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ARTICLE

The SARS-CoV-2 nucleocapsid phosphoprotein
forms mutually exclusive condensates with RNA
and the membrane-associated M protein
Shan Lu 1,2,7, Qiaozhen Ye1,7, Digvijay Singh 3, Yong Cao 4, Jolene K. Diedrich5, John R. Yates III 5,

Elizabeth Villa 3, Don W. Cleveland1,2✉ & Kevin D. Corbett 1,6✉

The multifunctional nucleocapsid (N) protein in SARS-CoV-2 binds the ~30 kb viral RNA

genome to aid its packaging into the 80–90 nm membrane-enveloped virion. The N protein is

composed of N-terminal RNA-binding and C-terminal dimerization domains that are flanked

by three intrinsically disordered regions. Here we demonstrate that the N protein’s central

disordered domain drives phase separation with RNA, and that phosphorylation of an adja-

cent serine/arginine rich region modulates the physical properties of the resulting con-

densates. In cells, N forms condensates that recruit the stress granule protein G3BP1,

highlighting a potential role for N in G3BP1 sequestration and stress granule inhibition. The

SARS-CoV-2 membrane (M) protein independently induces N protein phase separation, and

three-component mixtures of N+M+ RNA form condensates with mutually exclusive

compartments containing N+M or N+ RNA, including annular structures in which the M

protein coats the outside of an N+ RNA condensate. These findings support a model in

which phase separation of the SARS-CoV-2 N protein contributes both to suppression of the

G3BP1-dependent host immune response and to packaging genomic RNA during virion

assembly.
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The ongoing COVID-19 pandemic is caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), a
highly contagious betacoronavirus1,2. Coronaviruses com-

prise a large family of positive-stranded RNA viruses, whose ~30
kb genome is packaged into a membrane-enveloped virion 80–90
nm in diameter3,4. The first two-thirds of the genome encodes
two polyproteins that are processed by virally encoded proteases
into nonstructural proteins, and which assemble into the viral
replicase–transcriptase complex (RTC)5. The final third of the
genome generates subgenomic RNAs encoding accessory proteins
plus the four main structural proteins of the virion: the spike (S)
protein that recognizes cell receptors, the nucleocapsid (N) pro-
tein responsible for viral RNA packaging, and the membrane-
associated envelope (E) and membrane (M) proteins6,7.

The RNA-binding N protein plays two major roles in the
coronavirus life cycle. Its primary role is to assemble with genomic
RNA into the viral RNA–protein (vRNP) complex, and mediate
vRNP packaging into virions via poorly understood interactions
between the N and M proteins8–10. Second, the N protein localizes
to RTCs at early stages of infection, where it is thought to facilitate
viral RNA synthesis and translation by recruiting host factors and
promoting RNA template switching11–15. To accomplish these
important functions, betacoronavirus N proteins have evolved a
modular architecture with two conserved, folded domains flanked
by three intrinsically disordered regions (IDRs). The N-terminal
domain (NTD) is thought to mediate a specific interaction with
the viral genome’s packaging signal, and the C-terminal domain
(CTD) forms a compact dimer that has been proposed to aid
vRNP assembly16–21. These two domains are separated by a
conserved central IDR containing a serine/arginine-rich region
(SR) that is highly phosphorylated in infected cells22–26, and are
flanked by less well-conserved IDRs at the N- and C-terminus.
The C-terminal IDR of the related SARS-CoV N protein has been
implicated in M protein binding, suggesting an important role for
this domain in viral packaging9,10.

In isolation, betacoronavirus N proteins self-associate into
dimers, tetramers, and larger oligomers that are thought to form
the basis for assembly of the vRNP complex21,27–29. Electron
microscopy analysis of several betacoronaviruses has suggested
that in the virion, the N protein mediates assembly of a helical
filament-like vRNP complex3,30–32. Recent cryo-electron tomo-
graphy (cryo-ET) of SARS-CoV-2 virions has revealed a more
granular vRNP structure, with each virion containing 35–40
individual vRNP complexes that each adopt a cylindrical shell-
like structure ~15 nm in diameter4,33. Within the virion,
membrane-proximal vRNPs show a characteristic orientation
with respect to the membrane, suggesting that they specifically
interact with the membrane-associated M protein33. Within the
vRNP, tentative modeling based on known NTD and CTD
structures suggests a specific assembly with ~800 nt of genomic
RNA (30 kb ÷ ~38 vRNPs) wrapped around ~12 copies of the N
protein33. Individual vRNPs could also form linear stacks
resembling helical filaments4,33, reconciling the apparent conflict
with earlier observations and suggesting that betacoronavirus
vRNPs likely adopt a broadly conserved architecture.

In recent years, many RNA-binding proteins with IDRs have
been found to undergo liquid–liquid phase separation with RNA,
and these biomolecular condensates are thought to orchestrate a
large number of important biological processes and in some cases
drive disease34–41. The structural features of the betacoronavirus
N protein, and its diverse roles in viral RNA metabolism and
virion assembly, make it tempting to hypothesize that phase
separation may play a role in this protein’s functions42. Here, we
combine in vitro reconstitution approaches and cellular assays to
determine the phase separation behavior of the SARS-CoV-2 N
protein. We first demonstrate that RNA can induce assembly of

the N protein into phase-separated condensates in vitro, and
pinpoint a ~40 residue region in the central IDR with a key role in
RNA-driven phase separation. Using quantitative cross-linking
mass spectrometry, we found that this region and the neighboring
C-terminal dimerization domain show strong intermolecular
interactions in RNA-driven condensates. We also characterized
the interaction between N and a soluble fragment of the M
protein, which we find independently mediates N protein phase
separation through an interaction with the protein’s C-terminal
domains. Three-component mixtures of N, M, and RNA
assemble into condensates with distinct internal compartments or
layers containing N+ RNA or N+M, suggesting that M and
RNA repel one another despite each interacting with N. This
mutual exclusion often yields two-layered condensates with an
internal N+ RNA compartment surrounded by an outer layer of
N+M. In cells, N forms condensates that incorporate RNA and
the stress granule core protein G3BP1, but not other known stress
granule proteins, suggesting a role for N in suppressing G3BP1-
dependent innate immune responses. Overall, our data provide
mechanistic insight into multiple functions of SARS-CoV-2 N
driven by phase separation, including aiding viral RNA synthesis,
suppressing host immune responses, and driving virion assembly
through specific, but mutually exclusive interactions with geno-
mic RNA and the viral membrane-associated M protein.

Results
SARS-CoV-2 N undergoes RNA-dependent phase separation.
To investigate the mechanistic basis for nucleocapsid-mediated
RNA packaging, we first purified bacterially expressed recombi-
nant full-length N protein (419 aa, 45.6 kDa). While purification
in buffers with high salt concentration (1M NaCl) yielded pure
protein, purification in lower salt buffers resulted in retention of
bacterial nucleic acids and aggregation of the protein as judged by
size-exclusion chromatography21. In light of this observation and
recent findings that intrinsically disordered RNA-binding pro-
teins undergo liquid–liquid phase separation in vitro34–41, we
investigated whether the SARS-CoV-2 N protein shares this
property. We generated a variant N protein with an N-terminal
cysteine for specific labeling, then mixed Cy5-labeled full-length
N protein with a nonspecific 17-mer ssRNA labeled with fluor-
escein (6-FAM). After mixing, we observed formation of spherical
phase-separated condensates containing both components
(Fig. 1a). Condensates formed in a specific range of RNA con-
centration, above which phase separation was inhibited (Fig. 1a).
This so-called reentrant phase separation behavior is commonly
observed in two-component systems, including RNA–protein
mixtures, and is related to the ratio of binding sites in the two
components in the mixture43. With 10 µM N protein, maximal
phase separation occurred in the presence of 5 µM 17-mer RNA
(85 µM nucleotide), above which phase separation was inhibited
(Fig. 1a). The observation that N forms condensates with a very
short RNA suggests that phase separation in this case is driven
largely by multivalent protein–protein interactions. In agreement
with this idea, purified N formed condensates without addition of
RNA, but these were much smaller and fewer than those formed
in the presence of RNA (Supplementary Fig. 1a). The N protein
independently formed condensates only at very low salt con-
centrations (20–40 mM KCl), while addition of RNA enhanced
condensate formation at salt concentrations approaching phy-
siological (>80 mM KCl; Supplementary Fig. 1b).

We next examined the behavior of the N protein with three
larger RNAs derived from the SARS-CoV-2 genome (Fig. 1b and
Supplementary Table 1): (1) UTR265, the first 265 bases of the
viral genome which contains the leader sequence (located at nt
20–81) that in mouse hepatitis virus was shown to bind the N
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protein with high affinity44,45; (2) UTR1000, the first 1000 bases
of the viral genome that includes the 5′-UTR and part of the
ORF1ab gene; and (3) PS576, a 576-nt sequence located near the
end of the ORF1ab gene (nt 19786–20361) corresponding to the
putative packaging signal for SARS-CoV viral RNA46,47. We
found that addition of 20 ng/µL (~62 µM nucleotide) viral RNA
fragments containing the 5′-UTR to 10 µM N protein induced the
formation of round condensates (Fig. 1c). In contrast, addition of
the PS576 fragment caused the formation of more amorphous
structures resembling a fibrillar network (Fig. 1c). The distinct
structures formed with PS576 compared to 17-mer RNA or UTR-

derived RNAs suggests that the viral packaging signal may
interact differently with the N protein than nonspecific RNA (see
“Discussion” section). These condensates showed reentrant phase
separation behavior (Supplementary Fig. 1c), grew over time
(Supplementary Fig. 1d), and displayed classical behaviors, such
as fusion of droplets (Fig. 1d) and dissolution upon addition of
10% 1,6-hexanediol, an organic solvent that disrupts a wide range
of biomolecular condensates by reducing the hydrophobic
effect48–50 (Fig. 1e). Cryo-ET of N protein+ RNA condensates
revealed well-defined texture suggestive of internal order, which
was also observed by super-resolution light microscopy (Fig. 1f
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Fig. 1 N protein undergoes phase separation with RNA. a Fluorescence and DIC images of phase separation of N protein (1% N-terminal Cy5-labeled N
protein) with a 3′ 6-FAM-labeled 17-mer ssRNA. Scale bar, 5 µm. Percentage values indicate the percentage of total RNA or protein fluorescence within
condensates (see “Methods” section). See Supplementary Fig. 1a for N protein phase separation in the absence of added RNA. b Schematic of SARS-CoV-2
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and Supplementary Fig. 1e–g). In particular, these condensates
resemble electron-dense virus-like particles observed in the
periphery of infected cells and also released alongside intact
virions, which may comprise packaged RNAs that have not
undergone membrane envelopment33.

Next, we explored the biophysical properties of N+ RNA
condensates by fluorescence recovery after photobleaching
(FRAP). Full bleaching and partial bleaching of N+ RNA
condensates indicated that the N protein is very slowly exchanged
with the soluble pool and within the structures, with recovery of
only ~12% fluorescence intensity in 2 min after bleaching (Fig. 2).

In condensates formed with the short 17-mer RNA, the RNA was
highly mobile and freely exchanged (Fig. 2a, b). The mobility of
this short RNA decreased with longer incubation times,
indicating that initial highly dynamic condensates mature over
time to a structure with slower dynamics (Supplementary Fig. 2a,
b). In condensates of N protein with the larger virus-derived
RNAs, both RNA and N protein showed slow dynamics (Fig. 2c,
d). N protein dynamics were independent of the length of RNA in
the condensates (Fig. 2c–e), but in these condensates the longer
RNAs showed much slower dynamics than the N protein. These
data suggest that long viral RNAs interact with multiple N
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proteins and are trapped inside a framework formed by the N
protein. Consistent with these slow dynamics, the fusion of N+
RNA droplets was slow (Fig. 1d) and soluble N protein was
incorporated very slowly into preexisting N+ RNA condensates
(Supplementary Fig. 2c).

The central IDR is critical for RNA-mediated phase separation.
The N protein has multiple IDRs based on sequence alignments,
disorder prediction51, and IDR prediction algorithms including
the catGRANULE server52 (Supplementary Fig. 3a): (1) the N-
terminal IDR (aa 1–48), (2) the central IDR (aa 175–246) that
consists of a SR-rich region (aa 175–206) followed by a leucine/
glutamine (L/Q)-rich region (aa 210–246; Supplementary Fig. 3c),
and (3) the C-terminal IDR (aa 365–419). The folded RNA-
binding NTD and the C-terminal dimerization domain are
flanked by these three IDR regions28,53. In related betacor-
onavirus N proteins, each of these domains has been shown to
bind RNA with different affinities18,44–46,54. To determine the
contribution of different domains to the protein’s ability to form
phase-separated condensates with RNA, we purified 13 N protein
truncations deleting the three IDRs (N-terminal, central, and C-
terminal) and two folded domains (N-terminal RNA-binding
domain and C-terminal dimerization domain), and tested their
ability to form condensates with RNA (Fig. 3a–n, summarized in
Fig. 3q). These tests revealed that several domains contribute to
RNA-mediated phase separation. First, deletion of the N-terminal
IDR and/or C-terminal IDR reduced, but did not eliminate, phase
separation (Fig. 3b–d). Next, neither the N-terminal RNA-bind-
ing domain nor the C-terminal dimerization domain was
required for phase separation, as truncations deleting either of
these domains still formed condensates with RNA (Fig. 3e, g, k, l).
Finally, our data reveal a critical role for the central IDR, and in
particular the L/Q-rich subdomain (residues 210–246) adjacent to
the S/R-rich region, in RNA-mediated phase separation. Most N
protein truncations lacking the L/Q-rich region failed to form
condensates with RNA (Fig. 3f, h–j). Internal deletion constructs
missing only the S/R-rich region or the L/Q-rich region were able
to form condensates with RNA, likely because of the collective
contributions of other domains (Fig. 3m, n). Nonetheless, the
striking difference in behavior between constructs that differ only
in the presence of the central IDR (e.g., N1–246 (Fig. 3e) vs. N1–175

(Fig. 3i) and N175–419 (Fig. 3k) vs. N247–419 (Fig. 3f)) or the L/Q-
rich region within it (e.g., N49–246 (Fig. 3g) vs. N49–209 (Fig. 3h))
points to a key role for the L/Q-rich region in RNA-mediated
phase separation.

The S/R-rich region of the central IDR (residues 176–206) is
highly positively charged with six arginine residues in 31 amino
acids (Supplementary Fig. 2c). In related coronaviruses, this
region becomes highly phosphorylated in infected cells22,23,25,26,
suggesting that phosphorylation could regulate the N protein’s
RNA-mediated condensation. To test this idea, we generated full-
length recombinant N protein with all 14 serine residues in the S/
R-rich region mutated to alanine (N14SA), or 11 serine residues
mutated to aspartate to mimic the negative charge associated with
phosphorylation (N11SD). Both mutants formed condensates with
RNA (Fig. 3o, p). We found that droplets formed by the phospho-
mimetic mutant N11SD showed dramatically faster kinetics of
droplet fusion than wild-type N or N14SA (Fig. 3r), suggesting
that phosphorylation reduces the viscosity of N+ RNA con-
densates. At a molecular level, this effect may arise from
modulation of either RNA–protein or protein–protein interac-
tions. This result parallels another recent report showing that
mimicking S/R phosphorylation through serine-to-aspartate
mutations reduces the viscosity of SARS-CoV-2 N+ RNA
condensates in vitro55.

Overall, these data show that the central IDR is critical for
SARS-CoV-2 N protein phase separation with RNA, and that the
viscosity of the resulting condensates is likely regulated by
phosphorylation in the S/R-rich region. We propose that while
several domains within the N protein contribute to RNA binding
and phase separation, the central IDR plays a key role in RNA-
mediated condensation and regulates the physical properties of
the resulting condensates.

Quantitative cross-linking mass spectrometry reveals key
interaction interfaces. Next, we sought to identify particular
interfaces or subdomains within the N protein that mediate
condensation with RNA, using quantitative cross-linking mass
spectrometry56. We used the cross-linking agent BS3 (bis(sulfo-
succinimidyl)suberate), which can cross-link pairs of lysine resi-
dues within ~24 Å (Cα–Cα distance). We differentially labeled
soluble N protein and RNA-mediated condensates with iso-
topically labeled BS3-d0 and BS3-d4, which differ in molecular
weight by 4 Da due to the replacement of four hydrogen atoms
with deuterium (Fig. 4a). The 4-Da molecular weight difference
between BS3-d0 and BS3-d4 enables quantitative comparison of
cross-linking between each pair of lysine residues in the soluble
vs. condensed state (Fig. 4a and Supplementary Fig. 4a, b). We
used three RNA conditions to induce N protein phase separation
—40 ng/µL UTR265, 160 ng/µL UTR265, and 40 ng/µL PS576
(Supplementary Table 2)—and measured significant increases in
cross-linking (more than twofold increase, p value < 0.1) for 12,
30, and 15 lysine pairs, respectively, in each condition (Fig. 4b,
Supplementary Fig. 4c–f, and Supplementary Data 1). In parti-
cular, we observed strong increases in cross-linking in a cluster of
lysine residues spanning the L/Q-rich region of the central IDR
and part of the C-terminal dimerization domain (K233–K266),
and in a cluster of lysine residues in the C-terminal IDR
(K369–K375; Fig. 4b, c). For most cross-linked lysine pairs, (e.g.,
K249–K256 or K256–K374), it is impossible to determine whether
the cross-link arose from intramolecular or intermolecular inter-
actions. We did detect two cross-links (K256–K256 and
K248–K249) that were significantly enriched upon RNA-mediated
condensation in multiple samples (Supplementary Fig. 4f), which
because of their proximity in sequence were verifiably inter-
molecular cross-links. Overall, our data parallel another recent
study showing strongly increased cross-linking of two regions
spanning residues 235–256 and 369–390 upon condensation of
the N protein alone in low salt buffer57 (Fig. 4c), hinting that
condensation with and without RNA is likely mediated, at least in
part, by a similar set of protein–protein interactions.

When we mapped the residues showing strong cross-linking
increases upon RNA-mediated condensation onto our recent
structure of the N protein C-terminal dimerization domain, we
observed that eight lysine residues (K248, K249, K256, K257,
K261, K266, and to a lesser extent K342 and K347) define a large
positively charged surface on the dimeric structure of this domain
(Fig. 4d). We propose that this surface is likely directly involved
in RNA binding, and that RNA interactions bring multiple N
protein dimers together into close proximity during condensa-
tion. Finally, we note that similar cross-links are found in both
low (40 ng/µL) and high (160 ng/µL) RNA concentration, even
though we had earlier observed that high RNA concentrations
suppress condensation (Fig. 1a and Supplementary Fig. 1c). Thus,
while higher RNA concentrations suppress the formation of
visible RNA–protein condensates, the mode of N protein–RNA
interactions is likely similar at different RNA concentrations.

SARS-CoV-2 N forms phosphoregulated condensates in cells.
In addition to its role in viral packaging, the N protein is
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dynamically localized to the viral RTC and is required for effi-
cient viral RNA transcription11–15. Consistently, a recent pro-
teomic study showed that SARS-CoV-2 N strongly interacts
with cellular RNA processing machinery, including many stress
granule proteins and several RNA helicases, including DDX1,
which has been reported to be involved in viral RNA
synthesis26,58. These data suggest that the N protein may form
phase-separated condensates in cells to promote recruitment of
factors that facilitate viral RNA synthesis. To assess the ability of
the N protein to phase separate in cells, we generated a stably
transformed human osteosarcoma U2OS cell line expressing

Clover-tagged SARS-CoV-2 N under the control of an inducible
promoter (Fig. 5a). One day after induction of N protein
expression, we observed N protein condensates within cells
(Fig. 5a, b). FRAP analysis established that the N protein is
highly dynamic in these structures, with 80% fluorescence
recovery within 1 min (Fig. 5c, d). This apparent liquid-like
behavior strongly contrasts to N+ RNA condensates formed
in vitro that show much higher viscosity, suggesting that con-
densate viscosity is dynamically regulated in cells.

Our in vitro analysis of N11SD suggested that the viscosity of
N+ RNA condensates is regulated by phosphorylation of the S/
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R-rich region, with phosphorylation strongly decreasing viscos-
ity (Fig. 3r). To test whether phosphorylation of this region also
regulates condensate viscosity in cells, we expressed three
variant Clover-tagged N proteins in U2OS cells: the N11SD

phospho-mimetic mutant, the phosphorylation-resistant N14SA

mutant, and a deletion of the S/R-rich region (residues 176–206;
NΔSR). We found that N11SD behaves similarly to wild-type N in
cells, forming condensates in a minority of cells (20% in wild-
type N vs. 45% in N11SD; Fig. 5b) that show fast fluorescence
recovery in FRAP analysis, indicative of low viscosity (Fig. 5c, d
and Supplementary Fig. 5a, b). In contrast, N14SA and NΔSR

formed large, dense condensates in nearly 100% of cells (Fig. 5b)
that show slow and incomplete fluorescence recovery in FRAP
analysis (Fig. 5d and Supplementary Fig. 5c, d). We next treated
cells expressing SARS-CoV N with inhibitors to SRPKs
(serine–arginine protein kinases) and GSK3 (glycogen synthase
kinase 3), which have both been shown to phosphorylate the N
protein in related coronaviruses24,25. In vitro, SARS-CoV-2 N
can be efficiently phosphorylated by GSK3 after priming by
Cdk1 (ref. 55). When we treated U2OS cells expressing Clover-

tagged SARS-CoV-2 N with the GSK3 inhibitor kenpaullone, or
kenpaullone plus the SRPK inhibitor SRPIN340, we observed a
pronounced SDS–PAGE mobility shift that was equivalent to
treatment with phosphatases (Supplementary Fig. 6a, b). The
marked reduction in phosphorylation of N after treatment with
kenpaullone or kenpaullone plus SRPIN340 was accompanied
by an increase in the fraction of cells showing N protein
condensates (Supplementary Fig. 6c, d). These findings agree
with our data on N11SD and N14SA mutants, and show that
dephosphorylated N is more prone to condensation in cells.
Together, these data strongly support the idea that the N protein
is highly phosphorylated in its S/R-rich region when expressed
in cells, and that this phosphorylation regulates both its
propensity to form condensates and the viscosity of those
condensates. The different behavior of phosphorylated vs.
unphosphorylated N may reflect an adaptation to its distinct
roles, with low-viscosity phosphorylated condensates promoting
viral replication and host immune evasion (see below), and
high-viscosity unphosphorylated condensates mediating viral
RNA packaging into virions55.
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SARS-CoV-2 N condensates recruit the stress granule protein
G3BP1. We next sought to determine the relationship between N
protein condensates and stress granules, cytoplasmic RNA:pro-
tein condensates that form in response to diverse cellular stres-
ses59–61. Recently, the SARS-CoV-2 N protein has been reported
to interact strongly with the stress granule core proteins G3BP1
and G3BP2 plus thousands of host mRNAs57,58,62,63, high-
lighting a potential relationship between N protein condensates
and stress granules. We imaged U2OS cells expressing Clover-
tagged N, and observed strong colocalization with G3BP1, but
not other known stress granule proteins, including UBAP2L,
DDX1, and EIF3η (refs. 64,65; Fig. 6a, b and Supplementary
Fig. 7). The colocalization of N with G3BP1 is even more obvious
in cells expressing phosphorylation-resistant N14SA and NΔSR

variant proteins, while the phospho-mimic mutant N11SD

behaves similarly to wild-type protein (Fig. 6a). We next tested
whether N protein condensates contain mRNA. We found that
mRNAs are not enriched in the smaller condensates formed
from wild-type N or the phospho-mimic N11SD mutant, but that
mRNAs are highly enriched in the larger condensates formed
from the N14SA and NΔSR mutants (Fig. 6c). We also observed
mRNA localization to wild-type N protein condensates in cells
treated with the kinase inhibitors kenpaullone and SRPIN340
(Supplementary Fig. 8). Combined with our observation that
condensates of NWT or N11SD are more dynamic than N14SA and
NΔSR condensates, this result suggests that mRNAs may dyna-
mically localize to NWT or N11SD condensates, but more tightly
associate with condensates of unphosphorylated N or the N14SA

and NΔSR mutants. Thus, the SARS-CoV-2 N protein forms
RNA:protein condensates that recruit G3BP1, but not other
stress granule proteins.

The SARS-CoV-2 M protein independently promotes N pro-
tein phase separation. The abundant transmembrane M protein
acts as an organizational hub for virion assembly through its
binding to both the membrane-anchored S protein, and to the N
protein/viral RNA complex, via a soluble CTD extending into the
virion9,66 (Fig. 7a). In related coronaviruses, direct interactions
between M and N have been reported, with the C-terminal IDR of
N particularly implicated in this interaction9,10. To better
understand how the SARS-CoV-2 M and N proteins interact to
mediate virion assembly, we purified the soluble CTD of SARS-
CoV-2 M (aa 104–222 of 222) fused to GFP (Fig. 7a and Sup-
plementary Fig. 9a) and mixed it with purified Cy5-labeled N
protein. While purified GFP-M104–222 did not form condensates
on its own (Fig. 7a) or with added RNA (Supplementary Fig. 9e),
it induced formation of condensates with the N protein even in
the absence of RNA (Fig. 7b). The size of these condensates
increased with GFP-M104–222 concentration and appeared as
amorphous aggregates at high GFP-M104–222 concentration,
suggesting that M protein promotes condensation of N into dense
gel-like assemblies (Fig. 7b and Supplementary Fig. 9b). FRAP
analysis confirmed that condensates formed from GFP-M104–222

and N were highly viscous (Supplementary Fig. 9c).
Next, we used our truncations of the SARS-CoV-2 N protein to

determine the region required for phase separation with M,
focusing particularly on the previously implicated C-terminal
region (Fig. 7c–j, summarized in Fig. 7k). We found that removal
of the C-terminal IDR reduces, but does not eliminate N+M
condensate formation, while removal of the N terminal IDR
(N49–419) does not affect condensate formation (Fig. 7c–e).
Removal of the C-terminal dimerization domain and C-terminal
IDR completely eliminated N+M phase separation (Fig. 7f),
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Fig. 5 The SARS-COV-2 N protein forms highly dynamic condensates in cells whose liquidity are likely regulated by phosphorylation. a Representative
fluorescence images of Clover-tagged N, N11SD, N14SA, and NΔSR (Δ176–206) in U2OS cells. b Fraction of cells showing N protein condensates when
expressing Clover-tagged N, N11SD, N14SA, or NΔSR. See Supplementary Fig. 6 for analysis with SRPK and GSK3 kinase inhibitors. N represents number of
cells counted in each experiment. c Representative example of FRAP analysis of Clover-tagged wild-type N protein. Enlarged pictures are fluorescence
images of one condensate after partial photobleaching (1) and one after full photobleaching (2). Scale bar, 5 µm for original image and 1 µm for enlarged
images. d Mean fluorescence intensity plot for FRAP analysis of Clover-labeled N (n= 7 droplets), N11SD (n= 9 droplets), N14SA (n= 13 droplets), and
NΔSR (n= 10 droplets) in cells. See Supplementary Fig. 5 for full images of NWT, N11SD, N14SA, and NΔSR. Mean average data are normalized to the average
intensity of a particle before photobleaching and are represented as mean ± standard deviation from the recovery curves.
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while a construct encompassing only these domains (N247–419)
was competent to form N+M condensates (Fig. 7g). An N
protein fragment retaining only the C-terminal dimerization
domain (N247–364) phase separated with M, albeit to a lesser
extent than N247–419 (Fig. 7h). Addition of the central IDR to the
C-terminal region did not dramatically affect N+M condensate
formation (Fig. 7i, j). These results support the idea that the N
protein’s C-terminal region interacts with M, and that this
interaction can promote the assembly of condensates in the
absence of RNA. Further, RNA-mediated and M-mediated phase
separation rely on distinct domains of the N protein.

Finally, we explored the behavior of three-component systems
including N, M, and RNA. Within 20 min of addition of GFP-
M104–222 to preformed N+ RNA condensates, GFP-M104–222

formed an annular shell on the condensate surface that was stable
for hours (Supplementary Fig. 10a). Even more strikingly, when
N, M, and RNA were all mixed simultaneously, RNA and M
formed mutually exclusive condensates with N. In condensates
that formed with all three components, M and RNA occupied
mutually exclusive subdomains, for example, with a central core
of N+ RNA surrounded by a shell of N+M, or vice versa (Fig. 7l
and Supplementary Fig. 10b, c). FRAP analysis of these
condensates showed that all three components (N protein, M
protein, and RNA) show very slow dynamics (Supplementary
Fig. 10d, e). Thus, the N protein forms condensates with RNA
and the M protein through distinct protein regions, and N+M
+ RNA condensates self-organize into mutually exclusive sub-
domains of N+ RNA and N+M.

Discussion
A critical step in the life cycle of any virus is the packaging of its
genome into new virions. This is an especially challenging pro-
blem for betacoronaviruses like SARS-CoV-2, with its large ~30
kb RNA genome. Here, we demonstrate that the SARS-CoV-2 N
protein, the structural protein largely responsible for binding,
compacting, and packaging the viral genome, forms phase-
separated condensates with the SARS-CoV-2 M protein and
RNA, including RNAs derived from the viral genome 5′-UTR and
the region corresponding to the putative packaging signal of
SARS-CoV. Our findings parallel recent reports of RNA-
mediated phase separation by the nucleocapsid proteins from
other viruses, including Measles virus and HIV-1 (refs. 67,68). Our
findings also parallel several contemporary reports of SARS-CoV-
2 N+ RNA phase separation55,57,69–72. These findings, plus
recognition that many other viral nucleocapsid proteins possess
domains with high predicted disorder73, suggest a general role for
phase separation in viral genome packaging and virion assembly.

Through truncation analysis, we identified a L/Q-rich region
(residues 210–246) within the central IDR of SARS-CoV-2 N that
plays a key role in RNA-mediated phase separation, which lies
adjacent to the phosphoregulated SR-rich region (residues
176–206; Fig. 8a). A recent molecular dynamics analysis of the
SARS-CoV-2 N protein’s central IDR identified a putative
hydrophobic α-helix spanning residues ~213–225, supporting the
idea that this region may be directly involved in protein–protein
interactions to promote phase separation71. We also found that a
soluble fragment of the viral membrane-associated M protein
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interacts with N and independently induces the formation of
phase-separated condensates. Three-component mixtures give
rise to structures strongly reminiscent of the expected architecture
of these components in virions33,74, with a central core of N+
RNA surrounded by a shell of N+M.

Our data on N–RNA and N–M interactions have important
implications for understanding how the SARS-CoV-2 genome is
packaged into developing virions. Recent high-resolution cryo-ET
of intact SARS-CoV-2 virions has revealed that individual vRNPs
adopt a characteristic shell-like architecture ~15 nm in diameter,
comprising ~12 N proteins and ~800 nt of RNA4,33. Negative-stain
electron microscopy of soluble N+ RNA complexes has revealed
similar particles55, suggesting that viral RNA packaging is medi-
ated first by assembly of individual vRNPs along the genomic

RNA, followed by condensation of these RNPs and recruitment to
developing virions through interactions with the M protein at the
cytoplasmic side of the ER–Golgi intermediate compartment
(Fig. 8b)4,74. Our finding that the M protein can independently
mediate phase separation of N suggests that a network of
membrane-associated M proteins could mediate recruitment of
N+ RNA condensates into the developing virion74.

Given the variety of RNAs in infected cells, including both host
mRNAs and viral subgenomic RNAs, how is the full-length viral
genome specifically recruited and packaged into virions? Current
models posit that the N protein likely binds specifically to a viral
RNA sequence that adopts a characteristic 3D structure. A recent
computational analysis offers a compelling model for how phase
separation might contribute to packaging specificity. Specifically,
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high-affinity binding of N to a particular site in the 30 kb genome
could seed the assembly of vRNPs along the RNA through lower-
affinity interactions, and drive condensation of stable single-
genome condensates that can then be packaged into a virion71.
This model is indirectly supported by the recent observation of
dense virus-like particles ~50–80 nm in diameter in infected cells,
which may represent N+ RNA condensates that have not yet
been enveloped33. The specific packaging signal is not identified
for SARS-CoV-2, but may be located in the 5′-UTR or within the
ORF1ab gene44,45,69. We find that N forms condensates with
diverse RNAs, but that the morphology of condensates formed
with the sequence equivalent to the putative SARS-CoV packa-
ging signal (PS576) is distinct from those formed with other
RNAs. While this observation suggests that specific RNAs could
alter the phase separation behavior of N, parallel studies have
shown that altering the RNA–protein ratio in condensates can
give rise to similar morphological changes55. Further study will be
required to both identify the SARS-CoV-2 packaging signal and
determine how it modulates N+ RNA phase separation to pro-
mote packaging of single genomes into developing virions.

In addition to their central role in viral RNA packaging,
betacoronavirus N proteins participate in viral RNA transcrip-
tion, especially the discontinuous transcription of subgenomic
mRNAs75. In cells, the protein is dynamically recruited to RTCs
through an interaction with viral replicase subunit NSP3
(refs. 12,76). This activity is promoted by hyperphosphorylation of
the N protein in the S/R-rich region within the central IDR, and
phosphorylated N protein can recruit host factors like RNA
helicases to promote viral RNA template switching and sub-
genomic mRNA transcription26. In contrast, N protein incorpo-
rated into virions is hypophosphorylated25,26. We and others
have shown that N protein condensates in cells show a more
liquid-like behavior than those assembled in vitro, and our
finding that phosphorylation of the S/R-rich region regulates

condensate viscosity is also supported by recent reports from
other groups55,69. Given the proximity of the S/R-rich region
(residues 176–206) to the L/Q-rich region we implicate in RNA-
mediated phase separation (residues 210–246), it is not surprising
that phosphorylation in this region could strongly affect
N–protein self-interactions and alter the properties of the
resulting condensates. In this manner, the physical properties of
N+ RNA condensates could be tuned depending on whether it is
promoting viral transcription (hyperphosphorylated, low viscos-
ity) or RNA packaging (hypophosphorylated, high viscosity).

The morphology of N protein condensates in cells is similar to
that of stress granules, cytoplasmic RNA:protein condensates that
form in response to stress and sequester mRNAs34,59–61. Stress
granules are thought to play a significant role in initiating the
antiviral innate immune response77–84. Many viruses have been
shown to specifically inhibit stress granule formation, often by
directly binding the stress granule core protein G3BP1, as a
means to evade the host innate immune response85–102. We find
that SARS-CoV-2 N protein condensates recruit G3BP1, but not
other known stress granule proteins, including UBAP2L, DDX1,
and EIF3η. These findings parallel another recent report showing
that SARS-CoV-2 N sequesters G3BP1 and G3BP2, inhibits the
formation of stress granules in infected cells, and alters the
transcriptional program of infected cells by binding and seques-
tering host mRNAs62. In addition, we determine that host mRNA
localization to N protein condensates responds to N protein
phosphorylation state, with enhanced localization to condensates
of unphosphorylated N protein. Thus, in addition to its roles in
viral transcription and RNA packaging, SARS-CoV-2 N likely
plays a role in suppressing the host innate immune response by
directly targeting, and sequestering G3BP1 and host mRNAs. The
importance of these roles for viral replication and immune eva-
sion, and the regulatory role of phosphorylation in modulating
the diverse activities of the N protein, are important areas for
future study.

The ongoing COVID-19 pandemic demands a concerted effort
to develop new therapeutic strategies to prevent new infections
and lessen the severity of the infection in patients. The concurrent
finding by a number of groups55,57,69–72 that the SARS-CoV-2 N
protein undergoes phase separation with RNA, and that this
behavior is likely critically involved in viral RNA packaging
during virion development, highlights a new step in the viral life
cycle that could be targeted with therapeutics. Our findings that
phase separation also mediates G3BP1 sequestration and drives
interactions with the viral M protein reveals additional interac-
tions that could be targeted to disrupt the viral life cycle. Our
observations that purified N protein readily phase separates with
RNA or M protein in vitro, and that N forms condensates when
expressed in mammalian cells, suggest straightforward experi-
mental strategies to test whether FDA-approved drugs or novel
therapeutics may disrupt these assemblies57. Such a strategy could
provide an important complement to current therapeutic efforts
targeting other steps in the viral life cycle.

Methods
Cloning and protein purification. SARS-CoV-2 N protein and truncation con-
structs were amplified by PCR using primers listed in Supplementary Table 3 from
the IDT 2019-nCoV N positive control plasmid (IDT cat. # 10006625; NCBI
RefSeq YP_009724397) and inserted by ligation-independent cloning into UC
Berkeley Macrolab vector 2B-T (AmpR, N-terminal His6-fusion; Addgene #29666)
for expression in E. coli. N11SD, N14SA, NΔSR (176–206), and NΔ210-246 were
generated using Gibson assembly. In N11SD, we mutated S176, S180, S183, S184,
S186, S187, S188, S190, S193, S194, S197 to aspartate and in N14SA, we mutated
S176, S180, S183, S184, S186, S187, S188, S190, S193, S194, S197, S201, S202, S206
to alanine. The gene expressing M protein residues 104–222 was synthesized by
IDT, and inserted into UC Berkeley Macrolab vector 1GFP (KanR, N-terminal
His6-GFP fusion; Addgene #29663). Plasmids were transformed into Escherichia
coli strain Rosetta 2(DE3) pLysS (Novagen) except for GFP-M104–222 (expressed in
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Fig. 8 Model for SARS-CoV-2 virion assembly. a Domain organization of
SARS-CoV-2 N protein, with domains responsible for phase separation with
RNA (RNA-binding domain and central IDR) and M protein (C-terminal
domains) marked. Our data and related work suggests a role for
phosphorylation of the SR-rich region in regulating the gel vs. liquid
behavior of N+ RNA condensates55. b Proposed assembly mechanism of
SARS-CoV-2 virions. Viral RNPs with ~12 copies of N and 800 nt RNA coat
the genomic RNA, and RNA-driven condensation plus interactions with M
drive RNA packaging into virions33. Within the virion, individual vRNPs
show characteristic orientation on the viral envelope33 supporting a role for
specific N+M interactions in packaging.
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LOBSTR (Kerafast)) and N1–364/N175–364/N175–419 (expressed in SOLUBL21
(Genlantis)), and grown in the presence of ampicillin or kanamycin and chlor-
amphenical to an OD600 of 0.8 at 37 °C, induced with 0.25 mM IPTG, then grown
for a further 16 h at 18 °C prior to harvesting by centrifugation. Harvested cells
were resuspended in buffer A (25 mM Tris-HCl pH 7.5, 5 mM MgCl2 10% glycerol,
5 mM β-mercaptoethanol, and 1 mM NaN3) plus 1M NaCl (NFL, N1–364, N49–419,
N49–364, N11SD, N14SA, NΔSR (176–206), and NΔ210–246) or 500 mM NaCl (all other
constructs) and 5 mM imidazole pH 8.0. For purification, cells were lysed by
sonication, then clarified lysates were loaded onto a Ni2+ affinity column (Ni-NTA
Superflow; Qiagen), washed in buffer A plus 300 mM NaCl and 20 mM imidazole
pH 8.0, and eluted in buffer A plus 300 mM NaCl and 400 mM imidazole. For
cleavage of His6-tags, proteins were buffer exchanged in centrifugal concentrators
(Amicon Ultra, EMD Millipore) to buffer A plus 300 mM NaCl and 20 mM imi-
dazole, then incubated 16 h at 4 °C with TEV protease. Cleavage reactions were
passed through a Ni2+ affinity column again to remove uncleaved protein, cleaved
His6-tags, and His6-tagged TEV protease. Proteins were concentrated in centrifugal
concentrators and purified by size-exclusion chromatography (Superose 6 Increase
10/300 GL or Superdex 200 Increase 10/300 GL; Cytiva) in gel filtration buffer
(25 mM Tris-HCl pH 7.5, 300 mM NaCl, 5 mM MgCl2, 10% glycerol, and 1 mM
DTT). Purified proteins were concentrated and stored at 4 °C for analysis.

For fluorescent labeling, we inserted a cysteine residue between the N-terminal
His6-tag and the N-terminal residue of the full-length N protein, and purified the
protein as above. We labeled with either Alexa Fluor 488 (Thermo Fisher) or sulfo-
cyanine 5 (Lumiprobe) according to Lumiprobe’s protocol “Maleimide labeling of
proteins and other thiolated biomolecules”. Briefly, an excess of TCEP (tris-
carboxyethylphosphine, up to 100× molar) was added to protein between 1 and
10 mg/mL, and kept the mixture for 20 min at room temperature, then added
1/20× fold dye solution, mixed well and left overnight at 4 °C. The next day,
proteins were separated from unreacted fluorophores by passing over a Superose 6
Increase 10/300 GL column (Cytiva).

For identification of proteolytic cleavage sites, purified N1–246 was separated
from its proteolytic cleavage product by SDS–PAGE, and the band representing the
cleaved product was extracted from the gel. The protein was subjected to complete
trypsinization and analyzed on an Orbitrap Fusion mass spectrometer (Thermo
Fisher Scientific) to identify peptides.

In vitro transcription. DNA templates for viral RNA fragments were synthesized
(IDT) and amplified by PCR through primers with the T7 promoter sequence
(TAATACGACTCACTATAGGGAG) in the 5′ end. Genomic RNA fragments
(Supplementary Table 1) were synthesized using a HiScribe T7 high yield RNA
synthesis kit (NEB #E2040S) with 1 µg purified PCR products. To label RNA,
0.1 µL of 10 mM Cy3-UTP (Enzo Life Sciences #42506) was added to the tran-
scription system. After DNase I treatment, RNAs were purified using Trizol/
chloroform isolation method and solubilized with 5 mM HEPES, pH 7.5 RNase-
free buffer. The size and purity of RNAs were verified by denaturing urea/PAGE,
and their concentrations measured by absorbance at 260 nm.

In vitro phase separation assays. In vitro phase separation assays were per-
formed at 20 °C unless otherwise indicated. Unlabeled N protein was mixed with
Cy5-labeled or Alexa-488 labeled N protein at 1:100 or 1:10 ratio, then used for
phase separation assays. Phase separation of N protein (in 5 mM HEPES, pH 7.5,
80 mM KCl) was induced by either adding RNA (in 5 mM HEPES, pH 7.5) or M
protein (in 5 mM HEPES, pH 7.5, 80 mM KCl). Samples were mixed in protein
LoBind tubes (Eppendorf, 022431064) and then immediately transferred onto 18-
well glass-bottom chamber slides (iBidi, 81817). Condensates were imaged within
10–20 mins or otherwise as indicated in the experiment.

Turbidity assay. Samples were mixed in protein LoBind tubes as in the previous
section. After 30 min, the turbidity of each sample was measured by absorbance at
350 nm.

Microscopy of in vitro phase-separated condensates. DIC and fluorescence
images of in vitro condensates were taken on a DeltaVision Elite microscope
(Cytiva) with a 60× oil N.A. 1.42 objective. The laser power and exposure time of
each channel are optimized to avoid saturation. Alternatively, condensates were
imaged using Zeiss LSM880 or Leica SP8 STED super-resolution confocal micro-
scopes. Laser power for imaging, digital offset and gain values are optimized for
each channel to ensure the intensity lies in the linear range. For STED super-
resolution imaging, image resolution settings are optimized to reach ~20 nm/pixels;
average of the intensity from 16 images to increase the signal to noise ratio; 50% of
775 nm STED depletion laser is used for STED imaging. Time lapse imaging was
used to capture fusion of RNA/N protein condensates on a DeltaVision microscope
at 1 min intervals. For quantitation (Figs. 1, 3, and 5), condensates were identified
by threshold analysis in ImageJ, then the total fluorescence inside condensates was
calculated and divided by the total fluorescence in the field to yield a
percentage value.

1,6-Hexanediol treatment of phase-separated condensates. After mixing Cy5-
labeled N protein and Cy3-labeled UTR265 RNA to generate condensates, 5 µL

samples were deposited on one well of a channel slide (iBidi, 80606). A total of
20 µL of buffer containing 10% hexanediol was then added to the opposite well, and
condensates were imaged at 10 s intervals on a DeltaVision Elite microscope
(Cytiva) with a 60× oil N.A. 1.42 objective lens.

Stable human cell line construction. For expression in U2OS cells, SARS-CoV-2
N proteins (wild-type, 11 SD, 14SA, or ΔSR (176–206) were cloned into a third-
generation Tet-on system on a lentivirus vector with a Clover tag at the C-terminal
of N protein. Lentivirus is produced in HEK293t cells by transfection of lentiviral
plasmid and packaging plasmids pMD2.G and psPAX2. After 2 days of transfec-
tion, the culture medium containing the lentivirus was passed through a 0.45 µm
filter and was used to infect U2OS cell line. After 2 days of infection, the medium is
exchanged to medium containing 20 µg/µL blasticidin for selection.

Immunofluorescence. For immunofluorescence, U2OS cells were cultured on
eight-well chamber slides (iBidi, 80827) in DMEM supplemented with 10% fetal
bovine serum (FBS) and Antibiotic–Antimycotic (Thermofisher, 15240062). After
treatments of the cells as indicated, cells were fixed with 4% PFA in PBS and
permeabilized with 0.2% Triton X-100 for 10 min. After blocking with 1% BSA in
PBS, 0.05% Triton X-100 for 2 h, cells were incubated for 1 h at room temperature
with primary antibody in blocking solution. After three washes with PBS, cells were
incubated with Alexa647-labeled or Cy3-labeled secondary antibody at 1:500
dilution in blocking solution for 30 min at room temperature. After three washes
with PBS and DAPI staining, cells were kept in PBS for imaging. Dilutions for
primary antibodies used in this study are 1:500 for anti-G3BP1 (mouse mono-
clonal, Abcam, ab56574), 1: 500 for anti-UBAP2L (rabbit polyclonal, Bethyl, A300-
533A), 1: 100 for anti-EIF3η (goat polyclonal, Santa Cruz, sc-16377), and 1: 250 for
anti-DDX1 (mouse monoclonal, Novus, NBP2-61745).

RNA fluorescence in situ hybridization. All hybridization steps were performed
under RNase-free conditions following the Stellaris RNA fluorescence in situ
hybridization (FISH) protocol for adherent cells. Briefly, cells were fixed in 3.7%
formaldehyde for 10 min and permeabilized with ethanol 70% for 8 h at 4 °C. Then,
cells were washed with wash buffer A (Biosearch Technologies, SMF-WA1-60)
supplemented with 10% deionized formamide (Sigma, F7503), and incubated in the
dark at 37 °C for 4 h in a humidified chamber with hybridization buffer (SMF-
HB1-10) supplemented with 10% deionized formamide and 1 ng/ml Cy5-labeled
Cy5-(d)T20 oligonucleotides (gift from Dr. J. Paul Taylor, St. Jude Children
Hospital). After cells were washed with wash buffer A in the dark at 37 °C for
30 min, cells were stained with DAPI in wash buffer A, and then washed once with
wash buffer B (Biosearch Technologies, SMF-WB1-20) before imaging.

Phos-tag SDS–PAGE and western blot. U2OS cells were cultured on 12-well
plates as above. Cells were lysed in RIPA buffer supplemented with 1× protease
inhibitor and phosphatase inhibitor (Thermo fisher, 78442), except for the sample
to be dephosphorylated, cells were lysed in RIPA buffer supplemented with 1×
EDTA-free protease inhibitor (Roche, 04693159001). Protein concentration was
measured by BCA analysis (Thermo Fisher, 23227). Dephosphorylation was per-
formed by adding 30 units of Calf Intestinal Phosphatase (New England Biolabs,
M0290) to 20 µg of protein lysate supplemented with 10 mM MgCl2, and incu-
bating at 25 °C for 20 min. After adding LDS protein loading buffer and 50 mM
DTT, samples were loaded onto a 7% SDS–polyacrylamide gel containing 50 μM
Mn2+-Phos-tag acrylamide (Fujifilm Wako Chemicals), and run at 180 volts for
90 min until the 70 kD marker reached the bottom of the resolving gel. After
electrophoresis, the gel was immersed in transfer buffer containing 5 mM EDTA
two times for 10 min each, followed by transfer buffer without EDTA. The semidry
method was used to transfer the proteins to PVDF membrane. Then Clover-tagged
N protein were detected by anti-GFP antibody (1:2000 dilution in 3% BSA TBST,
Clontech, 632381).

Fluorescence recovery after photobleaching. FRAP analysis of condensates
in vitro was performed on a Zeiss LSM880 Aryscan microscope with 63×/1.42 oil
objective or 40×/1.2W objective or on Nikon Eclipse Ti2 A1 confocal microscope
as indicated. The intensity of the fluorescent signal is controlled in the detection
range through changing the laser power, digital gain, and offset. For green, red, and
far-red fluorescent channels, bleaching was conducted by 488, 561, or 633-nm line
correspondingly, and the laser power and iteration of bleaching are optimized to
get an efficient bleaching effect. Fluorescence recovery was monitored at 2 or 4 s
intervals for 4 min. In the focal-bleach experiment, roughly half (partial bleach) or
all (full bleach) of a condensate was photobleached to determine the molecular
mobility with diffuse pool or inside a condensate.

U2OS cells for FRAP experiments were cultured on a eight-well chamber slide
(iBidi, 80827) in DMEM supplemented with 10% FBS and Antibiotic–Antimycotic
(Thermofisher, 15240062). NClover expression was induced for 24 h by adding 1 µg/
mL doxycycline to the culture medium. FRAP experiment was conducted as for
in vitro condensate analysis using a Zeiss LSM880 microscope.

The FRAP data were quantified using ImageJ or Zeiss Zen built-in profile
model. The time series of the fluorescence intensity of condensates were calculated.
The intensity of the condensate during the whole experiment was normalized to
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the one before bleaching and the intensity of the granule just after bleaching was
normalized to zero. At least 2–10 condensates per condition were analyzed to
calculate the mean and standard deviation. The averaged relative intensity and
standard error were plotted to calculate dynamics.

Quantitative cross-linking mass spectrometry. Before cross-linking, 10 µMN
protein (in 5 mM HEPES, pH 7.5, 80 mM KCl) was mixed with buffer (in 5 mM
HEPES, pH 7.5) or with 40 ng/µL UTR265, 40 ng/µL PS576, or 160 ng/µL UTR265
RNAs. After incubating 10 min at room temperature, 0.5 mM BS3-d0 or BS3-d4
from a 10mM stock was mixed with samples from each condition, as indicated in
Supplementary Table 2 and incubated at room temperature for 1 h. After that, 20
mM NH4HCO3 was added to quench the reaction. Equal amounts of samples with
and without RNA and reacted with BS3-d0 vs. BS3-d4 were mixed together before
acetone precipitation and redissolving in 8M urea, 0.1 M TEAB, pH 8.0. After
reduction with 5 mM TCEP and alkylation with 10 mM iodoacetamide, three
volumes of 0.1 M TEAB was added to each sample before adding trypsin at 1:50
enzyme to substrate ratio.

Digested peptides were injected onto a 25 cm, 100 μm ID column packed with
BEH 1.7 μm C18 resin. Samples were separated at a flow rate of 300 nL/min on an
μHPLC Easy nLC 1200 with a 120-min gradient of buffer A (0.1% formic acid in
water) and buffer B (0.1% formic acid in 90% acetonitrile). Specifically, a gradient
of 1–25% B over 100 min, an increase to 40% B over 20 min, an increase to 100% B
over another 10 min, and a hold at 100% B for a final 10 min was used for a total
run time of 140 min. The column was re-equilibrated with 20 μL of buffer A prior
to the injection of each sample. MS1 and MS2 spectra were collected on an
Orbitrap Eclipse using a data-dependent mode. Briefly, parameters are set as
follows: for MS1 scan, 120 K resolution, 375–1800m/z scan range, 1 × 106 AGC
target; for MS2 scan, 60 K resolution, 0.7m/z isolation window, HCD
fragmentation at 35% collision energy with a 50 s dynamic exclusion window and
charge 1+ ions rejection.

Cross-linked peptides (Supplementary Data 1) were identified using pLink
software56,103 searching against N protein sequence with BS3-d0 and BS3-d4 set as
cross-linkers, trypsin as the digestion enzyme and cysteine carboxymethylation as
fixed modification. For each sample, spectra of BS3-d0 and BS3-d4 cross-linked
peptides were used for quantification by pQuant software104. The results of three
biological replicates for each condition were combined and p values calculated
using a one-tailed t test by comparing the mean of the log2 ratio in three biological
replicates of each group to 0. Cross-link data visualization at protein bar mode was
performed with xiNET105.

Cryo-electron tomography. For cryo-ET, phase separation was induced by mixing
10 µM N protein (in 5 mM HEPES, pH 7.5, 80 mM KCl) with 20 ng/µL of the
indicated RNA (in 5 mM HEPES, pH 7.5) for 0.5–1 min at 20 °C. A total of 4 µL of
the resulting solution was deposited on glow-discharged Quantifoil grids (R2/1, Cu
200-mesh grid, Electron Microscopy Sciences). The solution on the grid was then
blotted using a Vitrobot (Thermo Fisher Scientific) with conditions set to blot force
−10, blot time 2.5–3.5 s, and drain time 2 s. After blotting, the grid was immedi-
ately plunge-frozen into liquid ethane/propane mixture (Airgas) cooled to close to
liquid nitrogen temperature. Cryo-ET imaging was performed on a Titan Krios
operated at 300 KeV (Thermo Fisher Scientific) equipped with a post-column
Quantum energy filter (Gatan). The images were recorded on a K2 Summit direct
detector (Gatan) in counting mode using SerialEM106. The tilt series were acquired
using a dose-symmetric scheme107 with a tilt range of ±60° in EFTEM mode with a
nominal magnification of 42,000×–64,000× (pixel sizes at the camera 0.34–0.22
nm), tilt increment: 2–3°, and a target defocus of −3–5 μm. Motion-correction and
dose-weighting, using MotionCor2108, was applied to the individual frames of the
tilt-series images. The motion-corrected and dose-weighted tilt-series images were
then aligned in IMOD109 using patch-tracking. 3D CTF correction was performed
using novaCTF110. The weighted back-projection method was used for the final
tomographic reconstruction. Power spectrum analysis of tomographic slices or
individual images from tilt series was performed with IMOD.

Statistics and reproducibility. Images in Fig. 1a, c–e were done in one
experiment. Figure 1f is representative of five tomographs. Images in Fig. 3f–h
are representative of at least two images from each sample (one experiment).
Events in Fig. 3r is representative of at least three events observed. Images in
Fig. 6b, c represent three to four images taken in each sample (one experiment).
Images in Fig. 7a–j were done in one experiment. Images in Fig. 7i represent
three to four images taken in this sample. Supplementary Fig. 1d was done in
one experiment and representative of two images is shown for each condition.
Supplementary Fig. 1e represents one of three images taken in this condition.
Supplementary Fig. 1f, g is representative of five tomographs. Supplementary
Fig. 2c was done in one experiment. Supplementary Fig. 3f represents one of the
two images taken for each condition. Supplementary Fig. 6b was done in
one experiment. Supplementary Fig. 6c was done in two independent experi-
ments. Images in Supplementary Figs. 7a–c and 8a–d represent three to four
images taken in each sample. Supplementary Fig. 9a, b were done in one
experiment. Supplementary Fig. 9d represents one of the three images taken in
this sample. Supplementary Fig. 9e represents one of the two images taken in

each sample. Supplementary Fig. 10a, b represent one of the two images taken in
this sample. Supplementary Fig. 10c represents one of the seven droplets in this
experiment.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Source data are provided with this manuscript. Other data are available from the
corresponding authors upon reasonable request. Source data are provided with
this paper.

Received: 4 August 2020; Accepted: 17 December 2020;

References
1. Zhou, P. et al. A pneumonia outbreak associated with a new coronavirus of

probable bat origin. Nature 579, 270–273 (2020).
2. Dong, E., Du, H. & Gardner, L. An interactive web-based dashboard to track

COVID-19 in real time. Lancet Infect. Dis. 20, 533–534 (2020).
3. Bárcena, M. et al. Cryo-electron tomography of mouse hepatitis virus: insights

into the structure of the coronavirion. Proc. Natl Acad. Sci. USA 106, 582–587
(2009).

4. Klein, S. et al. SARS-CoV-2 structure and replication characterized by in situ
cryo-electron tomography. Nat. Commun. 11, 5885 (2020).

5. Snijder, E. J. et al. Ultrastructure and origin of membrane vesicles associated
with the severe acute respiratory syndrome coronavirus replication complex. J.
Virol. 80, 5927–5940 (2006).

6. Snijder, E. J. et al. Unique and conserved features of genome and proteome of
SARS-coronavirus, an early split-off from the coronavirus group 2 lineage. J.
Mol. Biol. 331, 991–1004 (2003).

7. Thiel, V. et al. Mechanisms and enzymes involved in SARS coronavirus
genome expression. J. Gen. Virol. 84, 2305–2315 (2003).

8. Zlotnick, A. Theoretical aspects of virus capsid assembly. J. Mol. Recognit.
Interdiscip. J. 18, 479–490 (2005).

9. Hurst, K. R. et al. A major determinant for membrane protein interaction
localizes to the carboxy-terminal domain of the mouse coronavirus
nucleocapsid protein. J. Virol. 79, 13285–13297 (2005).

10. Kuo, L., Hurst-Hess, K. R., Koetzner, C. A. & Masters, P. S. Analyses of
coronavirus assembly interactions with interspecies membrane and
nucleocapsid protein chimeras. J. Virol. 90, 4357–4368 (2016).

11. McBride, R., Van Zyl, M. & Fielding, B. C. The coronavirus nucleocapsid is a
multifunctional protein. Viruses 6, 2991–3018 (2014).

12. Verheije, M. H. et al. The coronavirus nucleocapsid protein is dynamically
associated with the replication-transcription complexes. J. Virol. 84,
11575–11579 (2010).

13. Zúñiga, S. et al. Coronavirus nucleocapsid protein is an RNA chaperone.
Virology 357, 215–227 (2007).

14. Zúñiga, S. et al. Coronavirus nucleocapsid protein facilitates template
switching and is required for efficient transcription. J. Virol. 84, 2169–2175
(2010).

15. Cong, Y. et al. Nucleocapsid protein recruitment to replication-transcription
complexes plays a crucial role in coronaviral life cycle. J. Virol. 94, e01925
(2020).

16. Masters, P. Localization of an RNA-binding domain in the nucleocapsid
protein of the coronavirus mouse hepatitis virus. Arch. Virol. 125, 141–160
(1992).

17. Parker, M. M. & Masters, P. S. Sequence comparison of the N genes of five
strains of the coronavirus mouse hepatitis virus suggests a three domain
structure for the nucleocapsid protein. Virology 179, 463–468 (1990).

18. Huang, Q. et al. Structure of the N-terminal RNA-binding domain of the
SARS CoV nucleocapsid protein. Biochemistry 43, 6059–6063 (2004).

19. Chang, C.-k et al. The dimer interface of the SARS coronavirus nucleocapsid
protein adapts a porcine respiratory and reproductive syndrome virus-like
structure. FEBS Lett. 579, 5663–5668 (2005).

20. Surjit, M., Liu, B., Kumar, P., Chow, V. T. & Lal, S. K. The nucleocapsid
protein of the SARS coronavirus is capable of self-association through a C-
terminal 209 amino acid interaction domain. Biochem. Biophys. Res. Commun.
317, 1030–1036 (2004).

21. Ye, Q., West, A. M. V., Silletti, S. & Corbett, K. D. Architecture and self-
assembly of the SARS-CoV-2 nucleocapsid protein. Protein Science 29,
1890–1901 (2020).

22. Chen, H. et al. Mass spectroscopic characterization of the coronavirus
infectious bronchitis virus nucleoprotein and elucidation of the role of

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-20768-y ARTICLE

NATURE COMMUNICATIONS |          (2021) 12:502 | https://doi.org/10.1038/s41467-020-20768-y | www.nature.com/naturecommunications 13

www.nature.com/naturecommunications
www.nature.com/naturecommunications


phosphorylation in RNA binding by using surface plasmon resonance. J. Virol.
79, 1164–1179 (2005).

23. White, T. C., Yi, Z. & Hogue, B. G. Identification of mouse hepatitis
coronavirus A59 nucleocapsid protein phosphorylation sites. Virus Res. 126,
139–148 (2007).

24. Peng, T. Y., Lee, K. R. & Tarn, W. Y. Phosphorylation of the arginine/serine
dipeptide‐rich motif of the severe acute respiratory syndrome coronavirus
nucleocapsid protein modulates its multimerization, translation inhibitory
activity and cellular localization. FEBS J. 275, 4152–4163 (2008).

25. Wu, C.-H. et al. Glycogen synthase kinase-3 regulates the phosphorylation of
severe acute respiratory syndrome coronavirus nucleocapsid protein and viral
replication. J. Biol. Chem. 284, 5229–5239 (2009).

26. Wu, C.-H., Chen, P.-J. & Yeh, S.-H. Nucleocapsid phosphorylation and RNA
helicase DDX1 recruitment enables coronavirus transition from discontinuous
to continuous transcription. Cell Host Microbe 16, 462–472 (2014).

27. Chang, C.-k, Chen, C.-M. M., Chiang, M.-h, Hsu, Y.-l & Huang, T.-h
Transient oligomerization of the SARS-CoV N protein–implication for virus
ribonucleoprotein packaging. PloS ONE 8, e65045 (2013).

28. Chang, C.-k et al. Modular organization of SARS coronavirus nucleocapsid
protein. J. Biomed. Sci. 13, 59–72 (2006).

29. Chen, C.-Y. et al. Structure of the SARS coronavirus nucleocapsid protein
RNA-binding dimerization domain suggests a mechanism for helical
packaging of viral RNA. J. Mol. Biol. 368, 1075–1086 (2007).

30. Davies, H. A., Dourmashkin, R. R. & Macnaughton, M. R. Ribonucleoprotein
of avian infectious bronchitis virus. J. Gen. Virol. 53, 67–74 (1981).

31. Macnaughton, M., Davies, H. A. & Nermut, M. Ribonucleoprotein-like
structures from coronavirus particles. J. Gen. Virol. 39, 545–549 (1978).

32. Caul, E. & Egglestone, S. Coronavirus-like particles present in simian faeces.
Vet. Rec. 104, 168–169 (1979).

33. Yao, H. et al. Molecular architecture of the SARS-CoV-2 virus. Cell 183,
730–738 (2020).

34. Lin, Y., Protter, D. S., Rosen, M. K. & Parker, R. Formation and maturation of
phase-separated liquid droplets by RNA-binding proteins. Mol. Cell 60,
208–219 (2015).

35. Molliex, A. et al. Phase separation by low complexity domains promotes stress
granule assembly and drives pathological fibrillization. Cell 163, 123–133
(2015).

36. Patel, A. et al. A liquid-to-solid phase transition of the ALS protein FUS
accelerated by disease mutation. Cell 162, 1066–1077 (2015).

37. Hyman, A. A., Weber, C. A. & Jülicher, F. Liquid-liquid phase separation in
biology. Annu. Rev. Cell Dev. Biol. 30, 39–58 (2014).

38. Weber, S. C. & Brangwynne, C. P. Getting RNA and protein in phase. Cell
149, 1188–1191 (2012).

39. Elbaum-Garfinkle, S. et al. The disordered P granule protein LAF-1 drives
phase separation into droplets with tunable viscosity and dynamics. Proc. Natl
Acad. Sci. USA 112, 7189–7194 (2015).

40. Taylor, J. P., Brown, R. H. & Cleveland, D. W. Decoding ALS: from genes to
mechanism. Nature 539, 197–206 (2016).

41. Gasset-Rosa, F. et al. Cytoplasmic TDP-43 de-mixing independent of stress
granules drives inhibition of nuclear import, loss of nuclear TDP-43, and cell
death. Neuron 102, 339–357 (2019). e337.

42. Cascarina, S. M. & Ross, E. D. A proposed role for the SARS‐CoV‐2
nucleocapsid protein in the formation and regulation of biomolecular
condensates. FASEB J. 34, 9832–9842 (2020).

43. Banerjee, P. R., Milin, A. N., Moosa, M. M., Onuchic, P. L. & Deniz, A. A.
Reentrant phase transition drives dynamic substructure formation in
ribonucleoprotein droplets. Angew. Chem. 129, 11512–11517 (2017).

44. Stohlman, S. et al. Specific interaction between coronavirus leader RNA and
nucleocapsid protein. J. Virol. 62, 4288–4295 (1988).

45. Nelson, G. W., Stohlman, S. A. & Tahara, S. M. High affinity interaction
between nucleocapsid protein and leader/intergenic sequence of mouse
hepatitis virus RNA. J. Gen. Virol. 81, 181–188 (2000).

46. Hsieh, P.-K. et al. Assembly of severe acute respiratory syndrome coronavirus
RNA packaging signal into virus-like particles is nucleocapsid dependent. J.
Virol. 79, 13848–13855 (2005).

47. Woo, J., Lee, E. Y., Lee, M., Kim, T. & Cho, Y.-E. An in vivo cell-based assay
for investigating the specific interaction between the SARS-CoV N-protein
and its viral RNA packaging sequence. Biochem. Biophys. Res. Commun. 520,
499–506 (2019).

48. Kroschwald, S., Maharana, S. & Simon, A. J. M. Hexanediol: a chemical probe
to investigate the material properties of membrane-less compartments.
Matters 3, e201702000010 (2017).

49. Romero, C., Páez, M. S., Miranda, J. A., Hernández, D. J. & Oviedo, L. E. Effect
of temperature on the surface tension of diluted aqueous solutions of 1, 2-
hexanediol, 1, 5-hexanediol, 1, 6-hexanediol and 2, 5-hexanediol. Fluid Phase
Equilib. 258, 67–72 (2007).

50. Ribbeck, K. & Görlich, D. The permeability barrier of nuclear pore complexes
appears to operate via hydrophobic exclusion. EMBO J. 21, 2664–2671 (2002).

51. Jones, D. T. & Cozzetto, D. DISOPRED3: precise disordered region
predictions with annotated protein-binding activity. Bioinformatics 31,
857–863 (2015).

52. Bolognesi, B. et al. A concentration-dependent liquid phase separation can
cause toxicity upon increased protein expression. Cell Rep. 16, 222–231
(2016).

53. Yu, I.-M., Oldham, M. L., Zhang, J. & Chen, J. Crystal structure of the severe
acute respiratory syndrome (SARS) coronavirus nucleocapsid protein
dimerization domain reveals evolutionary linkage between corona-and
arteriviridae. J. Biol. Chem. 281, 17134–17139 (2006).

54. Grossoehme, N. E. et al. Coronavirus N protein N-terminal domain (NTD)
specifically binds the transcriptional regulatory sequence (TRS) and melts
TRS-cTRS RNA duplexes. J. Mol. Biol. 394, 544–557 (2009).

55. Carlson, C. R. et al. Phosphoregulation of phase separation by the SARS-CoV-
2 N protein suggests a biophysical basis for its dual functions. Mol. Cell 80,
1092–1103 (2020).

56. Yang, B. et al. Identification of cross-linked peptides from complex samples.
Nat. Methods 9, 904–906 (2012).

57. Jack, A. et al. SARS CoV-2 nucleocapsid protein forms condensates with viral
genomic RNA. Preprint at bioRxiv https://doi.org/10.1101/2020.09.14.295824
(2020).

58. Gordon, D. E. et al. A SARS-CoV-2 protein interaction map reveals targets for
drug repurposing. Nature 583, 459–468 (2020).

59. Buchan, J. R. & Parker, R. Eukaryotic stress granules: the ins and outs of
translation. Mol Cell 36, 932–941 (2009).

60. Protter, D. S. & Parker, R. Principles and properties of stress granules. Trends
Cell Biol. 26, 668–679 (2016).

61. Anderson, P. & Kedersha, N. Stress granules: the Tao of RNA triage. Trends
Biochem. Sci. 33, 141–150 (2008).

62. Nabeel-Shah, S. et al. SARS-CoV-2 Nucleocapsid protein attenuates stress
granule formation and alters gene expression via direct interaction with host
mRNAs. Preprint at bioRxiv https://doi.org/10.1101/2020.10.23.342113
(2020).

63. Li, J. et al. Virus-host interactome and proteomic survey reveal potential
virulence factors influencing SARS-CoV-2 pathogenesis. Med, j.
medj.2020.07.002 (2020).

64. Youn, J.-Y. et al. High-density proximity mapping reveals the subcellular
organization of mRNA-associated granules and bodies. Mol. Cell 69, 517–532.
e11 (2018).

65. Markmiller, S. et al. Context-dependent and disease-specific diversity in
protein interactions within stress granules. Cell 172, 590–604.e513 (2018).

66. Escors, D., Ortego, J., Laude, H. & Enjuanes, L. The membrane M protein
carboxy terminus binds to transmissible gastroenteritis coronavirus core and
contributes to core stability. J. Virol. 75, 1312–1324 (2001).

67. Guseva, S. et al. Measles virus nucleo-and phosphoproteins form liquid-like
phase-separated compartments that promote nucleocapsid assembly. Sci. Adv.
6, eaaz7095 (2020).

68. Monette, A. et al. Pan-retroviral nucleocapsid-mediated phase separation
regulates genomic RNA positioning and trafficking. Cell Rep. 31, 107520
(2020).

69. Iserman, C. et al. Specific viral RNA drives the SARS CoV-2 nucleocapsid to
phase separate. Mol. Cell 80, 1078–1091 (2020).

70. Perdikari, T. M. et al. SARS-CoV-2 nucleocapsid protein phase-separates with
RNA and with human hnRNPs. The EMBO Journal 39, e106478 (2020).

71. Cubuk, J. et al. The SARS-CoV-2 nucleocapsid protein is dynamic, disordered,
and phase separates with RNA. Preprint at bioRxiv https://doi.org/10.1101/
2020.06.17.158121 (2020).

72. Savastano, A., Ibáñez de Opakua, A., Rankovic, M. et al. Nucleocapsid protein
of SARS-CoV-2 phase separates into RNA-rich polymerase-containing
condensates. Nat Commun 11, 6041 (2020).

73. Mishra, P. M., Verma, N. C., Rao, C., Uversky, V. N. & Nandi, C. K.
Intrinsically disordered proteins of viruses: Involvement in the mechanism of
cell regulation and pathogenesis. Prog. Mol. Biol. Transl. Sci. 174, 1–78 (2020).

74. Neuman, B. W. et al. A structural analysis of M protein in coronavirus
assembly and morphology. J. Struct. Biol. 174, 11–22 (2011).

75. Sawicki, S. G., Sawicki, D. L. & Siddell, S. G. A contemporary view of
coronavirus transcription. J. Virol. 81, 20–29 (2007).

76. Keane, S. C. & Giedroc, D. P. Solution structure of mouse hepatitis virus
(MHV) nsp3a and determinants of the interaction with MHV nucleocapsid
(N) protein. J. Virol. 87, 3502–3515 (2013).

77. Reineke, L. C. & Lloyd, R. E. The stress granule protein G3BP1 recruits protein
kinase R to promote multiple innate immune antiviral responses. J. Virol. 89,
2575–2589 (2015).

78. Yang, W. et al. G3BP1 inhibits RNA virus replication by positively regulating
RIG-I-mediated cellular antiviral response. Cell Death Dis. 10, 946 (2019).

79. Scholte, F. E. et al. Stress granule components G3BP1 and G3BP2 play a
proviral role early in Chikungunya virus replication. J. Virol. 89, 4457–4469
(2015).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-20768-y

14 NATURE COMMUNICATIONS |          (2021) 12:502 | https://doi.org/10.1038/s41467-020-20768-y | www.nature.com/naturecommunications

https://doi.org/10.1101/2020.09.14.295824
https://doi.org/10.1101/2020.10.23.342113
https://doi.org/10.1101/2020.06.17.158121
https://doi.org/10.1101/2020.06.17.158121
www.nature.com/naturecommunications


80. Kim, S. S.-Y., Sze, L. & Lam, K.-P. The stress granule protein G3BP1 binds
viral dsRNA and RIG-I to enhance interferon-β response. J. Biol. Chem. 294,
6430–6438 (2019).

81. Galan, A., Lozano, G., Piñeiro, D. & Martinez‐Salas, E. G3 BP 1 interacts
directly with the FMDV IRES and negatively regulates translation. FEBS J.
284, 3202–3217 (2017).

82. Fung, G. et al. Production of a dominant-negative fragment due to G3BP1
cleavage contributes to the disruption of mitochondria-associated protective
stress granules during CVB3 infection. Plos ONE 8, e79546 (2013).

83. Choudhury, P., Bussiere, L. D. & Miller, C. L. Mammalian orthoreovirus
factories modulate stress granule protein localization by interaction with
G3BP1. J. Virol. 91, e01298–e0129817 (2017).

84. Pandey, K. et al. GTPase-activating protein-binding protein 1 (G3BP1) plays
an antiviral role against porcine epidemic diarrhea virus. Vet. Microbiol. 236,
108392 (2019).

85. Cristea, I. M. et al. Host factors associated with the Sindbis virus RNA-
dependent RNA polymerase: role for G3BP1 and G3BP2 in virus replication. J.
Virol. 84, 6720–6732 (2010).

86. Ariumi, Y. et al. Hepatitis C virus hijacks P-body and stress granule
components around lipid droplets. J. Virol. 85, 6882–6892 (2011).

87. Pager, C. T., Schütz, S., Abraham, T. M., Luo, G. & Sarnow, P. Modulation of
hepatitis C virus RNA abundance and virus release by dispersion of processing
bodies and enrichment of stress granules. Virology 435, 472–484 (2013).

88. Reineke, L. C. & Lloyd, R. E. Diversion of stress granules and P-bodies during
viral infection. Virology 436, 255–267 (2013).

89. Khaperskyy, D. A., Hatchette, T. F. & McCormick, C. Influenza A virus
inhibits cytoplasmic stress granule formation. FASEB J. 26, 1629–1639 (2012).

90. Hosmillo, M. et al. Noroviruses subvert the core stress granule component
G3BP1 to promote viral VPg-dependent translation. Elife 8, e46681 (2019).

91. Brocard, M. et al. Norovirus infection results in eIF2α independent host
translation shut-off and remodels the G3BP1 interactome evading stress
granule formation. PLoS Pathog. 16, e1008250 (2020).

92. Nakagawa, K., Narayanan, K., Wada, M. & Makino, S. Inhibition of stress
granule formation by Middle East respiratory syndrome coronavirus 4a
accessory protein facilitates viral translation, leading to efficient virus
replication. J. Virol. 92, e00902–e009018 (2018).

93. Sciortino, M. T. et al. The virion host shutoff RNase plays a key role in
blocking the activation of protein kinase R in cells infected with herpes
simplex virus 1. J. Virol. 87, 3271–3276 (2013).

94. Cassady, K. A. & Gross, M. J. The herpes simplex virus type 1 US11 protein
interacts with protein kinase R in infected cells and requires a 30-amino-acid
sequence adjacent to a kinase substrate domain. J. Virol. 76, 2029–2035
(2002).

95. He, B., Gross, M. & Roizman, B. J. The γ134. 5 protein of herpes simplex virus
1 complexes with protein phosphatase 1α to dephosphorylate the α subunit of
the eukaryotic translation initiation factor 2 and preclude the shutoff of
protein synthesis by double-stranded RNA-activated protein kinase. Proc. Natl
Acad. Sci. USA 94, 843–848 (1997).

96. Mulvey, M., Arias, C. & Mohr, I. J. Maintenance of endoplasmic reticulum
(ER) homeostasis in herpes simplex virus type 1-infected cells through the
association of a viral glycoprotein with PERK, a cellular ER stress sensor. J.
Virol. 81, 3377–3390 (2007).

97. Simpson-Holley, M. et al. Formation of antiviral cytoplasmic granules during
orthopoxvirus infection. J. Virol. 85, 1581–1593 (2011).

98. White, J. P., Cardenas, A. M., Marissen, W. E., Lloyd, R. E. Inhibition of
cytoplasmic mRNA stress granule formation by a viral proteinase. Cell Host
Microbe 2, 295–305 (2007).

99. Sun, Y. et al. Newcastle disease virus induces stable formation of bona fide
stress granules to facilitate viral replication through manipulating host protein
translation. FASEB J. 31, 1482–1493 (2017).

100. Heinrich, B. S., Cureton, D. K., Rahmeh, A. A. & Whelan, S. P. Protein
expression redirects vesicular stomatitis virus RNA synthesis to cytoplasmic
inclusions. PLoS Pathog. 6, e1000958 (2010).

101. Dinh, P. X. et al. Induction of stress granule-like structures in vesicular
stomatitis virus-infected cells. J. Virol. 87, 372–383 (2013).

102. Garaigorta, U., Heim, M. H., Boyd, B., Wieland, S. & Chisari, F. V. J. Hepatitis
C virus (HCV) induces formation of stress granules whose proteins regulate
HCV RNA replication and virus assembly and egress. J. Virol. 86,
11043–11056 (2012).

103. Chen, Z.-L. et al. A high-speed search engine pLink 2 with systematic
evaluation for proteome-scale identification of cross-linked peptides.
Natcommun. 10, 3404 (2019).

104. Liu, C. et al. pQuant improves quantitation by keeping out interfering signals
and evaluating the accuracy of calculated ratios. Anal. Chem. 86, 5286–5294
(2014).

105. Combe, C. W., Fischer, L., Rappsilber, J. xiNET: cross-link network maps with
residue resolution. Mol. Cell Proteomics 14, 1137–1147 (2015).

106. Mastronarde, D. N. Automated electron microscope tomography using robust
prediction of specimen movements. J. Struct. Biol. 152, 36–51 (2005).

107. Hagen, W. J., Wan, W. & Briggs, J. A. Implementation of a cryo-electron
tomography tilt-scheme optimized for high resolution subtomogram
averaging. J. Struct. Biol. 197, 191–198 (2017).

108. Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-induced
motion for improved cryo-electron microscopy. Nat. Methods 14, 331–332
(2017).

109. Kremer, J. R., Mastronarde, D. N. & McIntosh, J. R. Computer visualization of
three-dimensional image data using IMOD. J. Struct. Biol. 116, 71–76 (1996).

110. Turoňová, B., Schur, F. K., Wan, W. & Briggs, J. A. Efficient 3D-CTF
correction for cryo-electron tomography using NovaCTF improves
subtomogram averaging resolution to 3.4 Å. J. Struct. Biol. 199, 187–195
(2017).

111. Jurrus, E. et al. Improvements to the APBS biomolecular solvation software
suite. Protein Sci. 27, 112–128 (2018).

Acknowledgements
We thank Jennifer Santini at the UCSD Microscopy Core and Eric Griffis at the UCSD
Nikon Imaging Center for assistance with imaging, and Huilin Zhou for assistance with
mass spectrometry. We are grateful for helpful discussions and suggestions from Dr.
Meng-Qiu Dong, Michael Baughn, Alexander Goginashvili, Prasad Trivedi, Haiyang Yu,
Sonia Vazquez-Sanchez, and Pablo Lara Gonzalez. D.S. is supported by the Damon
Runyon Cancer Research Foundation (DRG-#2364-19). E.V. acknowledges funding from
the NIH (DP2 GM123494), K.D.C. acknowledges funding from the NIH (R01
GM128464), D.W.C. acknowledges support from the NIH (R01 NS27036) and the
Nomis Foundation, and J.R.Y. acknowledges support from NIH (P41 GM103533). We
acknowledge the UCSD School of Medicine Microscopy Core Grant P30 NS047101. We
acknowledge instrumentation support for mass spectrometry from NIH S10 OD023498.
We acknowledge the use of the UC San Diego cryo-EM facility, which was built and
equipped with funds from UC San Diego and an initial gift from Agouron Institute.

Author contributions
S.L. conceived of the project and planned the experiments with advice from K.D.C. and
D.W.C. S.L. performed all microscopy experiments, Q.Y. purified all proteins, D.S.
performed cryo-electron tomography experiments, J.K.D. ran cross-linking mass spec-
trometry samples, and Y.C. assisted with quantitative cross-linking data analysis. All
authors interpreted data. S.L. and K.D.C prepared figures, and wrote the manuscript with
input from Q.Y., D.S., C.Y., E.V., and D.W.C. E.V., J.R.Y., K.D.C., and D.W.C. obtained
funding.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-20768-y.

Correspondence and requests for materials should be addressed to D.W.C. or K.D.C.

Peer review information Nature Communications thanks Adam Zlotnick and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-20768-y ARTICLE

NATURE COMMUNICATIONS |          (2021) 12:502 | https://doi.org/10.1038/s41467-020-20768-y | www.nature.com/naturecommunications 15

https://doi.org/10.1038/s41467-020-20768-y
https://doi.org/10.1038/s41467-020-20768-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	The SARS-CoV-2 nucleocapsid phosphoprotein forms mutually exclusive condensates with RNA and the membrane-associated M protein
	Results
	SARS-CoV-2 N undergoes RNA-dependent phase separation
	The central IDR is critical for RNA-mediated phase separation
	Quantitative cross-linking mass spectrometry reveals key interaction interfaces
	SARS-CoV-2 N forms phosphoregulated condensates in cells
	SARS-CoV-2 N condensates recruit the stress granule protein G3BP1
	The SARS-CoV-2 M protein independently promotes N protein phase separation

	Discussion
	Methods
	Cloning and protein purification
	In vitro transcription
	In vitro phase separation assays
	Turbidity assay
	Microscopy of in�vitro phase-separated condensates
	1,6-Hexanediol treatment of phase-separated condensates
	Stable human cell line construction
	Immunofluorescence
	RNA fluorescence in�situ hybridization
	Phos-tag SDS–nobreakPAGE and western blot
	Fluorescence recovery after photobleaching
	Quantitative cross-linking mass spectrometry
	Cryo-electron tomography
	Statistics and reproducibility

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




