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Abstract: 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 disease-relevant mutations. Here we 

show that NTE deletion decreases the range of RNA concentrations that can induce phase 

separation of NSARS-CoV-2.  In addition, 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 properties. 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. 

 

Keywords: SARS-CoV-2 • nucleocapsid protein • liquid-liquid phase separation • RNA • NMR 

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

packaging and viral replication upon host infection. Replication 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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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 

30kb large RNA genome, which is encapsulated by the nucleocapsid protein (NSARS-CoV-2). 

NSARS-CoV-2 is highly abundant and in addition to its structural role, it might play an important 

role in SARS-CoV-2 replication via RNA-driven liquid-liquid phase separation (LLPS) 1,2,3,4,5,6. 

From a therapeutic view, targeting 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 9. The flexible linker between the two folded domains involves a serine-

arginine-rich region (SR-region), which mediates interaction between the nucleocapsid 

protein and various protein and RNA partners 6,10,11. Due to the high flexibility of the SR-rich 

linker region, the N-terminal folded domains are largely decoupled from the C-terminal 

dimer 2,12,13, 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 14. In addition, essentially 

all parts of the nucleocapsid protein have been shown to bind RNA or be involved in binding 

other partners 14.  

Most structural biology-focused research has so far concentrated on the two folded 

domains of NSARS-CoV-2, which are conserved between different coronaviruses 15,16. 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 suggested to be responsible for the recruitment 
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of NSARS-CoV-2 into stress granules 17. To close this gap, we characterize here NTE’s 

contribution to NSARS-CoV-2 liquid-liquid phase separation and binding to RNA, and provide 

insights into its molecular properties using a combination of phase separation assays, NMR 

spectroscopy and molecular dynamics (MD) simulations.  

 

Results 

The ability of proteins to undergo liquid-liquid phase separation might be connected to 

sequence properties found in prion-like proteins 18. We applied the PLAAC 19,20 algorithm to 

identify amino acid sequences with prion-like composition within the NSARS-CoV-2 sequence. 

The analysis reveals pronounced 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 favour prion-like sequence properties. 
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Figure 1. Sequence analysis of the nucleocapsid protein from the SARS-CoV-2 coronavirus. A) 

Domain organization of NSARS-CoV-2. B-C) Prediction of prion-like domains in the nucleocapsid 

protein of SARS-CoV-2 (B) and the Omicron variant (C) using the PLAAC algorithm 19,20. 

Background and prion-like domains are indicated by black and red lines, respectively. 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 
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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. 

 

An important property of viruses is their rapid adaptation 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 analyzed 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. Notably, 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. In addition, the Omicron variant contains a P13L mutation and a 

D31ERS33 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 

observation that, besides the SR-region, it can be phosphorylated in SARS-CoV-2 infected 

cells (Figure 1D) [23,24].  

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 5,17,25, its precise role remains unclear. One 

study suggested that the NTE contributes to the recruitment – potentially through LLPS – 

into stress granules 17. Other studies, however, showed that multiple regions of NSARS-CoV-2 

are important 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; 
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Figure 2A). Deletion of the NTE changes the net charge of the protein at pH 7.5 from +25 for 

the full-length protein to +20 for ΔNTESARS-CoV-2.  

Using these two constructs, we analyzed the effect of the NTE deletion on LLPS for 

different protein and RNA concentrations. 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 and Figure S1). The obtained phase diagram of the full-length protein is in 

agreement with our previously published data (Figure S1) 6. In the case of the truncated 

protein, 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).  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).  
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Figure 2. The N-terminal disordered region of the nucleocapsid protein of SARS-CoV-2 

promotes liquid-liquid phase separation. A) Domain organization of full-length NSARS-CoV-2 and 

the N-terminally truncated ΔNTESARS-CoV-2 protein. 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 behaviour between the two constructs. D) DIC/fluorescence 

microscopy images displaying the differences in the phase separation behavior between full-

length NSARS-CoV-2 and ΔNTESARS-CoV-2. 

 

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 fluorescence recovery after 
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photobleaching (FRAP) with freshly prepared droplets in presence of charge-compensating 

amounts of polyU, followed by a second measurement after one hour waiting time (Figure 

3). In contrast to the full-length protein, we observed similar profiles for early and late time 

points of ΔNTESARS-CoV-2 droplets, i.e. that no change of dynamics over time occured. Deletion 

of the NTE thus allows NSARS-CoV-2 droplets to retain their liquid-like nature.  

 

 

Figure 3. Time-dependent change in diffusion of phase-separating NSARS-CoV-2. A) 

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. Scale bars, 10 µm. B) 

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 curves and n= 4 for early and late time points, respectively. 

 

To better understand the molecular basis of the influence of the NTE on the RNA-

induced phase separation of NSARS-CoV-2, we characterized the structural properties of the NTE 
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using NMR spectroscopy and molecular dynamics simulations (MD). Based on previous 

studies, already demonstrating that the NTE is disordered 5,26,27, we prepared a synthetic 

peptide 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 abundance 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, in agreement with extensive dynamics in the NTE, the 

SR-rich linker region and the C-terminal tail. In addition, good agreement is present 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). 
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Figure 4. The N-terminal region of the nucleocapsid protein of 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 yellow 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 grey. C) Hydrodynamic radius of the 

NTE of NSARS-CoV-2 determined by NMR and MD simulations. The upper (dark grey) and lower 

(light grey) horizonal bars indicate the estimated ranges for a denatured 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. 

Figure 3. N-terminal region of nucleocapsid protein of SARS-CoV-2 forms compact structure with transient β-strand.
A Overlay of 1H-15N HSQC of full-length NSARS-CoV-2 in yellow and NTE of NSARS-CoV-2 in red with indicated amino-acid
assignment. B Order parameter, S2, and secondary structure prediction from chemical shifts using TALOS+ software[30] for
NTE of NSARS-CoV-2. Regions with propensity to form secondary structures are highlighted by grey boxes. C Hydrodynamic
radius for NTE of NSARS-CoV-2 determined by NMR and MD simulations. Upper gray box indicates estimated range for
denatured protein while lower gray box indicates estimated range for a folded protein[31]. D Representative structures of NTE
of NSARS-CoV-2 obtained from 6 repeats of MD simulation with indicated occupancy of the most populated cluster for each MD
simulation.
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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 interacts 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-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 molecular dynamics (MD) 

simulation suggested the presence of a transient α-helix between residues 31-38 but did not 

identify any b-structure in the NTE 2. The secondary structure analysis based on chemical 

shifts did not provide any evidence for α-helical structure between residues 31-38 

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). 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).  
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The above described influence of the NTE on RNA-induced phase separation of NSARS-CoV-

2 (Figure 2), suggests 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 S3), but partially reappeared at high 

RNA concentration (Figure 5A).  
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Figure 5. RNA-interaction of the N-terminal IDR 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 

residues are displayed in light grey). 

 

The disappearance of the NMR signals at conditions of LLPS likely arise from increased 

relaxation rates in the protein when it is concentrated into the viscous phase of NSARS-CoV-

2/RNA droplets 30. Additional 1H-13C XL-ALSOFAST HSQC experiments further showed that 

even for the more flexible methyl groups, RNA-induced LLPS of NSARS-CoV-2 causes severe line 

broadening (Figure S4).   

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, i.e. 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 concentration (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 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 31, 2022. ; https://doi.org/10.1101/2022.03.30.486418doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.30.486418


 15 

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 S5). 

Further support for a direct interaction between the NTE of NSARS-CoV-2 and RNA is 

accessible at a concentration of 1.5 μM polyU, i.e. the high RNA concentration at which no 

LLPS is present anymore (Figure 2B,C). While the folded N-terminal domain remains invisible 

in this condition, likely due to strongly increased relaxation rates associated to its RNA-

binding, many cross-peaks of NTE residues are visible (Figure 5A). Careful inspection of 

selected NTE cross-peaks, which are not severely affected by signal overlap, reveals chemical 

shift perturbations across the NTE sequence, with S23 displaying the highest chemical shift 

perturbation (Figure 5C). Notably, S23 of NSARS-CoV-2 has been shown to be phosphorylated in 

SARS-CoV-2-infected cells 23,24 suggesting that phosphorylation of the NTE can regulate NSARS-

CoV-2‘s RNA-induced condensation and stress granule association in vivo.  

 

Discussion 

NSARS-CoV-2 undergoes liquid-liquid phase separation with RNA 1,2,3,5,6. The formation of phase-

separated NSARS-CoV-2/RNA-dense condensates might influence viral replication 6,31, drive 

genome packaging 3, or modulate the stress-response 2,32. 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 ageing properties through direct 

binding to RNA. We further provide evidence that RNA-binding engages multiple parts of the 

NTE and changes its structural properties. 
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The N protein is an essential component of positive-sense coronaviruses, several of 

which have been identified 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 35. 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 (Figure 

2). Rather than abolishing LLPS, however, ΔNTESARS-CoV-2 binding saturates at lower RNA 

concentrations. This can be rationalized on the basis of a 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 droplets of the truncated N protein remain fluid in contrast to 

the full-length protein 6. Considering that LLPS of NSARS-CoV-2 with the 3’ and 5’ ends of the 

viral genome promotes nucleocapsid assembly 3,36 and that the NTE is important for 

nucleocapsid assembly 37, viral viability 38, as well as binding the membrane protein 39, our 

study suggests that the NTE can contribute to diverse activities of NSARS-CoV-2. 

In contrast to the N-terminal globular domain of NSARS-CoV-2 40, the NTE does not 

contain a known RNA binding motive. We however detected a direct interaction between 

the NTE and RNA. Electrostatic interactions 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 arginine 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 
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disappeared in the presence of RNA due to intermediate chemical 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 

41. 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 pathways thus might influence NSARS-CoV-2 

condensation in infected cells and serve as a useful entry point for therapeutic intervention 

against COVID-19 42.  

 

Experimental Section 

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 
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centrifuged and washed with M9 salts. Cells were subsequently resuspended in minimal M9 

medium with 2g/l of 15NH4Cl as a sole nitrogen source. After 1 hour 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 plasmid 

was used as a template for PCR to clone DNA of ΔNTESARS-CoV-2 to a new plasmid, which was 

subsequently expressed 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 cOmplete™, 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 minutes (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 several 

times in order to remove bound nucleic acid, as indicated 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, 5mM 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 
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column via electrostatic interactions 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 chromatography, 

HiLoad 26/600 Superdex 200pg (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). 

 

Turbidity measurements 

Phase diagrams of full-length NSARS-CoV-2 and ΔNTESARS-CoV-2 were determined using a 

NanoDrop spectrophotometer (ThermoFisher Scientific, Invitrogen). PolyU (in 

concentrations from 0 to 2 μM) was added right before the experiments, followed by 

thoroughly 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. 

 

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, Invitrogen). Small amounts (~0.3 µl) 

of fluorescently-labeled NSARS-COV-2 were premixed with unlabeled NSARS-CoV-2 and diluted to 
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30-50 μM final concentration with 20 mM sodium phosphate buffer at pH 7.5. 0.3 μM or 0.5 

μM polyU RNA was added to NSARS-CoV-2 or ΔNTESARS-CoV-2 , respectively, achieving 

approximately charge compensation. 5 μl of the sample were subsequently loaded onto a 

slide and covered with a 18 mm coverslip. DIC and fluorescent micrographs were acquired 

on a Leica DM6B microscope with a 63´ objective (water immersion) and processed using 

Fiji software (NIH). 

 

Fluorescence recovery after photobleaching (FRAP) measurements 

FRAP measurements have been performed on 30 µM full-length N SARS-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 63x 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 previously described 1. Upon addition of 

polyU, i.e.  on freshly formed droplets early time points were recorded within a time <15 

min, late time points have been acquired after one hour 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%). 100 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 intensities for pre-bleaching, bleaching and post-bleaching ROIs have been 

measured. A pre-bleaching ROI corresponded to a selected region in the droplet before 
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bleaching; the bleached ROI corresponded to the bleached area while the reference ROI 

corresponded to an area which did not experience bleaching. The fluorescence intensity 

measured for each of the described ROIs was corrected by background subtraction: a region 

where no fluorescence was detected was used to calculate the background. Thus, the FRAP 

recovery was calculated as: 

 

𝐹𝑅𝐴𝑃 = 	
𝐼()*+,-*. − 𝐼0+,123456.

𝐼78.:3*0)*+,-;62
 

 

The value obtained was then corrected by multiplication with the acquisition bleaching 

correction factor (ABCF), calculated as: 

 

𝐴𝐵𝐶𝐹 = 	
𝐼3*>*3*6,* − 𝐼0+,123456.

𝐼78.		?*>*3*6,*
 

 

FRAP curves were normalized according to: 

 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 = 	
𝐼	(K) − 𝑚𝑖𝑛. 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦	𝑉𝑎𝑙𝑢𝑒
1 − 𝑚𝑖𝑛. 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦	𝑉𝑎𝑙𝑢𝑒  

 

Values were averaged from 4 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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𝑦	 = 	𝑎 ∗ (1 − 𝑒𝑥𝑝(−𝑏 ∗ 𝑥)) 	+ 	𝑐 

 

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

 

𝑦	 = 	𝑎 ∗ Y1 − 𝑒𝑥𝑝(−𝑏 ∗ 𝑥)Z + 	𝑦 + 	𝑎2 ∗ (1 − 𝑒𝑥𝑝(−𝑏2 ∗ 𝑥)) 	+ 	𝑐 

 

The mobile and immobile fractions were calculated using the parameters a and c derived 

from each fitting, according to the following equations: 

 

𝑚𝑜𝑏𝑖𝑙𝑒	𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 𝑎 + 𝑐 

 

𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒	𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 1 − 𝑎 − 𝑐 
 

NMR spectroscopy 

NMR experiments were acquired on a 700MHz Bruker Avance III spectrometer equipped 

with a triple resonance TCI CryoProbe with Z-gradient and on a 800MHz Bruker Neo 

spectrometer equipped with a triple resonance TCI CryoProbe with Z-gradient. Experiments 

were performed at 278 K 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, Ca and Cb chemical shifts. The hydrodynamic radius of the NTE 

was determined using pulse field gradient experiments with DSS used as internal reference. 

Spectra were processed using TopSpin 4.0.6 (Bruker) or NMRPipe 10.6 43 and analyzed using 

SPARKY (Goddard TD & Kneller DG (2008) SPARKY 3. University of California, San Francisco). 
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Assigned chemical shifts were used to predict secondary structures in the NTE using TALOS+ 

28. 

 

Molecular dynamics simulations 

The starting structure of the N-terminal fragment of NSARS-CoV-2 was built with Flexible 

Meccano 44. Subsequently 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) equilibration were performed. The MD simulations were carried 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 conformations generated by Flexible Meccano. 

The hydrodynamic radius was calculated with the software HullRad (Version 7) 46. 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. 
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Supplementary Material: Supplementary material includes an analysis of LLPS of the full-

length NSARS-CoV-2 and ΔNTESARS-CoV-2 described by phase diagram and fluorescence recovery 

after photobleaching (FRAP). In addition, we include NMR spectra of N SARS-CoV-2 amide and 

methyl spectral regions acquired at different concentrations of polyU. 
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