using
NMR pulse field gradient experiments with DSS (con-
centration �1 mM) used as an internal reference. 1-D
1H spectra were collected employing the standard Bru-
ker pulse program ledbpgppr2s1d. The gradient length
was set to 1,300 μs, and the diffusion delays to 40 and
200 ms for DSS and protein, respectively. For each
delay, a set of experiments with gradient strength
increasing from 5% to 95% was acquired with 5% steps
(100% gradient strength corresponding to 53.5 G/cm).
For each spectrum 64 scans and 16,384 points with a
spectral width of 11,364 Hz were acquired. Signal inten-
sities corresponding to DSS and the NTE amide signals
were integrated using TopSpin (Bruker Biospin) and
fitted according to Stokes–Einstein relation.29 Hydrody-
namic radius of the NTE was calculated from the diffu-
sion coefficients using the known hydrodynamic radius
of DSS (3.43 Å).

Spectra were processed using TopSpin 4.0.6 (Bruker)
or NMRPipe 10.638 and analyzed using SPARKY
(Goddard TD & Kneller DG [2008] SPARKY 3. University
of California, San Francisco). Assigned chemical shifts
(N, NH, Cα, Cβ, and Hα) were used to predict secondary
structures in the NTE using TALOS+.28

4.6 | MD simulations

The starting structure of the N-terminal fragment of
NSARS-CoV-2 was built with Flexible Meccano.39 Subse-
quently the peptide was equilibrated with 50,000 steps of
energy minimization. To further equilibrate the system,
100 ps each of volume (NVT) and pressure (NPT) equili-
bration were performed. The MD simulations were car-
ried out in GROMACS (version 2018.3) using the
AMBER99SB-ILDN force field and the TIP3P water
model at a temperature of 300 K, 1 bar of pressure and
with a coupling time (ζT) of 0.1 ps. The mixtures were
solvated in water with 150 mM NaCl, ensuring overall
charge neutrality. The particle mesh Ewald algorithm
was used for calculation of the electrostatic term, with a
radius of 16 Å for the grid-spacing and Fast Fourier
Transform. The cut-off algorithm was applied for the
non-coulombic potential with a radius of 10 Å. The
LINCS algorithm was used to contain bonds and angles.
MD simulations were performed during 100 ns in 2 fs
steps and saving the coordinates of the system every
10 ps. Five repetitions were done for each simulation,
using a different structure from the ensemble of confor-
mations generated by Flexible Meccano. The hydrody-
namic radius was calculated with the software HullRad
(Version 7).40 To derive the final hydrodynamic radius,
the average of the radius of the structures of the last
50 ns of each simulation was taken together with the
standard deviation.

Supporting Information S1 includes an analysis of
LLPS of the full-length NSARS-CoV-2 at different pH values.
In addition, we include NMR data, such as diffusion
experiments and spectra of NSARS-CoV-2 amide and methyl
spectral regions acquired at different concentrations of
polyU.
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